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Abstract

Intestinal ischaemia-reperfusion is a life-threatening situation in infants, 

children and adults. Conditions associated with intestinal ischaemia-reperfusion 

include midgut volvulus, intussusception, necrotising enterocolitis, acute mesenteric 

arterial occlusion, haemodynamic shock and sepsis. Hepatic failure is common after 

intestinal ischaemia-reperfusion. A rat model of intestinal ischaemia-reperfusion was 

used throughout. Intestinal and hepatic metabolism were investigated in various 

experiments using magnetic resonance spectroscopy. Firstly, 90 minutes of intestinal 

ischaemia followed by 60 minutes of reperfusion resulted in high mortality. It also 

caused intestinal and hepatic energy failure as indicated by significant impairment in 

phosphoenergetic status of small intestine and liver. Amino acid metabolism was 

also affected in both organs: intestinal glutamine, glutamate and alanine increased 

while hepatic glutamine decreased after intestinal reperfusion. Secondly, the hepatic 

ATP and inorganic phosphate were continuously monitored during intestinal 

ischaemia-reperfusion, and this demonstrated the occurrence of hepatic energy 

failure during reperfusion. Additionally, induction of moderate hypothermia (30-32 

°C) was found to ameliorate the hepatic energy failure and prevent mortality, but did 

not attenuate intestinal energy failure. However, moderate hypothermia did attenuate 

both intestinal and hepatic energy failure after intestinal ischaemia-reperfusion when 

the ischaemic time was shortened to 60 minutes. Lowering body temperature to 32°C 

for 2 hours did not affect the phosphoenergetics of small intestine or liver in sham 

operated rats. Finally, in the model of 30 minutes of intestinal ischaemia followed by 

60 minutes of reperfusion, the effects of extraluminal oxygenated perfluorocarbon 

administration and moderate hypothermia were tested. Although hypothermia 

ameliorated the energy failure and histological damage to the small intestine, the 

application of perfluorocarbon during intestinal ischaemia failed to show any 

beneficial effects on intestinal energy metabolism except a decrease in intestinal 

lactate level. In conclusion, intestinal ischaemia-reperfusion perturbed intestinal and 

hepatic energy metabolism. Moderate hypothermia significantly reduced the severity 

of intestinal ischaemia-reperfusion injury.
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Chapter 1: Intestinal ischaemia-reperfusion injury

Chapter 1: Intestinal ischaemia-reperfusion injury: an overview

1.1 Introduction

Intestinal ischaemia-reperfusion injury is a serious event associated with a 

number of conditions in infants, children and adults. These conditions include 

malrotation with midgut volvulus, necrotising enterocolitis, intussusception, acute 

mesenteric arterial occlusion, shock and sepsis, all of which are considered to be life 

threatening. Intestinal ischaemia-reperfusion triggers a cascade of mediator 

production and leukocyte-endothelial interactions resulting in systemic inflammatory 

response syndrome. Intestinal ischaemia-reperfusion causes tissue damage not only 

to the intestine itself but also to other vital organs including liver, heart, lungs and 

kidneys. New concepts have emerged regarding apoptosis as a major mode of 

ischaemia-reperfusion injury and regarding the protective effects of heat shock 

proteins. As a result of basic scientific research investigations, numerous therapeutic 

approaches have been proposed to treat this devastating condition. However, the 

morbidity and mortality of patients with intestinal ischaemia-reperfusion remain high 

and conventional treatment is empirical.

The main purpose of this introductory chapter is to provide an overview of 

intestinal ischaemia-reperfusion injury, and in so doing to justify the direction of the 

studies described in this thesis. The chapter begins with a brief outline of intestinal 

physiology and metabolism.
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1.2 Physiology and regulation of splanchnic circulation

The splanchnic organs, including liver, stomach, small intestine, large 

intestine, spleen, and pancreas, have a complex vascular system. A schematic 

illustration of the splanchnic vascular supply is shown in Fig. 1.1. The major blood 

flow to the intestine is provided by the coeliac axis, superior and inferior mesenteric 

arteries. In humans, the liver receives approximately 70% of total hepatic inflow 

from the portal vein and the remainder from the hepatic artery. The splanchnic 

circulation is the largest regional circulation. It comprises 20-25% of total systemic 

blood volume and accounts for 25% of cardiac output. Of this amount, the liver 

receives 100 ml/lOOg/min, and the mesenteric circulation receives 50-70 

ml/lOOg/min. However, only 15-20% of the oxygen it receives each minute is 

extracted. Under normal conditions, about half of the splanchnic blood volume is in 

the intestinal circulation. The majority of intestinal blood flow is diverted to the 

mucosal and submucosal layers of intestine and only 30% goes to the muscularis and 

serosal layers (Lundgren, 1989; Pastores etal. 1996).

Various neural, humoral, and local factors control splanchnic blood flow. The 

splanchnic vasculature is innervated by sympathetic nerve fibres that originate 

mainly from the splanchnic nerves and release norepinephrine. Additionally, 

splanchnic blood flow is regulated by humoral factors (angiotensin H, vasopressin) 

and local factors (adenosine and eicosanoids). Angiotensin II and vasopressin cause 

splanchnic vasoconstriction whereas adenosine and prostaglandin El cause 

vasodilation. Hormones secreted by the gastrointestinal tract, including 

cholecystokinin, gastric inhibitory peptide, glucagon, neurotensin, and secretin, have 

not been shown to have any significant effect, at physiological concentrations, on
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Splanchnic blood flow (Granger et al. 1980; Parks and Jacobson, 1985). Recently, 

nitric oxide, produced in the intestine, has been proposed to play an important role in 

the regulation of splanchnic blood flow and vasomotor tone. Nitric oxide stimulates 

guanylate cyclase in vascular smooth muscle, which results in an increase in mucosal 

blood flow (Salzman, 1995; Pastores etal. 1996).

Under normal conditions, intestinal oxygenation is influenced by modulation 

of intestinal blood flow and oxygen extraction. At normal blood flow, oxygen 

consumption is independent of oxygen delivery. Only at critically low levels of blood 

flow does oxygen consumption become flow-dependent. Animal studies showed that 

the intestine can tolerate large reductions in flow without functional or microscopic 

changes as long as the flow is adequate to maintain oxygen consumption at 50% of 

baseline (Bulkley et al. 1985; Lundgren, 1989). As blood flow decreases, oxygen 

consumption is maintained by increasing the extraction of oxygen from the blood 

until a critical flow of approximately 20 to 30 ml/lOOg/min is reached. At this point, 

the tissue begins to convert from aerobic to anaerobic glycolysis and the oxygen 

consumption becomes flow-dependent (Desai et al. 1996).

A number of animal studies have investigated the physiology of intestinal 

circulation in the neonatal period. The gastrointestinal tract of newborn lambs has 

been shown to exhibit oxygen demand 1.5 to 3 times greater than that reported in the 

adult (Edelstone and Holzman, 1981; Edelstone and Holzman, 1982). In swine, the 

oxygen consumption of the intestine is high immediately after birth and decreases 

substantially by the end of the first postnatal month (Crissinger et al. 1988). When 

compared with the intestine from older animals, newborn intestine is more 

susceptible to tissue hypoxia due to the absence of effective vascular regulation in
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response to arterial hypotension (Nowicki and Nankervis, 1994). In addition, the 

neonatal piglet intestine has a lower capacity to detoxify hydrogen peroxide than that 

of older animals (Clark et al. 1990). These data suggest that neonatal intestine is 

more vulnerable to changes in intestinal circulation than the mature intestine.

1.3 Oxidative metabolism of small intestine

The energy requirements of the intestine are high because of its absorptive 

and secretory functions. The intestine also requires energy for the synthesis of 

digestive enzymes and the renewal of enterocytes. In a perfused adult rat intestinal 

model, it has been shown that more than 25% of the total CO2 production is 

produced from glutamine. Less than 20% comes from fatty acids, glucose and lactate 

combined, while 50% comes from ketone bodies (Windmueller and Spaeth, 1974; 

Hanson and Parsons, 1977; Windmueller and Spaeth, 1978; Windmueller and 

Spaeth, 1980). Certain amino acids (particularly glutamine, glutamate, aspartate and 

asparagine) are metabolised within the enterocytes, by oxidation to CO2 or 

conversion to lactate, alanine or citrulline (Newsholme and Leech, 1995a).

Glucose and glutamine are the major fuels for epithelial cells of the mucosa 

of the human small intestine (Ashy and Ardawi, 1988). Glucose metabolism in the 

intestine takes place primarily via the glycolytic pathway (Cremin and Fleming, 

1997). In epithelial cells of both the proximal and distal small intestine, it has been 

shown that less than 5% of the glucose utilisation occurs via the pentose phosphate 

pathway (Kight and Fleming, 1995). Proximal small intestine exhibits a high rate of 

glucose utilisation and lactate production (Watford, 1994). Glucose oxidation 

declines along the length of the small intestine, with values for the mid- and distal
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segments corresponding to 55% and 40% respectively of the value for the proximal 

segment. In addition, glutamine can suppress oxidation of glucose via the 

tricarboxylic acid cycle by 60% in the proximal small intestine, 39% in the mid

intestine and 31% in the distal intestine (Kight and Fleming, 1995). Glutamine, 

however, has been increasingly considered to be the major fuel for mucosal cells. 

One study demonstrated that glucose and glutamine provided similar amounts of 

energy to mucosal cells of rat small intestine, and net production of ATP from 

exogenous substrates was higher when both glucose and glutamine were present 

simultaneously than when either substrate was present alone (Fleming et a l 1997). 

There is very little glutamine synthetase in the mucosa of the small intestine. This 

means that the small intestinal mucosa depends almost entirely on exogenous sources 

of glutamine for its metabolism (James et a l 1998). It has been shown that there is 

little secretion of glutamine into the intestinal lumen, and it was concluded that most 

of the luminal glutamine is derived from the diet (Elia and Lunn, 1997). It is 

estimated that more than 80% of glutaminase activity in the entire gastrointestinal 

tract is found in the small intestine (Elia and Lunn, 1997).

During the perinatal period, the control of substrate oxidation of the intestine 

is somewhat different from during the adult period. Neonatal rats absorb 75% of their 

caloric intake in the form of fat. Their mucosa has higher levels of intracellular 

esterified fatty acids when compared with adults. However, in the presence of 

glutamine, glucose and p-hydroxybutyrate, glutamine is the preferred oxidative 

substrate in enterocytes of neonatal and weaning rats (Kimura, 1987). The oxidation 

of substrates that enter the tricarboxylic acid cycle in the form of acetyl-CoA such as 

glucose, fatty acids, and lipids is low during the neonatal period and increases after
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weaning. In contrast, the amount of glutamine that enters the tricarboxylic acid cycle 

in the form of a-ketoglutarate is high during the neonatal period (twice that seen in 

adults). The control of the tricarboxylic acid cycle appears to be mediated by the 

intramitochondrial [NADH]/[NAD^] ratio, which is high during the neonatal period 

and low in the intestine of weaning rats (Kimura et al. 1984; Kimura, 1987; Kimura, 

1996). Again, glutamine seems to play an important role as a major fuel for the 

neonatal intestine as found in adults.

1.4 Clinical relevance of intestinal ischaemia-reperfusion

Intestinal ischaemia-reperfusion injury is a clinical condition characterised by 

the cessation of blood flow or hypoperfusion (ischaemia) of the intestine followed by 

the restoration of the blood flow (reperfusion). Intestinal ischaemia-reperfusion is a 

serious condition causing significant morbidity and mortality. Conditions in both 

children and adults, in which intestinal ischaemia-reperfusion is considered to be 

involved, are malrotation with midgut volvulus, necrotising enterocolitis, 

intussusception, acute mesenteric arterial occlusion, shock and sepsis.

1.4.1 Malrotation with midgut volvulus

The term ‘malrotation’ refers to a condition in which the midgut, part of the 

intestine supplied by the superior mesenteric artery extending from the duodeno

jejunal flexure to mid-transverse colon, remains unfixed and suspended on a narrow- 

based mesentery (Spitz, 1995). The diagnosis of malrotation usually results from 

clinical evidence of midgut volvulus.
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Midgut volvulus, the twisting of the midgut around its axis causing closed 

loop obstruction and vascular compromise, often exacerbates the duodenal 

obstruction, but its life-threatening consequence is the superior mesenteric artery 

occlusion. Positive stool occult blood caused by mucosal ischaemia is a common 

early finding. If transmural necrosis develops, acidosis, thrombocytopaenia and frank 

sepsis may occur. Approximately 60% of cases are encountered in the first month of 

life and over 40% of these within the first week (Andrassy and Mahour, 1981; Spitz, 

1995). A plain abdominal radiograph shows a distended stomach and proximal 

duodenal bulb with a paucity or absence of small bowel air, all consequences of the 

partial duodenal obstruction. In most instances of duodenal obstruction, an upper 

gastrointestinal study is the second and conclusive imaging study. Typically, 

malrotation produces an incomplete obstruction with a corkscrew or coiled 

appearance in the third or fourth portion of the duodenum.

Once the diagnosis of malrotation has been established, surgical correction is 

mandatory to prevent the development of midgut volvulus which occurs in 40% of 

cases not surgically treated (Spitz, 1995). Operative treatment of malrotation with 

midgut volvulus is the treatment of choice. The procedure is to relieve the midgut 

volvulus by un-twisting of the affected intestine, usually in a counter-clockwise 

direction. This procedure will also re-establish the blood flow to the intestine 

(reperfusion). The base of the mesentery is then broadened by dividing the peritoneal 

band around the vascular pedicle to prevent the recurrence of the volvulus. An 

incidental appendicectomy is performed to eliminate potential future confusion if 

acute appendicitis develops in the mal-positioned appendix. The prognosis after 

surgical correction for malrotation in the absence of compromised intestine is
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excellent, with normal life expectancy. However, when nonviable intestine is found 

at laparotomy because of transmural necrosis, the principle is to preserve as much the 

length of the intestine as possible. In cases when the entire small intestine is necrotic, 

the long-term outcome is poor (Powell et al. 1989).

1.4.2 Necrotising enterocolitis (NEC)

Neonatal NEC is a clinical condition characterised by an initial mucosal 

intestinal injury that may progress to transmural necrosis of the intestine. Despite its 

frequency and extensive studies, the pathogenesis remains unclear and the treatment 

is still empirical. NEC most commonly occurs in premature neonates. The 

combination of an immature gastrointestinal mucosal barrier with an immature 

immune system may have an important role. Half of all neonates with NEC have 

birth weights less than 1500 g, and 80% weigh less than 2500 g at birth (Kliegman 

and Fanaroff, 1981). Characteristic pathological findings of NEC reveal the features 

of a hypoxic-ischaemic event at the level of the intestinal mucosa, which are virtually 

indistinguishable from those of ischaemic necrosis and resemble those of 

experimental intestinal ischaemia-reperfusion (Gould, 1997). However, it is still not 

known whether intestinal ischaemia-reperfusion is a primary or secondary factor in 

the pathogenesis of NEC (Nowicki and Nankervis, 1994). Additional putative causes 

include the presence of an intraluminal substrate (formula milk) because of the rarity 

of NEC in unfed neonates. Infection probably also plays a role, since pathogens can 

be isolated from many affected neonates. However, it is not possible to differentiate 

whether systemic sepsis is a cause or an effect of NEC (Foglia, 1995; Adzick and 

Nance, 2000). The clinical signs of NEC are abdominal distension, bilious vomiting.
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and either occult or gross blood in stool. Pneumatosis intestinalis, the presence of gas 

within the bowel wall, is the classical radiographic sign of NEC and appears to result 

from dissection of intraluminal air through the disrupted basement membrane of 

injured mucosa (Kliegman and Fanaroff, 1981; Foglia, 1995; Gould, 1997; Adzick 

and Nance, 2000).

The majority of patients can be managed conservatively. However, 

indications for surgical management are debatable. Most paediatric surgeons consider 

signs of intestinal perforation or refractory sepsis as the indications for laparotomy. 

Occasionally, bedside placement of peritoneal drains has been used in place of 

laparotomy for the management of perforation in neonates with a body weight less 

than 1000 g. Overall survival rates for neonates with NEC are about 60% to 80%. 

This represents a substantial improvement from the 20% to 30% when NEC was first 

documented 40 years ago (Nowicki and Nankervis, 1994; Tam, 1997). However, the 

mortality rate in these patients is still high and further research in this area is 

mandatory.

1.4.3 Intussusception

Intussusception is defined as the invagination of a proximal segment of 

intestine into an adjacent distal segment. The invaginated proximal bowel is called 

‘intussusceptum’, and the recipient distal bowel is called ‘intussuscipiens’. This 

process usually originates in the small intestine, typically at or near the ileocaecal 

valve, causing passage of the terminal ileum through the ileocaecal valve into the 

colon. Idiopathic intussusception is typical in patients between 3 months and 3 years 

of age, with a peak incidence between 4 and 10 months of age (Wright, 1995).

10
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Regardless of the cause, a consequence of intussusception is progressive oedema 

formation and inflammation leading to bowel obstruction, thus accounting for most 

of the related clinical signs and symptoms. In addition, the mesentery of the 

intussusceptum becomes distorted and compressed, potentially leading to ischaemia 

of the intussusceptum. The diagnosis of intussusception can be easily established 

with the clinical information alone. Typically, healthy infants 4 to 10 months of age 

develop sudden and severe colicky abdominal pain. Vomiting occurs in most of these 

infants. Physical findings may include a palpable, sausage-shaped mass in the right 

abdomen. Positive stool occult blood occurs in most infants with intussusception 

because of ischaemic mucosal injury to the intussusceptum (Wright, 1995; Sherman 

and Cosentino, 1993).

Any child with a suspected intussusception must have an urgent and 

conclusive diagnosis using either ultrasound or diagnostic enema. Successful 

hydrostatic or air reduction of ileocolic intussusception is achieved in 60% to 80% of 

patients. However, laparotomy for manual reduction is required immediately for 

either failed or uncertain hydrostatic reduction of an intussusception. Mortality from 

intussusception is rare in modern practice. If mortality occurs, it is always due to the 

systemic sepsis and hypovolaemia secondary to neglected ischaemic strangulated 

intestine (West et al. 1987; Sherman and Cosentino, 1993).

1.4.4 Acute mesenteric arterial occlusion

Acute intestinal ischaemia is a devastating clinical problem in adults, which 

presents a high morbidity and mortality to the patients and a difficult clinical 

challenge to the physicians. Occlusion of one of the major branches supplying the

11
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intestine accounts for 70-80% of all cases of acute mesenteric ischaemia. The 

occlusion of the artery can be due to an embolus or to thrombotic occlusion of an 

arteriosclerotic vessel. The appropriate treatment of this condition depends on the 

specific aetiology. However, regardless of the aetiology, failure to recognise and treat 

this condition results in fatal intestinal infarction (Brophy, 1999).

In acute mesenteric arterial occlusion, 75% of cases are due to an embolus in 

the SMA. The embolus usually lodges just distal to the branch of middle colic artery. 

The most common source of arterial emboli is the left atrium in patients with atrial 

fibrillation. In addition, emboli may arise from a ventricular mural thrombus after an 

anterior wall myocardial infarction. In 20% of patients with embolisation to the 

mesenteric vessels, there is synchronous embolisation to other arteries (Mosley and 

Marston, 1989). Acute mesenteric ischaemia secondary to thrombosis of the 

mesenteric artery is usually superimposed on chronic atherosclerotic occlusive 

disease of the mesenteric vessels. Thus, these patients have the usual risk factors for 

atherosclerosis, including smoking, hyperlipidaemia, sedentary lifestyle, diabetes, 

and old age. The mortality of acute mesenteric ischaemia is 70%-90% if the 

diagnosis is not made prior to intestinal infarction. The clinical hallmark of this 

condition is abdominal pain out of proportion to other symptoms. The pain is 

characteristically severe and sudden in onset. Intestinal ischaemia initiates intense 

peristaltic activity. Hence, vomiting and loose stools frequently follow the onset of 

the pain. The earliest physical finding is abdominal distension. Mucosal sloughing 

can lead to guaiac-positive stools or grossly bloody stools. Significant alterations in 

laboratory findings, such as leukocytosis, acidosis, elevated serum amylase and 

lactate dehydrogenase, lack sensitivity and specificity and often do not occur until the

12
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intestine becomes infarcted. The gold standard for the diagnosis is angiography 

(Mosley and Marston, 1989; Brophy, 1999).

The initial management of a patient with suspected mesenteric ischaemia is 

resuscitation. Mesenteric ischaemia leads to massive ‘third space’ fluid losses from 

the intravascular compartment to the wall and lumen of the intestine (Patel and 

Durham, 1999). The standard treatment of acute mesenteric arterial occlusion is re

establishment of the mesenteric arterial flow. However, revascularisation of 

ischaemic intestine is a clinical paradigm of ischaemia-reperfusion injury (see 

Section 1.6). The high morbidity and mortality of acute mesenteric occlusion is often 

due to multiple organ failure. In spite of many advances in monitoring, critical care, 

correction of metabolic dysfunction and reconstructive surgery, the proportion of 

survivors from acute massive intestinal ischaemia, once this has developed, remains 

depressingly small (Haglund, 1994; Brophy, 1999).

1.4.5 Shock

Shock, by definition, is the result of impaired tissue perfusion. Hypoperfusion 

is the common feature of all shock syndromes, regardless of the cause. Patients with 

blood loss, heart disease, sepsis and multiple trauma can develop shock. However, 

shock varies in degrees of severity, ranging from occult tissue hypoxia to full-blown 

cardiovascular collapse. Consequences of tissue hypoperfusion may include tissue 

hypoxia, anaerobic metabolism, acidosis, elaboration of inflanunatory mediators, 

circulatory redistribution with early involvement of the splanchnic circulation, 

cellular injury, and multiple organ failure. Intestinal ischaemia commonly occurs in 

shock syndromes. Haemorrhagic shock, hypovolaemia, and cardiac failure can

13
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induce intense splanchnic vasoconstriction in order to maintain adequate perfusion of 

the heart and brain (Anderson and Vaslef, 1994). Improvement in intestinal perfusion 

by resuscitation may result in a significantly greater injury than that of ischaemia 

alone. An animal study showed that acute blood loss to 50% of baseline mean 

arterial pressure for 60 min followed by resuscitation for 30 min resulted in intestinal 

microvascular hypoperfusion despite restoration and maintenance of central 

haemodynamics, and progressive endothelial cell dysfunction in the intestine 

(Fruchterman et al. 1998). The small intestine has often been described as the 

‘motor’ triggering multiple organ failure. Occult intestinal ischaemia is a major 

contributing factor in the development of the complications seen after haemorrhage 

with resuscitation. Mucosal ischaemia is thought to result in breakdown of the 

intestine’s barrier function, allowing bacterial translocation to occur (Sori et al. 

1988; Wattanasirichaigoon et al. 1999).

As a result of circulatory redistribution in shock, splanchnic blood flow, 

which normally comprises 15% to 20% of cardiac output, is reduced. Mucosal 

ischaemia and cellular hypoxia ensue, leading to further injury and deleterious 

systemic effects. The pathogenesis of intestinal injury involves at least two different 

mechanisms, those related to hypoxia and those related to reperfusion injury once 

blood flow is re-established. Hypoxic injury causes mucosal ischaemia, which leads 

to the disruption of the normal epithelial cell barrier. Reperfusion causes the 

accumulation of free oxygen radicals, such as superoxide anion, hydroxyl radical, 

and hydrogen peroxide, which may lead to cellular injury by the process of lipid 

peroxidation and the disruption of cell membrane. In addition to their direct role in 

tissue injury, these free radicals may have a chemotactic role, leading to neutrophil
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infiltration of the injured tissue, neutrophil activation and release of cytotoxic 

proteases, and further injury mediated by the elaboration of proinflammatory 

mediators such as tumour necrosis factor-alpha (TNF-a), platelet activating factor 

(PAF), interleukin (IL)-l and IL- 6  (Anderson and Vaslef, 1994; Meakins and 

Marshall, 1986).

As a consequence of intestinal mucosal injury, permeability of the mucosa 

may increase, allowing enteric flora or bacterial toxins to translocate across the 

intestinal wall and invade the host through lymphatic or portal venous systems. This 

breakdown of the normal intestinal epithelial barrier with subsequent bacterial or 

toxin translocation may amplify the systemic inflammatory response and contribute 

to the development of multiple organ failure (Meakins and Marshall, 1986; Watkins 

et a i 1996; Fruchterman et al. 1998). The goals in the management of shock are to 

restore perfusion and adequate oxygen delivery to tissue no matter what the cause of 

shock is. Once the initial resuscitation goals are met, therapy should continue to 

provide optimal oxygen delivery. In addition, measures should be instituted to treat 

the inciting cause of shock (Anderson and Vaslef, 1994).

1.4.6 Sepsis

Sepsis is defined as the systemic response to infection. It is often associated 

with tissue injury that leads to multiple organ failure (Carcillo and Cunnion, 1997). 

Although the pathogenesis of this injury has not been fully elucidated, direct cellular 

toxicity may be initiated by mediators such as endotoxin and cytokines. During 

endotoxaemia and bacteraemia, hypoperfusion in the microcirculation of all layers of 

the intestinal wall, including intestinal villi, has been described (Theuer et a l 1993).
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It has been shown that vasoconstriction and reduction in intestinal villus blood flow 

occur early during normotensive endotoxaemia, representing a mechanism for the 

redistribution of blood away from the intestine (Schmidt et al. 1996). Sepsis is also 

associated with an increase in oxygen consumption in the splanchnic organs (Dahn et 

al. 1987; Haglund and Rasmussen, 1993). Therefore, an imbalance between oxygen 

delivery and consumption in the intestine can be considered as an intestinal 

ischaemic event. This concept was supported by a study demonstrating an increase in 

intestinal net production of hypoxanthine and uric acid, indicating a state of 

inadequate perfusion to the intestine, during normotensive endotoxaemia (Schmidt et 

al. 1997). Moreover, endotoxin can upregulate E-selectin expression in the intestine, 

which mimics the responses observed in the intestine exposed to ischaemia- 

reperfusion (Bauer et al. 1999). Sepsis induced by caecal ligation and perforation 

also leads to a decrease in the number of perfused capillaries in the small intestinal 

mucosa (Farquhar et al. 1996).

Clinically, early recognition, appropriate therapeutic response and removal of 

the nidus of infection are critical to the outcome of children with sepsis. The key to 

successful intervention during sepsis is recognition of sepsis before hypotension 

occurs. Sepsis and septic shock should be diagnosed and treated on the basis of 

clinical findings, not laboratory tests. The principles of treatment include immediate 

resuscitation, stabilisation and definitive therapy for underlying disease (Carcillo and 

Cunnion, 1997). Despite advances in modem medicine, sepsis still remains the 

leading cause of mortality in intensive care units with mortality rates of 20-40% 

(Titheradge, 1999).
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1.5 Intestinal ischaemia-reperfusion in animal models

The relationship between intestinal ischaemia-reperfusion and midgut 

volvulus, NEC, intussusception, acute mesenteric arterial occlusion, shock, and 

sepsis has been recognised by researchers during the last two decades. This has led to 

the development of a variety of animal models in an attempt to reproduce and 

understand the resultant intestinal injury. A number of species have been utilised to 

examine the local and systemic effects of intestinal ischaemia-reperfusion, including 

rats, sheep, pigs, cats and dogs. The methods used to induce intestinal ischaemia are 

mechanical occlusion of the SMA, or haemorrhage with resuscitation or cardiac 

tamponade (Megison et al. 1990; Sibbons et a l 1997; Tumage and Myers, 1999). 

The endpoints studied include microvascular and epithelial function, histology of the 

intestine and the reaction of different mediators. In addition to the intestinal injury 

itself, remote organ dysfunction has been characterised in the lung, heart, kidneys, 

and liver to investigate the pathogenesis of multiple organ failure during intestinal 

ischaemia-reperfusion. In addition, such in vivo models provide the best resource for 

testing new therapeutic strategies (Tumage and Myers, 1999). Recently, ex vivo 

experiments and cultured endothelial cells or enterocytes have also been employed to 

elucidate the molecular mechanisms of ischaemia-reperfusion (Poggetti et a i 1992a; 

Towfigh et a l  2000).

17



Chapter 1: Intestinal ischaemia-reperfusion injury

1.6 Pathophysiology of intestinal ischaemia-reperfusion

1.6.1 Ischaemia-reperfusion injury

Ischaemia-reperfusion is a complex phenomenon. The consequences of such 

injury are local and remote tissue destruction, and sometimes death. Ischaemia- 

reperfusion injury involves a complex interrelated sequence of events. In the majority 

of organs, ischaemia primes the tissue for the injury incurred during reperfusion. 

Several different processes have been implicated in ischaemia-reperfusion injury, 

including oxygen free radical production, interaction between neutrophils and 

endothelial cells, and changes in eicosanoids, nitric oxide, endothelin, platelet 

activating factor, the complement system and cytokines.

1.6.1.1 Ischaemia

When the blood supply to an organ is reduced, a cascade of chemical events 

is initiated which leads to cellular dysfunction, oedema and, finally, cell death 

(Grace, 1994). This sequence of events is characterised by flow-dependent oxygen 

consumption, oxygen deficit, and anaerobic metabolism with a fall in intracellular 

pH, ATP and redox state. Oxygen is crucial to cellular function. Aerobic metabolism 

efficiently replenishes the high-energy phosphate bonds required for normal cell 

function. Lack of oxygen results in anaerobic metabolism with an increase in the 

intracellular concentration of lactic acid and a decrease in high-energy bond 

production (Coffee, 1998b; Sato et a l 1999). Finally, cells are deprived of the energy 

needed to maintain homeostasis. Ischaemic necrosis has been well documented. The 

sodium-potassium pump is inhibited, sodium ions move into the cell, drawing water
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into the cell, together with the escape of potassium ions into the extracellular space. 

Cytosolic phospholipase is then activated causing membrane breakdown. The 

inhibition of oxidative phosphorylation and the drop in ATP production lead to 

failure of synthetic and homeostatic function and finally cell death (Chaudry et al. 

1981). Different organs can withstand hypoxia for different periods; for example, 

skeletal muscle can completely recover after hours of ischaemia while nervous tissue 

can tolerate an ischaemic insult only for a few minutes (Chervu et at. 1989).

1.6.1.2 Reperfusion injury

Restoration of blood flow after ischaemia has at least two beneficial effects 

for ischaemic tissue; the restoration of energy supply and the removal of undesirable 

metabolites. Reperfusion is essential for recovery from ischaemic injury. However, 

the return of undesirable metabolites to the systemic circulation and reperfusion itself 

may have serious metabolic consequences (Schoenberg and Beger, 1993; Grace, 

1994). Several studies have identified oxygen-derived free radicals as mediators of 

reperfusion injury. It has been demonstrated that oxidant formation occurs 

immediately after reperfusion, lasting for a few minutes (Morris et al. 1987; Grace,

1994). In addition, attempts at reperfusion may not be successful because of 

progressive microcirculatory dysfunction resulting in a state of hypoperfusion. This 

process, namely the ‘no-reflow phenomenon’, is directly associated with the duration 

of the ischaemic period. The exact cause of the phenomenon is not fully understood. 

Microscopically, sludging of large numbers of red blood cells in the microcirculation 

during reperfusion has been reported in this phenomenon (Tumage et al. 1995a; 

Tumage et al. 1995b). It ha^ been shown in foetal sheep that there was a period of
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intestinal hypoperfusion for several hours following 25 minutes of complete 

umbilical cord occlusion (Bennet et a l 2000). This ‘no-reflow’ phenomenon could 

further compromise the integrity of intestinal wall, potentially leading to increased 

vulnerability to bacterial invasion.

1.6.2 Roles of oxygen free radicals and oxidative stress

A free radical is an unstable molecule containing one or more unpaired 

electrons. Several free radicals may be produced by reduction or excitation of oxygen 

molecules. Three key studies established the importance of oxygen free radicals in 

biomedical research. Firstly, the report of the superoxide dismutase activity in almost 

all mammalian tissues suggested that superoxide is a physiological product (McCord 

and Fridovich, 1969). Secondly, an association was reported between the bactericidal 

effect of neutrophils and the generation of superoxide linked oxygen radicals with 

inflammation (Babior et a l 1973). Finally, another study showed that reperfusion 

injury was likely to be caused by the effects of oxygen free radicals (Granger et a l 

1981).

Cells generate energy aerobically by reducing oxygen (O2) to water. The 

cytochrome C oxidase-catalysed reaction involves the transfer of four electrons to 

oxygen. Other enzymes, especially flavin enzymes, also generate partially reduced 

oxygen species (Coffee, 1998b). Apart from water (H2O), transfer of one electron to 

oxygen also results in multiple reactive oxygen species through the superoxide anion 

radical, O2 . Superoxide is a by-product of normal cellular metabolism derived from 

mitochondrial, endoplasmic reticular and nuclear membrane electron transport 

processes, and soluble proteins such as haemoglobin, aldehyde oxidase and xanthine
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oxidase (Grace, 1994). Superoxide can inactivate some specific enzymes. In 

addition, it is the precursor of hydrogen peroxide (H2O2 ) and the highly reactive 

hydroxyl radical (OH ). The formation of superoxide in vivo is always accompanied 

by the production of hydrogen peroxide, a powerful oxidant that can inactivate DNA 

and lipid peroxidation of the cell membrane. The hydroxyl radical is a very potent 

reactive oxygen free radical in biological systems and is probably responsible for 

most of the cellular damage that occurs from oxygen free radicals (Grisham and 

Granger, 1989).

Intestinal ischaemia-reperfusion injury has been associated with oxygen free 

radicals (O2 , H2O2 , OH ) as mentioned above. It is postulated that during ischaemia, 

ATP is catabolised to hypoxanthine, which accumulates within the ischaemic 

intestine. Simultaneously, xanthine dehydrogenase is converted to xanthine oxidase 

which, upon reperfusion (with the réintroduction of oxygen), catalyses the formation 

of xanthine from hypoxanthine (Fig. 1.2). Superoxide anions (O2I  are a by-product 

of this reaction and may then be converted to hydrogen peroxide and hydroxyl 

radicals (Granger et al. 1981; Morecroft and Spitz, 1997). The intestinal mucosa is a 

rich source of xanthine oxidase (Hernandez et al. 1987). During intestinal ischaemia, 

xanthine dehydrogenase is converted to xanthine oxidase and there is an increase in 

the concentration of hypoxanthine (Parks et al. 1988). The mechanisms by which 

oxygen free radicals damage the tissue during reperfusion include the peroxidation of 

plasma membrane, degradation of hyaluronic acid, DNA-stand breakdown and 

disruption of integrity of interstitial matrix and capillary basement membrane (Fig. 

1.3). Inhibitors of xanthine oxidase or inhibition of the conversion of xanthine
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dehydrogenase to xanthine oxidase can attenuate intestinal reperfusion injury 

(Grisham and Granger, 1989).

1.6.3 Roles of neutrophils and endothelial cells

There is evidence that neutrophil activation, neutrophil-endothelial adhesion 

and emigration are key components in the pathophysiology of ischaemia-reperfusion 

injury (Etzioni, 1996; Menger and Vollmar, 1996). The migration of neutrophils 

from the blood vessels occurs in several steps. Firstly, loose adhesion to the vessel 

wall, primarily in post-capillary venules causes neutrophils to roll on the 

endothelium. This transient and reversible step is a prerequisite for the next stage, the 

activation of neutrophils. This is followed by firm adhesion after which migration 

occurs (Panes and Granger, 1998). Each step involves specific adhesion molecules, 

and can be differentially regulated (Fig. 1.4).

Within minutes of intestinal reperfusion, neutrophils accumulate in the 

intestinal, hepatic and pulmonary vascular beds (Kurtel et al. 1991; Xiao et al. 1997 

b). There is evidence suggesting that neutrophils entering tissue during the 

reperfusion phase are activated to increase synthesis of oxygen free radicals and 

proteolytic enzymes together with an increase in adhesiveness with endothelium 

(Menger and Vollmar, 1996). Neutrophil-endothelial cell interactions are a 

prerequisite for the microvascular injury induced by ischaemia-reperfusion. These 

neutrophils can induce the injury by adhering to endothelium in either pre-capillary 

arterioles or post-capillary venules. However, most activated neutrophils adhere to 

endothelium in the post-capillary venules. As activated neutrophils become more 

viscous, the capillaries become plugged during reperfusion (Welboum et al. 1991).
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This effect may explain the mechanism of ‘no-reflow phenomenon’, with possible 

exacerbation of hypoxic injury (see Section 1.6.1.2). It has also been shown that 

neutrophil-endothelial interactions increase exclusively in the submucosal layer after 

30 minutes of intestinal ischaemia followed by 1 hour of reperfusion (Beuk et al. 

2000).

Reperfusion-induced neutrophil accumulation and tissue injury have been 

related to the generation of oxygen free radicals, the activation of complement and 

the emigration of the activated neutrophils out of the vessels. In addition, the 

vascular endothelium modulates vascular smooth muscle tone through the release of 

various local mediators. These include arachidonic acid metabolites, platelet 

activating factor, complement, nitric oxide and cytokines (Welboum et al. 1991). 

The effects of vasoactive eicosanoids and various inflammatory mediators on 

splanchnic blood flow during intestinal ischaemia-reperfusion are outlined in Fig. 

1.5.

1,6.4 Roles o f arachidonic acid metabolites (eicosanoids)

Arachidonic acid is a highly metabolically active fatty acid, the precursor of a 

variety of biologically active substances called eicosanoids. There are a variety of 

eicosanoids generated by mammalian cells, including prostaglandins, thromboxanes, 

and leukotrienes. The eicosanoids are local hormones that exert their action either on 

the cell where they are produced or on neighbouring cells (Coffee, 1998a). These 

eicosanoids are produced primarily via two metabolic pathways, the cyclo-oxygenase 

pathway and the lipoxygenase pathway. The end products are cyclic eicosanoids 

(prostaglandins and thromboxane) and linear eicosanoids (leukotrienes) respectively.
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as shown in Fig 1.6 (Welboum et al. 1991). In the intestine, prostaglandin synthesis 

under physiological conditions favours the vasodilator prostaglandins (prostacylin 

and PGE2). Inhibition of cyclo-oxygenase decreases intestinal blood flow, suggesting 

that the release of the vasodilator prostaglandins is an important autoregulatory 

mechanism in the maintenance of normal splanchnic blood flow (Tumage and 

Myers, 1999).

Intestinal ischaemia-reperfusion is associated with a dramatic increase in 

mucosal production of eicosanoids and leukotrienes (Mangino et at. 1989). 

Breakdown products of arachidonic acid are also found in high concentrations in 

plasma soon after reperfusion. This is thought to be due to the activation of plasma 

membrane phospholipase Aj and subsequent generation of products of arachidonic 

acid, including prostacyclin, thromboxane A2 and leukotriene B4 (Schoenberg and 

Beger, 1993).

1.6.5 Roles of nitric oxide

Nitric oxide is a free radical synthesised from L-arginine in several tissues by 

the enzyme nitric oxide synthase (NOS). Three isoforms of the enzyme have been 

identified so far: NOSl or nNOS, is neuronal in origin and is expressed in the 

myenteric plexus of the intestine (Hoffman et al. 1997); N0S2 or inducible NOS 

(iNOS), is normally absent in the intestinal mucosa, but it is upregulated in response 

to inflammatory stimuli to micromolar concentrations of enzyme (Nadler et al. 

1999). N0S3, or eNOS, is expressed at picomolar concentrations of enzyme, in the 

vascular endothelium; it functions primarily as a vasodilator and may play an 

important role in regulating intestinal blood flow (Pique et al. 1992). Under
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physiological conditions, endothelial nitric oxide protects the blood vessel wall 

against vasoconstrictor stimuli. Nitric oxide helps to regulate intestinal permeability 

(Kubes et al. 1991), whereas inhibition of the release of nitric oxide increases 

splanchnic vascular resistance (Turnage and Myers, 1999). Ischaemia-reperfusion 

impairs endothelial function, which may result in a decrease in nitric oxide 

production (Grace, 1994).

While nitric oxide appears to have beneficial vasodilatory effects, it may, 

however, be involved in the production of cytotoxic free radicals. It has been 

suggested that, in some pathological conditions involving the production of oxygen 

free radicals, nitric oxide itself may react with superoxide to yield secondary 

cytotoxic species via the peroxynitrite anion. Peroxynitrite and its products can 

initiate lipid peroxidation without the requirement of iron (Grace, 1994). Thus nitric 

oxide appears to have a dual role in intestinal physiology. Small amounts of nitric 

oxide production via eNOS may exert a cytoprotective effect through its direct 

protection on mucosal permeability. In contrast, sustained overproduction of nitric 

oxide via iNOS may damage the intestinal epithelium, leading to increased 

permeability and intestinal barrier failure (Nadler et al. 1999). However, most studies 

of models of intestinal ischaemia-reperfusion have shown that nitric oxide and nitric 

oxide donors have protective effects (Kubes, 1993; Payne and Kubes, 1993; Caplan 

et al. 1994; Chan et al. 1999).
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1.6.6 Roles of endothelin

Endothelin, the most potent vasoconstrictor so far identified, is released from 

endothelium following hypoxia (Yanagisawa et al. 1988). During ischaemia, 

endothelial transcription of endothelin is amplified, causing an upregulation of 

adhesion molecule expression and the activation of the alternate pathway of the 

complement system. After binding to specific receptors, endothelin promotes influx 

of calcium ions and release of calcium from intracellular stores, resulting in smooth 

muscle contraction (Grace, 1994). It has been shown that endothelin levels are 

increased in portal vein after intestinal ischaemia-reperfusion (Schlichting et at.

1995). In addition, exogenous endothelin administration to endotoxin-primed rats 

causes intestinal ischaemic injury that can be prevented by platelet activating factor 

antagonist (Nowicki and Nankervis, 1994; Miura e ta l  1991).

1.6.7 Roles of platelet activating factor (PAF)

Platelet activating factor (PAF) is formed from membrane phospholipids by 

the action of phospholipase A2 and is produced by endothelial cells, platelets, 

monocytes, and macrophages (Morecroft and Spitz, 1997). PAF is a potent agent 

causing shape change, aggregation and release of granule contents from platelets. 

Enteral and parenteral administration of PAF cause intestinal injury similar to that 

seen in intestinal ischaemia-reperfusion in rats (Sun and Hsueh, 1988; Musemeche et 

al. 1995). Intestinal ischaemia-reperfusion causes an increase in PAF levels in the 

superior mesenteric vein within the first 5 minutes of reperfusion (Mozes et al. 

1989). Studies using PAF antagonists revealed that PAF promotes leukocyte 

adhesion to microvascular endothelium (Kubes et al. 1990) and induces circulatory
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collapse (Mozes et a l 1989) after severe intestinal ischaemia-reperfusion. However, 

a study of platelet function following intestinal reperfusion showed that there was a 

decrease in platelet aggregation intensity and velocity (Aydemir-Koksoy et a l 1999).

1.6.8 Roles of the complement system

Activation of the complement cascade of plasma proteins results in formation 

of the biologically active peptides, C3a and C5a. Their effects on neutrophils include 

chemotaxis, adhesion molecule receptor expression, enhancement of adherence to 

endothelium, and oxygen free radical production. Intestinal reperfusion has been 

reported to be able to induce complement activation with the generation of C3a and 

C5a (Tumage et a l 1994c; Austen et a l 1999). Moreover, C5-deficient animals are 

protected from intestinal ischaemia-reperfusion injury (Austen et a l 1999). It has 

also been reported that inhibition of complement activation prevents intestinal 

ischaemia-reperfusion injury by modulating mucosal mast cell degranulation in rats 

(Kimura^rfl/. 1998).

1.6.9 Roles of cytokines

Following intestinal ischaemia-reperfusion, various cytokines, including 

TNF-a, IL-1 and IL-6 , have been shown to increase in both intestinal mucosa and the 

systemic circulation (Wyble et a l 1996; Tamion et a l  1997; Grotz et a l 1999). 

TNF-a (cachetin) is a 157 amino acid polypeptide synthesised and secreted from 

activated reticulo-endothelial cells. TNF-a is one of the earliest inflammatory 

mediators released in response to infection. It is the first cytokine appearing in the 

circulation following intestinal ischaemia (Jiang et a l 1995; Grotz et a l 1999). The
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predominant source of TNF-a is the monocytes and neutrophils. At low levels, it 

enhances endothelial cell adhesiveness foi leukocytes, promotes neutrophil 

chemotaxis and stimulates production of other proinflammatory cytokines that mimic 

TNF function such as IL-1, IL- 6  and IL-8 . However, excess or uncontrolled 

production, as seen in systemic inflammatory response syndrome, may contribute to 

profound haemodynamic instability. Administration of TNF-a produces the full 

spectrum of changes associated with sepsis (Sun and Hsueh, 1988). IL-1, a 153 

amino acid polypeptide, is the most pyrogenic cytokine, and has been shown to 

appear in the circulation shortly after TNF-a in a model of sepsis (Morecroft and 

Spitz, 1997). It is produced by monocytes, neutrophils, epithelial, endothelial and 

dendritic cells in response to endotoxin challenge or TNF-a stimulation.

IL-6 , a glycoprotein, is produced by monocytes, macrophages, endothelial 

cell and fibroblasts. It has been shown that there is an increase in plasma IL- 6  at 30 

minutes after intestinal reperfusion. This effect is under partial control of TNF-a 

(Yao et a l 1997). IL- 6  is the most important regulator of hepatic production of acute 

phase proteins. It also upregulates adhesion molecule expression and is a potent 

chemo-attractant (Ward, 1993). Using antagonists to these agents, it has been shown 

that both IL-1 and TNF-a contribute to the vascular injury and play a role in 

neutrophil-endothelial interactions following ischaemia-reperfusion (Grace, 1994; 

YsLoetal 1996).
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1.6.10 Summary of the mechanisms of intestinal ischaemia-reperfusion injury

The pathophysiology of intestinal ischaemia-reperfusion injury is a complex 

process. During intestinal ischaemia, the injury occurs in the intestine itself together 

with the accumulation of toxic substrates, precursors for free radical production and 

a variety of mediators. Oxygen free radicals are generated upon réintroduction of 

oxygen to the ischaemic intestine, acting directly as cytotoxic agents, as well as 

indirectly as attractants and promoters of neutrophil adherence. Activated neutrophils 

in turn release oxygen free radicals and various mediators resulting in further 

attraction and promotion of neutrophil-endothelial interactions as mentioned above. 

Once activated neutrophils infiltrate the interstitium, they produce a variety of 

cytotoxic substances, which culminate in tissue damage associated with reperfusion. 

There are also interactions among the mediators and cytokines released during 

intestinal ischaemia-reperfusion, creating another round of a vicious cycle. It seems 

that the interactions between neutrophils and endothelial cells play a central role in 

intestinal ischaemia-reperfusion injury, as summarised in Fig. 1.7 (Grace, 1994).
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1.7 Histopathology

The change seen on histopathology following intestinal ischaemia is a lifting 

of the epithelium and formation of a space between the glandular cells and basement 

membrane. The tips of the villi then begin to slough and a membrane of necrotic 

epithelium, fibrin, inflammatory cells and bacteria accumulates. Oedema appears 

with haemorrhage into the submucosa. Finally, the intestinal wall becomes 

progressively thinned as the mucosa separates and sloughs into the lumen. 

Perforation is possible after the occurrence of transmural necrosis. The result of 

intestinal reperfusion is haemorrhage into the intestinal wall and lumen, 

accompanied by a drop in plasma volume and a rise in haematocrit (Marston, 1989).

The significance of reperfusion to tissue injury is evidenced by observations 

that the histological injury and physiological dysfunction of reperfused tissue is 

greater than that associated with an equal period of ischaemia alone. The principal 

site of intestinal ischaemia-reperfusion injury is the mucosa with epithelial sloughing 

from the villi, mucosal oedema, neutrophil infiltration and haemorrhage into the 

lumen. Intestinal injury following ischaemia-reperfusion is often assessed by 

histological evaluation of standard haematoxylin and eosin (H&E) stained tissue 

sections. Many different grading systems for intestinal injury have been described 

but there is no consensus on how this injury should be graded at present 

(Quaedackers et al. 2000). One of these grading systems is shown in Fig. 1.8 

(adopted from Farber gr aZ. 1999).
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1.8 Intestinal ischaemia-reperfusion and apoptosis

Apoptosis or programmed cell death is a form of cell death that occurs in 

many tissues, including gastrointestinal tract, Apoptosis is a genetically determined 

and active process requiring macromolecule synthesis. The DNA is broken down in a 

specific manner (Majno and Joris, 1995). The molecular basis of apoptosis is 

complex; however, its regulatory pathways converge on a common mechanism 

orchestrated by a family of cysteine endoproteases called caspases (Miller, 1997). In 

contrast, necrosis is a passive and non-specific process resulting in the breakdown of 

cellular structure and its function. The DNA breaks down in a non-specific manner 

(Majno and Joris, 1995; Shah et al. 1997). The sequence of development of intestinal 

ischaemia has been studied extensively, and cell death resulting from intestinal 

ischaemia-reperfusion has generally been attributed to necrosis (Parks and Granger, 

1986; Marston, 1989; Banda and Granger, 1996). However, there is growing 

evidence that apoptosis may be a major mode of cell death after intestinal ischaemia- 

reperfusion. It has been reported that more than 80% of the detached mucosal cells 

after intestinal ischaemia and ischaemia-reperfusion exhibit condensation of 

chromatin and DNA fragmentation, which is one of the characteristic morphological 

features of apoptosis (Ikeda et al. 1998). The percentage of fragmented DNA 

significantly increased during ischaemia and peaked at 1 hour after reperfusion in 

jejunum and ileum (Noda et al. 1998). Inhibition of apoptosis with a specific caspase 

inhibitor significantly diminished the degree of intestinal ischaemia-reperfusion 

injury (Farber et al. 1999). If apoptosis really plays a crucial role in intestinal 

ischaemia-reperfusion injury, novel therapies can be targeted at transcriptional, 

translational or biochemical pathways of apoptosis.
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1.9 Intestinal ischaemia-reperfusion and heat shock proteins

Exposure of cells and tissues to a subcritical event, such as hyperthermia, 

protects cells and tissues from subsequent injury. This protective mechanism is 

referred to as the heat stress response or thermctolerance and has been demonstrated 

in sepsis (Villar et a l 1994; Ryan et a l 1992). There is evidence suggesting that this 

phenomenon is mediated by heat shock proteins. Heat shock proteins represent a 

family of constitutively expressed and stress-induced proteins. They act as molecular 

chaperones, playing a central role in the binding of denatured proteins (Beckmann et 

a l  1990). Ischaemia can trigger the generation of heat shock proteins in rabbit heart 

(Knowlton et a l 1991). However, the roles of heat shock proteins in intestinal 

ischaemia-reperfusion have received little attention. One study showed that the 

induction of heat shock protein expression attenuated intestinal ischaemia- 

reperfusion-induced microvascular neutrophil-endothelial interactions, the key step 

in reperfusion injury (Chen et a l 1997). This result was supported by another report 

showing that the induction of heat shock proteins using sodium arsenite inhibited the 

synthesis of inflammatory cytokines and accelerated the synthesis of anti

inflammatory cytokines during intestinal ischaemia-reperfusion (Tsuruma et a l 

1999). Nevertheless, hyperthermia can be harmful if it is applied beyond the 

subcritical limit, as demonstrated by another study showing that whole body 

hyperthermia to 40°C produced cellular hypoxia and metabolic stress in the 

splanchnic organs (Hall et a l 1999).
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1.10 Remote organ injury

Multiple organ failure is a consequence of many pathological processes. The 

splanchnic region is particularly susceptible to ischaemia, and the ischaemic intestine 

may act as a neutrophil activating site triggering multiple organ failure. Once 

multiple organ failure has occurred, the process becomes increasingly complex and 

self-sustaining (Harward et a l 1993). Intestinal ischaemia-reperfusion causes a 

generalised inflammatory response characterised by the appearance of activated 

complement fragments, neutrophils, eicosanoids, endotoxin, and cytokines within the 

circulation (Oldham et a l 1993). This effect may lead to injuries to the liver, heart, 

lungs and kidneys after intestinal reperfusion.

1.10.1 Liver

If the intestine is regarded as the ‘motor’ that drives the pathogenesis of 

multiple organ failure, liver can be named as the ‘modulator’. In line with the close 

relationship of blood supply between intestine and liver, intestinal ischaemia reduces 

portal blood flow by 70% compared to sham operated animals (Tumage et a l 1996; 

Horie et a l 1997). Instead of restoration of hepatic blood flow upon intestinal 

reperfusion, a further reduction in hepatic blood flow was observed (Tumage et a l 

1996). This might be the consequence of potent circulating vasoconstrictors and 

changes in systemic haemodynamics. However, an ex vivo study showed that despite 

sustained oxygen delivery and maintained perfusion pressure to the liver, intestinal 

reperfusion-induced liver dysfunction occurred. This suggests that liver injury may 

not be primarily due to compromised hepatic oxygen delivery, but rather to the
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altered portal signalling following intestinal reperfusion which may result in 

neutrophil accumulation (Poggetti e ta l  1992a).

Intestinal reperfusion is associated with hepatic capillary leak and neutrophil 

accumulation, which is reversed by neutrophil depletion. Therefore, it is likely that 

liver injury is due to the release of oxidants from the activated neutrophils (Horie et 

a l  1996; Horie et a l 1997). Moreover, an increase in hepatic oxidised glutathione 

after intestinal reperfusion has been demonstrated, which reflects oxidative stress to 

the liver (Tumage et a l 1991). Intestinal reperfusion-induced liver dysfunction has 

also been characterised by liver enzyme release, hepatic hypoperfusion, reduction in 

bile flow rates, hepatic ATP depletion and the sequestration of neutrophils (Hill et a l 

1992; Tumage et a l 1996).

1.10.2 Heart

It has been reported that intestinal ischaemia-reperfusion produced significant 

cardiac contraction-relaxation deficits that persisted up to 16 hours following 

intestinal reperfusion. Cardiac contraction and relaxation defects occurred as early as 

2 hours after a 20 minutes of intestinal ischaemia (Horton and White, 1991). The 

administration of free radical scavengers (superoxide dismutase, catalase) and 

pentoxifylline attenuated cardiac dysfunction, regardless of whether intervention was 

implemented during ischaemia or reperfusion (Horton and White, 1993).
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1.10.3 Lungs

Respiratory failure is a common cause of death and complications after 

intestinal ischaemia-reperfusion (Harward et a l 1993). Reperfusion of ischaemic 

intestine causes a systemic inflammatory response syndrome resulting in increases in 

microvascular permeability and hydrostatic pressure leading to pulmonary oedema 

(Iglesias et a l 1998). Intestinal ischaemia-reperfusion impairs the vasomotor 

functions of both pulmonary vascular endothelium and smooth muscle. This 

impairment is characterised by diminished basal and agonist-stimulated nitric oxide 

release from the endothelium and reduces the ability of the pulmonary smooth 

muscle to contract in response to angiotensin II (Koksoy et a l 2000). Neutrophil 

accumulation, ATP depletion, and histological evidence of pulmonary oedema after 

intestinal reperfusion have been demonstrated (Schmeling et a l 1989; Gerkin et a l 

1992). In addition, TNF-a (Caty et a l 1990), thromboxane A2 (Tumage et a l 1997), 

activation of complement system (Xiao et a l 1997a), platelet activating factor 

(Carter et a l 1996) and endothelin (Mitsuoko et a l 1999) have also been reported to 

be involved in the pathogenesis of non-cardiogenic pulmonary oedema after 

intestinal reperfusion. Although the pathogenesis of the lung injury associated with 

intestinal ischaemia-reperfusion undoubtedly involves a variety of integrated cellular 

and humoral mediators, neutrophils are generally believed to play a key role in 

causing tissue injury (Schmeling et a l 1989; Koike et a l 1992; Tumage and Myers, 

1999).
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1.10.4 Kidneys

Although many studies have established the effect of various conditions, such 

as haemorrhagic shock, hydronephrosis, hypoxia and sepsis, on renal function and 

metabolism (Tumage and Myers, 1999), there has been little interest in the effect of 

intestinal ischaemia-reperfusion. One study showed that after 120 minutes of 

intestinal ischaemia followed by 60 minutes of reperfusion, renal blood flow was 

reduced by greater than 80% when compared to controls. This reduction in renal 

blood flow was associated with a 25% reduction in tissue ATP concentrations. The 

kidneys of animals undergoing intestinal ischaemia-reperfusion showed an increase 

in fractional excretion of sodium (renal tubular dysfunction) but there was no effect 

on renal clearance (LaNoue et a l 1996). Further studies in this model showed that 

intestinal ischaemia-reperfusion caused a twofold increase in the ratio of the 

thromboxane A% (vasoconstrictor) to prostaglandin E2 and prostacyclin (vasodilators) 

in the kidneys. In addition, pentoxifylline, allopurinol and imidazole restored renal 

eicosanoid release and renal function to normal levels (Rothenbach et a l 1997).
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1.11 The principles of therapeutic strategies

With the increasing recognition of the importance of the gastrointestinal tract 

as an organ triggering multiple organ failure, a number of therapeutic strategies to 

prevent and treat intestinal ischaemia-reperfusion have been developed. These 

therapies include augmentation of intestinal blood flow and oxygen consumption, 

selective digestive decontamination, nutritional support with immuno-modulatory 

substrates, use of monoclonal antibodies directed against specific pro-inflammatory 

cytokines and against leukocyte adhesion molecules, and antioxidant therapies.

1.11.1 Augmentation of intestinal blood flow and oxygenation

Since intestinal ischaemia-reperfusion can cause systemic inflammatory 

response syndrome and cardiovascular collapse, the concept of resuscitation as an 

essential treatment has been proposed (O'Neill et al. 1993). Several strategies have 

been used, including increasing systemic oxygen delivery with aggressive fluid 

resuscitation, transfusion of packed red cells, and administration of prostaglandin 

analogues (prostacyclin) or catecholamines (dopamine, dobutamine), which promote 

splanchnic vasodilatation and mesenteric blood flow (Pastores et al. 1996). It has 

been shown that inadequate fluid resuscitation at 15 ml/kg/hour following intestinal 

ischaemia-reperfusion is associated with significant hyperkalaemia, 

hyperphosphataemia, acute renal failure and enhanced serum IL- 6  levels. 

Maintenance of cardiovascular J stability during intestinal reperfusion with 

aggressive fluid resuscitation at 65 ml/kg/hour was associated with an attenuation of 

these alterations (O'Neill et al. 1994). Resuscitation with heparan sulphate, a 

glycosaminoglycan similar to heparin but with minimal anticoagulant properties.

37



Chapter 1: Intestinal ischaemia-reverfusion injury

following haemorrhagic shock improves intestinal perfusionj compared to control 

(Watkins et al. 1996). The use of hyperbaric oxygen therapy at two absolute 

atmospheric pressure during ischaemia as a treatment for intestinal ischaemia- 

reperfusion has also been proposed (Yamada et at. 1995). These approaches, 

however, are not without risks and complications. Hyperbaric oxygenation may 

cause oxygen toxicity to the non-ischaemic organ and may exacerbate reperfusion 

injury by increasing the amount of oxygen free radicals. Excessive fluid 

administration can lead to fluid overload and worsen pulmonary oedema (Tumage et 

al. 1994b). Blood transfusion to increase the oxygen delivery in haemorrhagic shock 

has been shown to cause microcirculatory ischaemia due to the poor deformity of the 

red cells. The use of catecholamines can cause maldistribution of blood flow in the 

intestine, increases in mucosal oxygen demand, and impaired oxygen extraction 

(Pastores fl/. 1996).

1.11.2 Selective digestive decontamination

It is known that disruption of the intestinal epithelial lining by ischaemia- 

reperfusion injury results in the translocation of bacteria and bacterial products such 

as lipopolysaccharide from the intestinal lumen to mucosal interstitium (Swank and 

Deitch, 1996). The intestine serves as a reservoir of gram-negative bacteria and other 

potentially pathogenic micro-organisms which may be responsible for so-called 

‘bacterial translocation’ causing nosocomial infection. Researchers have attempted to 

deploy anti-microbial agents to sterilise the intestinal lumen to decrease the chance 

of bacterial translocation during intestinal hypoperfusion (Patel and Durham, 1999). 

It has been reported that gut decontamination by oral erythromycin and neomycin can
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reduce the generation of endotoxin and TNF-a, and the severity of lung damage 

following intestinal ischaemia-reperfusion in rats (Sorkine et al. 1997). This would 

perhaps avoid activation of cytokines and decrease the incidence of systemic 

inflammatory response syndrome (Martinez-Pellus et al. 1993). However, the 

clinical efficacy of this treatment is still questionable. Some studies have not shown 

any decrease in either the incidence of multiple organ failure or mortality despite the 

reduction in the rates of nosocomial infection (Martinez-Pellus et al. 1993; Lingnau 

and Berger, 1997; Kollef, 1999) whilst others have demonstrated a significant 

reduction in mortality (D'Amico et al. 1998; Nathens and Marshall, 1999).

1.11.3 Nutritional therapy: Glutamine and arginine

Glutamine is the most abundant amino acid in plasma and is the primary 

oxidative fuel for the mucosal cells of the small intestine, and for various immune 

cells also. Animal and clinical studies have shown that the addition of glutamine to 

total parenteral nutrition solutions and to chemically defined liquid enteral diets can 

attenuate intestinal ischaemia-reperfusion injury (Ahdieh et al. 1998) and is 

associated with a decrease in the rate of bacterial translocation (Barber et al. 1990). 

Glutamine supplementation also maintains intestinal glutathione levels during 

intestinal ischaemia-reperfusion and lessens the process of lipid peroxidation 

(Harward et al. 1994).

Arginine, an amino acid and a substrate for nitric oxide synthesis, has been 

shown to attenuate intestinal ischaemia-reperfusion injury. Parenteral and enteral 

administration of L-arginine prior to the insult has been shown to enhance nitric
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oxide production and reduce the mucosal injury (Ward et al. 2000). This beneficial 

effect is inhibited by nitric oxide synthase inhibitor (Raul et at. 1995).

1.11.4 Antibodies against cytokines

A variety of cytokines contribute to the pathogenesis of ischaemia- 

reperfusion. Therapies directed against TNF-a and PAF have been investigated in 

animals with intestinal ischaemia-reperfusion injury. It has been shown that pre

treatment with TNF-a monoclonal antibody before intestinal ischaemia significantly 

attenuated neutrophil sequestration in the lungs (Koksoy et a l 2001) and 

cardiovascular instability, and improved the survival rate (Yao et a l  1995; Yao et a l 

1996). However, in experimental studies, the treatment must be given either before 

or shortly after the insult to be effective, and it is likely that this narrow temporal 

window of effectiveness will limit the clinical utility (Deitch, 1992). PAF is also 

involved in the release of IL-1 and IL-6 . Treatment with the PAF inhibitor attenuates 

the changes caused by intestinal reperfusion (Sun et a l 1999). In addition, intestinal 

reperfusion-induced expression of TNF-a and IL-1 is significantly inhibited by 

antibodies against complement, C5, in rats (Wada et a l  2001).

One major potential problem with therapy directed against these cytokines is 

that under normal physiological conditions both TNF and IL-1 play important roles 

in the eradication of invading bacteria, in wound healing, and in metabolic 

homeostasis. Hence, antibodies against proinflammatory agents may be potentially 

harmful because this may impair basic host defence mechanisms after intestinal 

injury (Deitch, 1992; Dinarello et a l 1993). In a double-blind randomised controlled 

trial of more than 900 patients, it has been shown that TNF blockade by a single dose
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of monoclonal antibody therapy, even if provided within 12 hours after the 

development of multiple organ failure, did not improve outcome in patients with 

septic shock (Abraham et a l 1998).

1.11.5 Antibodies against adhesion molecules

Neutrophil accumulation in the microvascular circulation following intestinal 

reperfusion leads to further tissue damage. Inhibition of free radical production by 

neutrophils or prevention of neutrophil-endothelium interactions may lessen the 

reperfusion injury. Monoclonal antibodies directed against adhesion molecules 

appeared to be beneficial in an experiment model of intestinal ischaemia-reperfusion 

(Hill et a l 1992). In addition, nitric oxide may protect the mucosa by inhibiting the 

accumulation of neutrophils via the down-regulation of surface expression of the 

leukocyte adhesion molecule. Nitric oxide also stabilises intestinal mast cells, 

preventing the release of inflammatory mediators, such as platelet-activating factor 

and histamine (Salzman, 1995; Pastores et a l 1996). Just as with antibodies against 

cytokines, blockade of the normal polymorphonuclear neutrophil-mediated host 

defence mechanism by inhibition of the neutrophil function may result in an increase 

in complications from infection.

1.11.6 Antioxidants

Evidence of free radical damage (e.g., lipid peroxidation) is present in the 

model of intestinal ischaemia-reperfusion. The accumulation of neutrophils during 

reperfusion is a major source of free radicals in the intestine (Sokol and Hoffenberg,

1996). Various antioxidants, including catalase, superoxide dismutase, allopurinol.
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pentoxifylline, iron chelators, N-acetylcysteine, and glutathione, have been used to 

prevent or attenuate free radical-induced injury due to intestinal ischaemia- 

reperfusion in animal models (Cueva and Hseueh, 1988; Grace, 1994; Sokol and 

Hoffenberg, 1996; Hammerman et al. 1999). Nevertheless, little information is 

available regarding clinical trials of antioxidant therapy for intestinal ischaemia- 

reperfusion injury.

1.12 Conclusions and objectives

Significant advances have been made in the understanding of the 

pathogenesis and pathophysiology of intestinal ischaemia-reperfusion and multiple 

organ failure. However, the mortality for these patients remains significantly high. 

Intestinal ischaemia-reperfusion injury is involved in a number of life-threatening 

conditions in infants, children and adults. In the course of intestinal ischaemia- 

reperfusion, two separate, sequential mechanisms are responsible for cellular injury. 

The initial insult is during the phase of ischaemia. Subsequent reperfusion of 

ischaemic tissues leads to additional injury and systemic consequences. Endothelial 

dysfunction and accumulation of neutrophils into ischaemic-reperfused intestine is 

characteristic of the injury. The interactions between neutrophils and endothelial 

cells play a central role in the pathogenesis of intestinal and remote organ injuries. 

Therapeutic strategies to prevent and treat intestinal ischaemia-reperfusion have been 

proposed; however, there is still no specific treatment for patients with this 

condition.

Although there have been extensive studies of intestinal ischaemia- 

reperfusion in the last two decades, information on tissue biochemistry is, however.
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relatively sparse. In particular, changes in key metabolites within the organs such as 

amino acids, high-energy phosphates and inorganic phosphate following intestinal 

ischaemia-reperfusion have been ignored in favour of molecular biology and 

immunology techniques. Hence, the objectives of the research described in this thesis 

are to identify metabolic changes that occur in the small intestine and liver during 

intestinal ischaemia-reperfusion, and to assess the role that such studies can play in 

the understanding of intestinal ischaemia-reperfusion injury and in the development 

and evaluation of new therapeutic strategies. The main analytical technique that is 

used for these studies is magnetic resonance spectroscopy, the underlying principles 

of which are described in the following chapter.
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FIGURE 1.1: Diagram of splanchnic circulation. Various splanchnic veins drain into 

the portal vein and supply the liver with 70% of its flow. The remaining 30% of liver 

blood flow is supplied by the hepatic artery. In the absence of any shunts between 

organs, total hepatic and total splanchnic flows are equal. Abbreviations: SMA, 

superior mesenteric artery; IMA, inferior mesenteric artery; SMV, superior 

mesenteric vein; IMV, inferior mesenteric vein; IVC, inferior vena cava; v., vein.
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FIGURE 1.2: Mechanism by which oxygen free radicals are formed during intestinal 

ischaemia-reperfusion injury. Abbreviation: MPO, myeloperoxidase.
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FIGURE 1.3; Chain of events that explains the roles of oxygen free radicals in 

inducing tissue injury.
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FIGURE 1.4: Schematic diagram of the multistep model of neutrophil-endothelial 

cell interaction. The neutrophil and endothelial cell receptors (adhesion molecules) 

that contribute to the different steps (rolling, firm adhesion and emigration) in the 

cascade are also illustrated. Abbreviations: VCAM, vascular cell adhesion molecule; 

ICAM, intercellular adhesion molecule; PECAM, platelet-endothelial cell adhesion 

molecule.
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FIGURE 1.5; The effects of vasoactive eicosanoids and inflammatory mediators on 

splanchnic blood flow during intestinal ischaemia-reperfusion. Reperfusion-induced 

microvascular dysfunction is a consequence of both circulating and paracrine factors 

including eicosanoids, complement, oxygen free radicals, nitric oxide and platelet 

activating factor. These mediators attract neutrophils into the area, activate 

complement with the fondation of C3a and C5a, and directly alter microvascular 

permeability and perfusion. Intestinal reperfusion-induced microvascular 

dysfunction is characterised by impaired perfusion, increased permeability, and the 

adherence and emigration of active neutrophils.
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FIGURE 1.6: The release of arachidonic acid from membrane phospholipid is 

catalysed by phospholipase A2 , which is activated by factors that increase 

intracellular Câ "̂ . The prostaglandin (PG) complex, consisting of cyclo-oxygenase 

and peroxidase, is present in most cells. Additional enzymes that convert PGH2 to 

other prostaglandins vary with different cell types. The thromboxanes are synthesised 

in platelets. Neutrophils are enriched in 5-lipo-oxygenase, the primary site of 

leukotriene (LT) synthesis. Abbreviation: 5-HPETE, 5-hydroperoxyeicosatetraenoic 

acid.
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FIGURE 1.7: Summary of the effects of ischaemia-reperfusion. Oxygen free radical 

production via the xanthine oxidase pathway results in lipid peroxidation and 

endothelial cell damage. A cascade of reactions is initiated which leads to 

vasoconstriction, platelet aggregation, neutrophil chemotaxis and adhesion between 

activated neutrophils and endothelial cells. Subsequent migration of neutrophils into 

the tissues and release of free radicals and proteases results in further tissue damage. 

Abbreviations: NO, nitric oxide; PGI2, prostacyclin; TXA2 , thromboxane A2 ; LTB4, 

leukotriene B4 ; PAF, platelet-activating factor; IL, interleukin; TNF, tumour necrosis 

factor; ICAM, intercellular adhesion molecule; ELAM, endothelial leukocyte 

adhesion molecule.
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FIGURE 1.8: Haematoxylin-eosin stained sections of the rat intestine shows 

histological intestinal ischaemic injury grading (Farber et al. 1997). Grade 1, normal 

mucosal villi; Grade 2, development of mucosal sloughing; Grade 3, epithelial layer 

lifting up in sheets, presence of a few denuded villous tips, and mild capillary 

congestion; Grade 4, exposed lamina propria, dilated capillaries, and evidence of 

haemorrhage; Grade 5, digestion and disintegration of the lamina propria.
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Chapter 2

Introduction to magnetic resonance spectroscopy 

as a method of studying gut and liver metabolism
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Chapter 2: Introduction to magnetic resonance spectroscopy as a method of 

studying gut and liver metaholism

2.1 Introduction

Magnetic resonance spectroscopy (MRS) is now extensively used for the 

investigation of tissue metabolism. Many of the studies described in subsequent 

chapters use this technique to investigate metabolite changes associated with 

intestinal ischaemia-reperfusion. The aim of this chapter is to introduce the 

principles of MRS, and to outline the ways in which it can be used to investigate gut 

and liver metabolites both in vitro and in vivo.

2.2 Basic principles of magnetic resonance spectroscopy

This section covers the basic principles necessary to understand MRS as used 

in the thesis, and is based on various standard textbooks and reviews (Leach, 1992; 

Andrew, 1994; Gadian, 1995a; Charles, 1996; Hoffenberg et al. 1996; Homak, 

1997).

2.2.1 Background

Nuclear magnetic resonance (NMR) is a phenomenon which occurs when the 

nuclei of certain atoms are placed in a static magnetic field and exposed to a second 

oscillating magnetic field. The phenomenon was discovered in the 1940’s (Bloch et 

al. 1946; Purcell et al. 1946), and Bloch and Purcell were award the Nobel prize in 

1952. With the much later advent of clinical imaging and spectroscopy, the word 

‘nuclear’ tended to be omitted due to the negative connotation of the word ‘nuclear’.
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resulting in the commonly used abbreviations of MRI (magnetic resonance imaging) 

and MRS (magnetic resonance spectroscopy). NMR was initially important in 

physics but soon also became an essential analytical and structural technique in 

chemistry. Eventually, physiology, biochemistry and medicine adopted magnetic 

resonance as one of the standard modalities in their fields. It is a branch of 

spectroscopy operating in the radiofrequency region of the electromagnetic spectrum. 

The technique is based on the interaction between atomic nuclei and a magnetic 

field, as described briefly below.

2.2.2 Spin physics

Certain atomic nuclei, such as the hydrogen nucleus (*H) or the phosphorus 

nucleus (^^P), possess the property of spin and, associated with this, a magnetic 

property. Hence, the nucleus can be imagined as a tiny bar magnet. When a static 

magnetic field is applied to a sample containing such nuclei, for example (as in 

water) or (as in inorganic phosphate), all of the nuclei might be expected to align 

along the field, just as a compass needle aligns along a magnetic field. However, the 

nuclei have spin and obey the laws of quantum mechanics, and they do not behave 

like conventional bar magnets. Nuclei such as *H and ^^P, which have a spin 

quantum number I = 1/2, can have two orientations with respect to the field (Fig. 

2.1). These two orientations have slightly different energies, and the energy 

difference between the two states is proportional to the magnitude of the static field. 

Transitions between these states can be induced by applying radiofrequency radiation 

of frequency Vo (in the form of an oscillating magnetic field) that satisfies the 

equation
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AE = hvo

where AE is the energy separation of the levels, h is the Planck constant (h = 6.626 

xlO'̂ "̂  J s), and Vo is the resonance frequency. It may be shown that AE is 

proportional to the magnitude of the static field, and in turn that

Vo = j B o/ I k

Bq is the magnitude of the static magnetic field, y is a constant known as the 

magnetogyric (or gyromagnetic) ratio of the nucleus. The gyromagnetic ratio varies 

from one nuclear isotope to another, and this is why ^H, and MRS, for 

example, are all operated at different frequencies in a given magnetic field. The 

nuclear magnets interact very weakly with the applied Bq, and this accounts for the 

low value of the energy separation AE and of the characteristic frequencies, which 

are in the radiofrequency range. This weakness is also responsible for the low 

inherent sensitivity of MRS.

Only those nuclei that have magnetic properties can give magnetic resonance 

signals. It should be noted that nuclei of spin greater than 1/2 tend to give broader 

signals than those of spin 1 /2 , and this is in part responsible for the fact that most 

studies of living systems use nuclei of spin 1/2 such as ^H, and ^^P. The

abundant isotopes of carbon and oxygen, and unfortunately, have zero spin 

and therefore do not produce magnetic resonance signal.

2.2.3 Magnetic resonance spectra and chemical shift

The application of a field Bq induces electronic currents in atoms and 

molecules, and these produce a further small field Boa at the nucleus which is 

proportional to Bq. The resonance frequency of a nucleus is directly proportional to
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the local magnetic field experienced by the nucleus. Hence, the magnetic field 

experienced by the nucleus is not exactly equal to Bq. The total effective field Beff at 

the nucleus can be written.

Beff = Bo(l-a)

where a  expresses the contribution of the small secondary field generated by the 

electrons around the nucleus. So, from equation Vo = yBo/27C in Section 2.2.2

Vo = yBo(l-a)/2îi

a  is a dimensionless constant, known as the shielding or screening constant. 

Therefore, nuclei in different chemical environments give rise to signals at different 

frequencies. The separation of resonance frequencies from an arbitrarily chosen 

reference frequency is termed the chemical shift, and is expressed in terms of the 

dimensionless units of parts per million (ppm). The existence of the chemical shift 

enables us to use magnetic resonance to distinguish not only between different 

molecules, but also between individual atoms within a molecule. An example of the 

chemical shift is given by the MRS of ethyl-alcohol (CH3CH2OH). The CH3 , CH2 

and OH protons experience different chemical environments and therefore give rise 

to three separate signals or resonances, separated by about 4 ppm. The intensities of 

the three signals, as measured from their areas, are proportional to the number of 

nuclei that contribute towards them, and so the relative areas of the CH3 , CH2 and 

OH signals should be 3:2:1 (Fig. 2.2A). However, other factors, including the spin- 

lattice relaxation time or Ti and the spin-spin relaxation time or T2 (see below), can 

also affect the signal intensities. These Tp and T2-dependent effects can sometimes 

be used for selective detection or suppression of specific signals, or they may be 

regarded as a nuisance complicating the measurement of relative concentrations.
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2.2.4 Spin-spin coupling

In addition to the chemical shift, there is another source of fine structure 

called spin-spin coupling. If we look at the spectrum of ethyl alcohol again, but this 

time using a much more uniform magnetic field, it may be seen that the two main 

peaks of CH3 and CH2 break up into multiplets (Fig. 2.2B). The multiplets have their 

origin in a coupling between the protons in one molecular group and those in the 

adjacent molecular group, mediated by the molecular electrons. It is called spin-spin 

coupling, scalar coupling, or J coupling. The separation of lines is the same in both 

adjacent groups, expressed in Hz. It is notable that the peak of OH is not broken into 

a multiplet because there is a rapid exchange of OH and water protons, faster than 

the coupling constant J.

2.2.5 Linewidths and spectral resolution

Generally, as molecules become increasingly immobilised they produce 

broader signals. Therefore, the spectra of living systems reveal narrow signals from 

metabolites which have a high degree of molecular mobility, whereas 

macromolecules such as DNA and membrane phospholipids, which are highly 

immobilised, produce very much broader signals which are either invisible or appear 

as a broad hump underneath the signals from the metabolites. However, linewidths 

and lineshapes can be influenced not just by molecular mobility, but also by a range 

of other factors including magnetic field inhomogeneities.

Magnetic field homogeneity is a critical factor in the advancement in MRS. 

Magnetic field inhomogeneity of, for example, 10 ppm over the sample volume will 

broaden each signal by 10 ppm. Since 10 ppm represents more or less the whole
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spectral range in MRS, under these circumstances none of the resonances would 

be resolvable from any of the others. So the field homogeneity that is required is 

dependent on the degree of spectral resolution that is needed. MRS studies 

impose particularly precise requirements. For MRS studies of brain metabolism, 

it is necessary for the magnetic field to be homogeneous to within about 3 parts in 

10 .̂ High field spectrometers that are used for solution studies are often required to 

have field homogeneity as remarkable as 1 part in 1 0  ̂or even better, although this is 

over a much smaller sample volume (e.g. 0.5 ml) than the volumes characteristic of 

in vivo studies.

2.2.6 Detection of magnetic resonance signals

The detection of signals requires the application of a radiofrequency magnetic 

field. This field is normally applied in the form of pulses, the duration of which may 

vary from a few microseconds to tens of milliseconds. The bandwidth of these pulses 

is such that they will excite all of the nuclei within the required frequency range. The 

signal that is observed following a radiofrequency pulse or a series of pulses does not 

look like a spectrum. In its simplest form, it may appear as an oscillation which 

gradually decays away. In order to transform such a signal into an understandable 

form, it is necessary to apply the mathematical manipulation known as Fourier 

transformation. This converts a time-domain signal into its equivalent frequency 

domain response (Fig. 2.3). To obtain satisfactory spectra, the process is repeated a 

number of times. The responses are automatically added until the required signal-to- 

noise ratio is obtained, and then Fourier transformation of the data produces a 

spectrum.
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2.2.7 The relaxation times Ti and T2

The application of a radiofrequency pulse perturbs the magnetisation of the 

sample away from its equilibrium position, which is along the direction of the 

applied field. The subsequent recovery towards equilibrium is termed ‘relaxation’, 

and is characterised by two relaxation times. The exponential return along the 

direction of the magnetic field is known as ‘spin-lattice’ or ‘longitudinal’ relaxation, 

and is characterised by the relaxation time, Ti. Strictly speaking, Ti is the length of 

time required for the perturbed system to return 63% of the way towards equilibrium. 

The exponential return of the magnetisation in the plane perpendicular to the field is 

termed ‘spin-spin’ or ‘transverse’ relaxation and is characterised by the relaxation 

time, T2 . The intensities of magnetic resonance signals are dependent on the 

concentrations of the metabolites that give rise to the signals, but may also depend on 

many other parameters, including the relaxation times Ti and T%. These parameters, 

Ti and T2 , can be measured by the use of well-established sequences of 

radiofrequency pulses.

2.2.8 Data acquisition

The simplest pulse sequence can be referred to as ‘pulse and acquire’; a 

radiofrequency pulse is applied, and the resonance (free induction decay or FID) is 

collected. If the process is repeated a number (N) of times, it will build up the signal 

to noise ratio. The accumulation of N FIDs leads to an improvement of Vn  in the 

signal-to-noise ratio, because the signal increases by a factor of N whereas the noise 

increases only by Vn . Despite the simplicity of this pulse sequence, it nevertheless 

offers a choice of pulse angle^ and of repetition time (TR) that requires careful

“A pulse angle o f 90" tilts the magnetisation by 90", a pulse angle o f 45" tilts the magnetisation by 45", etc; the angle can be 
changed by changing the width of the pulse.
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consideration. This choice is influenced by saturation effects which may decrease the 

signal intensity as a result of incomplete Ti relaxation.

2.2.9 Data processing

Following accumulation of the FID, the resulting signal must be processed in 

order to produce a spectrum in which signal amplitude is plotted as a function of 

frequency. Processing of MRS data is based upon an accurate estimation of the 

amounts of signal present at different chemical shifts; the values of the chemical 

shifts provide information about the various chemical species that gives rise to the 

signals, while the areas of the peaks are related to the concentrations of these species. 

The peak areas are then often normalised to a reference signal.

Fortunately, several computer methods are now available for automated 

processing and analysis of MRS data. These methods fit the measured data to a series 

of spectral lines, and provide a means of determining signal intensities that avoids 

the need for the more operator-dependent ‘manual’ methods. The computer analysis 

can be carried out following Fourier transformation of the FID (frequency domain 

fitting) or in direct fitting of the FID itself (time domain fitting).

2.2.10 Basic equipment

Fig. 2.4 summarises the main hardware components of an MRS system, 

which include a strong magnet with a homogeneous field, a radiofrequency 

transmitter and receiver, and a computer which controls the system, and which stores 

and analyses the signals.
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The field strengths of the magnets used for magnetic resonance are measured 

in units of Tesla. One Tesla is equal to 10,000 Gauss. The magnetic field of the earth 

is approximately 0.5 Gauss. Whilst magnets in use for chemical or biochemical 

measurements may have very high magnetic fields, they are physically relatively 

small and usually have a vertical bore. In contrast, most animal systems are 

horizontal, have a larger central bore, and hence larger overall dimensions. Most of 

these systems are superconducting. Two different MRS systems were used for the 

studies described in this thesis, one with a vertical magnet operating at 11.7 Tesla, 

and the other with a horizontal magnet operating at 2.35 Tesla.

Within the magnet is a set of shim coils which are used to compensate for 

inhomogeneities in the magnetic field. For high-field studies of molecules in 

solution, field homogeneity as remarkable as 1 part in 1 0  ̂ is required in order to 

achieve linewidths of less than 1 Hz at frequencies of 300-600 MHz. Therefore, 

optimisation of field homogeneity is critically important. This optimisation involves 

shimming the magnet by passing appropriate currents to the shim coils.

Radiofrequency coils are used for transmitting the energy into the region of 

interest, and for detecting the resulting signal. A radiofrequency generator, operating 

at the NMR frequency, supplies pulses of radiofrequency current to the transmitter 

coil, thus generating pulses of radiofrequency field that are experienced by the nuclei 

in the sample within or adjacent to the coil. The same coil, or in some cases a 

separate receiving coil, picks up the resulting NMR signal, which is then amplified 

and processed in such a way as to generate recognisable spectra. The whole process 

is computer-controlled.
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2.3 MRS and tissue biochemistry

MRS has the advantage of being non-destructive, so that samples can be 

stored for analysis using additional biochemical methods. Another advantage of the 

technique is that it is non-specific; signals may be observed from a large number of 

compounds, without preselection of which metabolites should be measured. The 

simultaneous observation of all of these compounds by MRS, rather than just those 

selected for chemical analysis, offers the opportunity for detecting unexpected 

metabolites that might be missed by more conventional methods.

In view of the wide variety of MRS techniques that are now used for 

biomedical investigations, the description of MRS in this Chapter is limited to the 

techniques used in this thesis, which are high resolution MRS of tissue extracts and 

in vivo MRS of liver.

2.3.1 High resolution magnetic resonance spectroscopy of tissue extracts

Although MRS is not very sensitive compared to other analytical techniques, 

the nonselective nature of MRS makes it an attractive method for the in vitro 

characterisation of tissues. High resolution MRS studies of liver extracts have been 

reported in a number of studies. For example, metabolic changes in the developing 

rat liver using high resolution MRS of liver extracts have been demonstrated 

(Rafter et a l 1991). The study characterised the pattern of hepatic lactate, |3- 

hydroxybutyrate and betaine from rats of different age groups. and MRS 

studies of normal and abnormal human liver extracted into perchloric acid have also 

been reported (Bell et al. 1993). The authors found that samples from liver tumours 

showed an increase in levels of succinate relative to normal liver, as well as changes
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in phosphomonoesters and phosphodiesters. MRS extract studies of human 

hepatic malignancies were later reviewed (Bell and Bhakoo, 1998). Furthermore, a 

study of carbon tetrachloride-treated rats using MRS of liver extracts showed that 

there is a decrease in hepatic ATP levels together with an increase in inorganic 

phosphate levels suggesting intracellular hypoxia in cirrhotic livers (Harvey et a l 

1999).

2.3.1.1 Tissue extraction

In order to measure the concentrations of metabolic intermediates in a tissue, 

the metabolic reactions have to be inhibited very rapidly. This is achieved by 

freezing the tissue between aluminium tongs cooled in liquid nitrogen. This lowers 

the temperature of the tissue to about -80®C in less than 0.1 s (Newsholme and 

Leech, 1995b).

There are three basic kinds of extracts, which can be prepared from the frozen 

tissue. Firstly, water-soluble extracts using perchloric acid or trichloroacetic acid 

deliver all acid-stable, water-soluble components such as low-molecular-weight 

metabolites and salts while precipitating all proteins, lipids, and nucleic acids. The 

resulting solution is neutralised with KOH or KHCO3, centrifuged at high speed to 

remove precipitated KCIO4 and lyophilised for storage (Harvey et a l 1999). 

Secondly, organic extracts using a chloroform/methanol mixture deliver lipophilic 

substances such as fatty acids and membrane phospholipids in the chloroform phase 

(Polleselo et a l 1996). Thirdly, dual-phase chloroform/methanol/water extracts can 

be manipulated in a complex procedure to deliver both the water-soluble metabolites
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and the lipophilic substances from the same tissue sample (Bell et al. 1994; Tyagi et 

al. 1996).

Advantages of using high resolution MRS to study tissue extracts over in vivo 

MRS include enormously greater spectral resolution and minimal time constraints. 

Because the sample is a uniform aqueous solution, the magnetic field can be 

shimmed much more precisely. One-dimensional MR spectra of extracts can 

include dozens of identifiable peaks, and in multi-dimensional spectra at the high 

fields, there can be thousands.

Another nucleus that has been used extensively for metabolic studies is 

which is the naturally occurring phosphorus nucleus. Although MRS is less 

sensitive than *H MRS, the chemical shift range is larger and it does not have the 

problem of solvent suppression (in MRS it is necessary to suppress the strong 

signal from water). In addition, the dominant signals including ATP, 

phosphocreatine and inorganic phosphate play important roles in bioenergetics. The 

other main signals are from phosphomonoesters and phosphodiesters, which play 

critical roles in membrane metabolism.

2.3.1.2 Peak assignments for and ^^P MRS of tissue extracts

The first stage in interpretation of any spectrum must be to identify the 

molecular groupings that give rise to the observed resonances. Assignment can be 

accomplished by generating spectra of model solutions. When new peaks must be 

assigned, presumptive metabolites can be selected from published chemical-shift 

tables. However, they must then be vigorously confirmed by spiking the sample with 

the suspected metabolites and running the experiment again, or by adding specific
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degradative enzymes under conditions designed to remove the presumptive 

metabolites and re-running the experiment. Metabolites that can be identified and 

quantified by MRS of tissue extracts include (among many others) lactate, glucose, 

succinate, alanine, glutamine and glutamate (using MRS) as well as 

phosphocreatine, ATP, ADP and inorganic phosphate (using ^^P MRS). Details of 

peak assignments are presented in the experimental chapters.

2.3.1.3 Concentration measurements

The relative intensities of the signals within a spectrum are proportional to 

the numbers of nuclei that give rise to them under suitable experimental conditions. 

The main condition is that the delay between acquiring FID for signal averaging 

purposes should be > 4Ti; otherwise the intensities become T%-dependent, and this 

can lead to complications as T] can vary considerably for different signals. If this 

condition is satisfied, then in simple pulse and acquire experiments the relative 

concentrations of molecules within a sample can be determined from the intensities 

of their respective signals. In some studies, the measurement of relative 

concentrations, as measured from the relative areas of the respective peaks, provides 

an adequate basis for interpretation. In other studies, however, the measurements of 

absolute concentrations are required (Gadian, 1995b).

2.3.2 In vivo magnetic resonance spectroscopy of liver

The ^^P nucleus has spin = 1/2, is 100% naturally abundant and has a 

sensitivity which is 6 % that of the proton. Historically, the first MR spectra from 

living tissue were obtained from phosphorus-containing metabolites and ^^P MRS

“Q uantitative analysis of identified peaks was carried out by calculating the integrated areas o f the peaks relative to the internal 
standard metabolites. For example, to measure the concentration of a-D-glucose, the area under the doublet at 5.23 ppm  and 
the area under the TSP peak were calculated. The ratio were corrected for the num ber of protons contributing to each signal 
and concentrations were finally calculated.
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accounted for almost all in vivo MRS studies prior to the mid-1980s. It has been used 

in many ways, for example to study utilisation and resynthesis of high-energy 

metabolites in human skeletal muscle, to provide prognostic information from 

neonatal brain tissue for disorders such as asphyxia, focal seizures, and stroke, and to 

investigate differences in liver metabolites with cirrhosis and hepatitis (Hoffenberg et 

al. 1996). Reasons for this interest include the fact that key energy-supplying 

metabolites contain phosphorus, that these compounds are present in high 

concentrations, that the MR spectrum comprises well resolved lines spread over a 

convenient spectral width and that the positions of certain peaks are sensitive to pH. 

Most of the early studies concentrated on cellular energetics, but it later became 

apparent that additional signals from metabolites involved in membrane synthesis 

and degradation could also provide important biochemical information, for example 

in tumours.

The majority of hepatic MRS metabolic studies ‘m vivo’ have focused on the 

nucleus. The MRS spectra can be obtained within a few minutes and can be 

interpreted very readily since only a small number of signals are observed. These 

signals give an excellent reflection of energy status (via the ATP and Pi signals) and 

intracellular pH. Studies have included investigations of isolated rat liver 

mitochondria, perfused liver and in vivo investigations of animal and human livers 

(Canioni and Quistorff, 1994; lies et al. 1999). The liver is, in some ways, an ideal 

organ for in vivo ^^P MRS study. On a macroscopic level, it is homogeneous, and 

localisation is generally straightforward. Since hepatocytes do not express creatine 

kinase, the liver contains no detectable phosphocreatine, and so the degree of 

contamination of the liver spectra by signals from overlying abdominal muscle can
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be assessed. In vivo MRS provides an excellent experimental approach to the 

investigation of changes in energy metabolism associated with impaired oxygen 

delivery, as in ischaemia or hypoxia. Metabolic changes can be monitored 

sequentially in a single preparation throughout a period of ischaemia and reperfusion. 

It therefore offers considerable advances over invasive methods of analysis (Gadian, 

1995b).

2.3.2.1 Liver metabolism

This section, based on standard textbooks and reviews (Canioni and 

Quistorff, 1994; Frayn, 1996; Meyers, 1997), summarises some of the fundamental 

features of liver metabolism that one may have to take into account when interpreting 

the results acquired from an in vivo MRS study of the liver.

Hepatocytes represent approximately 60% of the cells of the liver and 80% of 

the cytoplasmic mass. There are around 250 billion hepatocytes in the adult human 

liver. Under light microscopy, liver cells look basically the same. However, the cells 

from different acinar zones behave differently. Urea synthesis enzymes and 

glutaminase are found at highest concentrations in the periportal area, whereas 

glutamine synthetase is highest in the perivenous area. Major functions of the liver 

include the biosynthesis of urea, glutamine, and ketone bodies as well as the 

important processes of glucose homeostasis, gluconeogenesis, glycogenesis, and 

glycogenolysis.

The liver expends approximately 20% of the body's energy and consumes 

20% to 25% of the total utilised oxygen, despite constituting only 4% to 5% of the 

total body weight. The liver conducts a large number of functions and manufactures a
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large number of substances, such as plasma proteins, carnitine, and creatine, which 

service solely other organs or tissues. It is the only organ that produces acetoacetate 

for use by muscle, brain, and kidney. The liver also uses little glucose for its own 

requirements and expends little of the energy generated by degradation of glycogen.

It uses fatty acids that originate from the diet! adipose tissue, but also easily makes fatty 

acids as triacylglycerols and phospholipids, which are exported. The liver has a 

special capacity for gluconeogenesis from alanine arising in muscle. The energy- 

related functions of the liver are strongly regulated by hormones, other agonists, and 

substrates coming to and from the liver.

The liver has a central role in carbohydrate metabolism: it helps provide a 

continuous source of glucose for the central nervous system and red blood cells. 

Glucose absorbed by the hepatocyte is converted directly to glycogen for storage. 

Excess glucose is converted to fat. During the fasting state, this glycogen is the 

primary source of glucose. However, after 48 hours of fasting, liver glycogen is 

exhausted, and amino acids mobilised primarily from muscle, mainly alanine, are 

converted by the liver to glucose. Lactate produced by anaerobic metabolism is 

metabolised only in the liver. Ordinarily, it is converted to pyruvate and subsequently 

back to glucose. This shuttling of glucose and lactate between liver and peripheral 

tissue is carried out in the Cori cycle. In acute fulminant hepatic failure, there is 

extensive loss of hepatocyte mass and function, and hypoglycaemia supervenes as 

gluconeogenesis fails.

The liver oxidises fatty acids by the mitochondrial p-oxidation pathway to 

produce energy for its many metabolic activities. In particular, gluconeogenesis, a 

pathway that requires energy, appears to be fuelled by oxidation of fatty acids.
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During the oxidation of fatty acids in the liver, the ketone bodies acetoacetate and p- 

hydroxybutyrate are produced and exported into the circulation. There are three 

sources of free fatty acid available to the liver: fats absorbed from the intestine, fat 

liberated from adipocytes, and fatty acids synthesised from carbohydrates and amino 

acids. These fatty acids are esterified with glycerol to form triglyceride. Liver is also 

the most active site of cholesterol and bile salt synthesis.

The liver plays an important role in amino acid oxidation. It is capable of 

eliminating the amino acid nitrogen by synthesis of urea. Therefore, amino acid 

catabolism occurs predominantly in the liver (except branched-chain amino acids). 

An important general reaction in amino acid catabolism is the loss of the amino 

group by the process of transamination. Amino acid oxidation provides about half 

the liver’s energy requirements. However, they are not merely substrates for energy 

production in the liver. Amino acids also provide a substrate for synthesis of glucose 

(particularly alanine), of fatty acids and of ketone bodies. Of course, amino acids 

serve as precursors for hepatic protein synthesis. A number of major human plasma 

proteins are synthesised and secreted by the liver. It is the only organ that produces 

serum albumin and alpha-globulin.

As discussed below, MRS can report on the overall bioenergetic status of 

the liver through the detection of signals from a number of phosphorus-containing 

metabolites, including ATP. All cellular energetics depend on ATP, which is the 

‘universal energy substrate’ of living organisms. Fig. 2.5 shows a ‘text-book’ 

overview of oxidative energy metabolism (Coffee, 1998b), whereby energy is 

released to synthesise the ATP molecules that are utilised for the maintenance of 

cellular function. Energy is provided at the sites of ATP utilisation by breaking down
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the high-energy bond between the p and y phosphates of ATP. This bond is reformed 

by phosphorylation of adenosine diphosphate (ADP), the energy being supplied by 

oxidative (aerobic) or glycolytic (anaerobic) metabolism.

2.3.2.2 The peaks in the in vivo ^̂ P MR spectrum of a rat liver

Fig. 2.6 shows a ^̂ P MR spectrum obtained from a rat liver in vivo. The three 

major resonances in the 0 to -20 ppm region are from the three phosphate groups of 

nucleoside triphosphates (NTP), mainly ATP. The signal at about -16 ppm is well 

separated from the other signals and has a chemical shift characteristic of the p- 

phosphate group of ATP. The signal at -2.5 ppm is characteristic of the y-phosphate 

group of ATP, but could also contain a contribution from p-phosphate group of 

ADP. Similarly, the signal at -7.5 ppm contains contributions from the a-phosphate 

groups of both ATP and ADP. In addition, a shoulder to the right of this peak can 

often be seen at a chemical shift characteristic of the phosphate signals from NAD^ 

and NADH. As discussed below, the position of the inorganic phosphate (Pi) peak 

provides an indicator of intracellular pH within the physiological range. Additional 

peaks include signals from phosphomonoesters (PME), mainly phosphocholine and 

phosphoethanolamine, and phosphodiesters (PDE), mainly glycerophosphocholine 

and glycerophosphoethanolamine. The assignments of most metabolites resonances 

detected in the liver spectrum have already been well-documented (Canioni and 

Quistorff, 1994). There is no creatine kinase in the liver, and therefore 

phosphocreatine is not be detected in the liver.

With regard to the p-NTP resonance, nucleoside triphosphates other than 

ATP contribute to this signal, including guanidine triphosphate (GTP), uridine
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triphosphate (UTP), inosine triphosphate (ITP), and cytosine triphosphate (CTP). In 

isolated rat liver, under well-oxygenated perfusion conditions at 37°C, intracellular 

ATP determined by High Pressure Liquid Chromatography analysis of perchloric 

acid extracts is about 80% of the total NTP content (Gallis et a l 1991).

Under normal physiological conditions, ADP has been shown to be 

undetectable in heart, muscle, brain, and kidneys and is only barely detectable in 

liver (Canioni and Quistorff, 1994). There is an explanation for the undetectable 

signals for free ADP in muscle, for it is tightly bound to the proteins of the 

myofilaments. An alternative possible explanation, for other tissues, is that a 

significant fraction of the intracellular content of compounds such as ADP could be 

sequestered in the mitochondria generating no detectable signals (Gadian, 1995b).

2.3.2.3 Intracellular pH (pH,)

In living systems, inorganic phosphate (Pi) exists predominantly as either 

HP0 4 ‘̂ or H2PO4  at around neutral pH. In solution, the two species exchange with 

each other very rapidly, and as a result the observed spectrum consists of a single 

resonance, the frequency of which is determined by the relative amounts of the two 

species. In principle, it should be possible to determine intracellular pH simply by 

measuring the chemical shift of the Pi signal in vivo and determining from the 

standard titration curve the pH to which this chemical shift corresponds (Gadian, 

1995b). There are, however, limitations to calculating pH, in this manner that result 

from resonances overlapping with the Pi peak. This problem is obvious during the 

normal metabolic state when the Pi peak-height is low. Ischaemia reduces the 

problem because of the dramatic increase in Pi signal intensity (Hoffenberg et a l
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1996). Accurate pH determination depends upon a number of factors, including 

baseline fluctuations, peak overlap and signal to noise ratio (Madden et al. 1991). 

The frequency of the signal measured as a function of pH produces the usual type of 

pH curve, and follows the relationship

pHi = pKa + log[(a - Gi)/( G2 - a)] 

where pÆa corresponds to the pH at which the H2PO4 ' and HP0 4 '̂ species are present 

at equal concentrations, ai and G2 represent the chemical shifts of these two species 

and a  is the observed chemical shift (Gadian, 1995b).

There is general agreement between pH, measurements made by ^^P MRS 

and by alternative techniques although different techniques may not necessarily 

measure the same thing. The evidence is now fairly firm that pH determinations by 

MRS are accurate to within ±0.1 pH units in absolute terms, and it is generally 

accepted that in vivo *̂P MRS reports on cytosolic pH (reviewed by Williams et al. 

1989).

2.3.2.4 Localised MRS of liver using surface coils

Surface coils provide possibly the simplest method of volume selection. Due 

to the limited sensitivity of ^^P, surface coil detectors are widely used. The initial 

method of spectral localisation took advantage of the spatial sensitivity of surface 

coils. In its simple form, a surface coil consists of a loop of wire placed adjacent to 

the selected region of interest. Such a coil normally detects signal primarily from the 

region immediately in front of the coil. It provides a simple and effective means of 

investigating superficial tissue. The spatial selectivity of surface coils relies on the 

characteristics of the radiofrequency field (Bi) that they generate; this field drops
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away sharply at distances a coil radius or more away from the coil (Alger, 1994; 

Charles, 1996).

2.4 Magnetic resonance spectroscopy and intestinal ischaemia-reperfusion

In recent years, MRS has been widely used as a tool for studying biochemical 

changes in organs both in vivo and in vitro. However, so far, there have been very 

few reports describing the use of MRS for the evaluation of intestinal ischaemia- 

reperfusion. The first report showed that a decrease in intestinal ATP can be detected 

during intestinal ischaemia using in vivo MRS (Blum et al. 1986). The inorganic 

phosphate to phosphocreatine ratio has been proposed to be an ‘ischaemic index’ for 

the small intestine, as histological grade was directly related with this ratio (Temes et 

at. 1991). The accuracy of ATP detection in the small intestine by in vivo ^^P MRS 

was also confirmed, as these levels correlated well with those measured by standard 

techniques (Sato et al. 1996). However, many key issues relating to intestinal 

ischaemia-reperfusion, as outlined in Chapter 1, have not yet been addressed. In the 

studies described in this thesis, ^H and ^^P MRS have been employed in order to 

study biochemical changes in the small intestine and liver in the model of intestinal 

ischaemia-reperfusion. New therapeutic strategies have also been tested.
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i k Magnetic field
(B„)

m= + 1 / 2

m= - 1 / 2

FIGURE 2.1: Diagram illustrating the allowed orientations of the angular momentum 

vector of a nucleus of spin 1/2, for example *H and '̂ *P. The orientations are 

specified by the quantum number m, and describe two cones, pz is the component of 

the angular momentum vector along the z axis, i.e. the direction of the magnetic field 

B o-
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FIGURE 2.2; 'H MRS of ethyl alcohol (A) under moderate resolution displaying 

three chemically shifted resonances and (B) under higher resolution displaying the 

multiplet structure of the methyl and methylene resonances.

My

Fourier transformation

B

V

FIGURE 2.3: A wave form expressed as a function of time, t (A) and of frequency, v 

(B).
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Diagram of MRS system

Compute:

Sample MAGNET

FIGURE 2.4; Schematic diagram of equipment required to detect magnetic 

resonance signals.
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Proteins Carbohydrates Triglycerides

Amino acids Glucose Fatty acidsLactate

Pyruvate

Cytosol
Acetyl-CoA

Mitochondria

Tricarboxylic 
acid cycle

NADH,
FADH,

ADP + Pi
H ,0

Oxidative phosphorylation

1/2 O

FIGURE 2.5: The transfomiation of energy in food to ATP involves diverse

pathways that converge at acetyl CoA, A common pathway for the oxidation of 

acetyl CoA is found in mitochondria.
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In vivo MRS of a rat liver

a-ATPy-ATP p-ATP

PME
PDE

PPM -5 -10 -15 -20

FIGURE 2.6: In vivo MR spectrum of a rat liver. Abbreviations: PDE, 

phosphodiester; PME, phosphomonoester; Pi, inorganic phosphate.
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Chapter 3: Intestinal metabolism after ischaemia-reperfusion

3.1 Introduction

Intestinal ischaemia-reperfusion injury is a serious surgical condition. It is 

thought to be one of the contributory factors involving in a number of gastrointestinal 

diseases such as necrotising enterocolitis, midgut volvulus, intussusception and acute 

mesenteric arterial occlusion, shock and sepsis (Yamada et al. 1995; Papparella et al. 

1997; Panes and Granger, 1998). Reperfusion injury occurs after a temporary period 

of intestinal ischaemia and exacerbates the tissue damage due to hypoxia alone. 

Several mechanisms have been implicated in the development of lesions in the 

reperfused intestine such as oxygen free radicals (Hirata et al. 1993; Welboum et al. 

1991), neutrophil-endothelial adhesion (Welboum et al. 1991; Simpson et al. 1993), 

cytokines (Yao et al. 1997; Wyble et al. 1996; Morecroft et al. 1994a; Morecroft et 

al. 1994b), phospholipase A% activation (Schoenberg and Beger, 1993), nitric oxide 

(Noel et al. 1996) and platelet activating factor (Duran et al. 1996). The most 

common cause of morbidity and mortality in patients with intestinal ischaemia- 

reperfusion is multiple organ failure (Border, 1992; Morecroft et al. 1994c).

In recent years, magnetic resonance spectroscopy (MRS) has proven to be a 

useful technique for the assessment of proton (^H) and phosphorus (^^P) containing 

metabolites in brain, liver, heart and skeletal muscle (Gadian, 1995b). High 

resolution MRS has been used to measure the concentrations of a wide range 

proton-containing metabolites in tissue extracts, including glucose, succinate, lactate, 

amino acids and other intermediary metabolites (Bates et al. 1989). In addition, ^^P 

MRS has been used to study phosphoms-containing metabolites such as ATP, ADP,
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inorganic phosphate and phosphocreatine (Bell et a l 1993; Taylor-Robinson et a l 

1998). However, studies of intestinal metabolism during ischaemia-reperfusion using 

high resolution MRS have received little attention, and only a few investigations 

have explored changes of concentrations of key metabolites caused by intestinal 

ischaemia and reperfusion (Blum et a l 1986; Mangino et a l 1989; Sato et a l 1996).

The aim of this study was to explore and characterise the metabolic changes, 

especially in energy metabolites and amino acids, which occur in the small intestine 

during ischaemia and ischaemia-reperfusion. Models of 90 min ischaemia alone, 150 

min ischaemia alone, and 90 min ischaemia followed by 60 min reperfusion were 

studied; each of these can be regarded as a severe insult. The differential effects of 

intestinal ischaemia and reperfusion on various intestinal metabolites were 

investigated.

3.2 Material and Methods

3.2.1 Animals

Male Sprague-Dawley rats weighing between 200-250 g were studied. Rats 

were kept under standardised conditions for food, water, light and temperature. All 

animals were fed standard rat chow and water ad libitum. During the 12 hours prior 

to the experiment they were given water only.

The animals were divided into four groups:

A) sham operation for 150 min, n=l 1

B) 90 min intestinal ischaemia, n=10

C) 150 min intestinal ischaemia, n=l 1

81



Chapter 3: Intestinal metabolism after ischaemia-reperfusion

D) 90 min intestinal ischaemia followed by 60 min reperfusion, n=12.

Rectal temperature was monitored continuously and maintained between 36.5 

and 37.5°C using radiant heater.

3.2.2 Surgical procedure

The animals were anaesthetised with oxygen and 1.5-2.0% halothane by 

inhalation via a nose cone. In Group A (sham) animal, a midline laparotomy was 

performed and the superior mesenteric artery (SMA) was dissected and identified but 

no vascular occlusion was carried out. The abdomen was then closed by continuous 

suture and the animal was monitored until the end of the experiment. Groups B, C 

and D animals underwent laparotomy and a microsurgical clip was applied around 

the origin of SMA for the assigned duration of the experiment. The incision was then 

closed as above. In Group D (ischaemia-reperfusion), after 90 min of intestinal 

ischaemia the abdomen was reopened and the clip was removed. Successful 

reperfusion of the intestine was confirmed by visualisation of restored blood flow 

through the SMA and of pulsation in the mesenteric vascular arcade using an 

operating microscope. The laparotomy incision was then closed, and the animals 

were monitored for an additional 60 min of intestinal reperfusion while still 

anaesthetised. Intestinal ischaemia for 90 min and 150 min resulted in a large area of 

necrosis. The necrotic intestine became oedematous and haemorrhagic upon

reperfusion (Fig. 3.1). At the end of the experiment, a small hole was made 

terminal ileum, the contents of the lumen of small intestine were removed in situ 

(bowel decompression). Then, the small intestine (approximately 10-15 cm of 

terminal ileum) was quickly removed and freeze-clamped using Wollenburger

in the
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aluminium tongs pre-cooled in liquid The intestine was freeze-clamped within 5 

seconds of surgical removal to arrest its metabolism at the time of clamping. 

Animals were sacrificed by exsanguination.

3.2.3 Tissue extract and data processing

Tissue samples were stored at -70° C overnight. The small intestine was then 

weighed (1.5-2.0 g) and ground in liquid N2 together with 2.5 ml of 12% perchloric 

acid per g tissue, then allowed to thaw. The resulting suspension was centrifuged at 

3000 rpm for 20 min at 4° C, pellets were re-extracted with perchloric acid and 

centrifuged again as above. Pooled supernatants were decanted and neutralised with 

3 M potassium hydroxide and the pH was adjusted to 7.0 ± 0.2. The supernatant was 

collected and lyophilised for 48 h. The lyophilised samples were then dissolved in 

0.7 ml of deuterated water (^HiO). One hundred |il of 10 mM sodium 3- 

trimethylsilyl-(2,2 ,3,3,-d4 )-propionate (TSP) was added to the samples to provide an 

internal chemical shift and concentration reference for MRS quantification. After 

complete acquisition of MR spectra, 50 pi of 35 mM methylene diphosphonate 

(MDP) was added to the samples as a reference for ^̂ P MRS quantification. EDTA 

was then added to each sample to chelate any divalent metal ions present which 

would degrade the quality of the ^^P MR spectra. The final pH was readjusted to 7.0 

± 0.2 prior to analysis. An 11.7 T Varian Unity-plus MR spectrometer (Varian 

Associates, Palo Alto, California, USA) was used for acquisition of ^H and ^^P MR 

spectra at 25°C. The steps of tissue extraction preparation are outlined in Fig. 3.2. 

Magnetic resonance acquisition conditions were as follows;
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'H MRS: 128 acquisitions, 45° pulse angle, 6  kHz sweep width, 32k data points, 

repetition time of 16 s (seconds) with pre-saturation of the residual HOD resonance;

MRS: 2000 acquisitions, 45° pulse angle, 13 kHz sweep width, 16k data points, 

repetition time of 4 s with broadband ^H WALTZ decoupling applied throughout.

In order to check for saturation effects, a series of acquisitions were 

performed on one sample at a range of repetition times from 0.1-32 s. The plot of 

peak heights versus repetition time confirms that the signals obtained at 4s repetition 

time, as used in this study, were fully relaxed for the metabolites measured (Fig. 3.3). 

Hence, the correction of saturation effects for ^^P was not required (see Section 2.2.8).

3.2.4 Peak assignment and quantification

The spectra were analysed qualitatively on the basis of published chemical 

shift information (Bates et a l 1989; Bell et a l 1993; Taylor-Robinson et a l 1998; 

Harvey et a l 1999) and confirmed by addition of authentic compounds to the 

representative extract samples. Quantitative analysis of identified peaks was carried 

out by calculating the integrated areas of the peaks relative to TSP and MDP using 

VNMR software (Varian Associates, Palo Alto, California, USA). The ratios were 

corrected for the number of protons or phosphorus nuclei contributing to each signal 

and absolute concentrations were finally calculated in term of |imol/g wet weight, 

using the measured weight of the freeze-clamped tissue.

Six metabolites were analysed from the ^H MR spectra (a-D-glucose, 

succinate, lactate, alanine, glutamine and glutamate) and four metabolites were 

analysed from the ^̂ P MR spectra (phosphocreatine, ATP, ADP and inorganic 

phosphate). These metabolites were chosen because of their important roles in the
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energy metabolism of the small intestine, through their involvement in pathways of 

energy and nitrogen metabolism.

3.2.5 Statistical analysis.

All data are presented as mean ± SEM. Statistical analysis was performed 

using one-way analysis of variance (ANOVA) with post-hoc Tukey tests. Significant 

differences were established at p < 0.05. For all statistical analysis SPSS software 

was used (SPSS Inc, Chicago, Illinois, USA).

3.3 Results

Five rats in Group D (ischaemia-reperfusion) died during the 60 min of 

intestinal reperfusion and were not included in subsequent data analysis. Additional 

rats were studied in Group D giving a total of 12 rats for analysis. There was no 

mortality during the experimental protocol in Groups A, B or C.

Figs. 3.4 and 3.5 show and ^^P magnetic resonance spectra of extracts 

from normal small intestine (sham group). The analysed metabolites were divided 

into 3 categories:

1) Metabolites involved in glycolysis and the tricarboxylic acid cycle 

including glucose, succinate and lactate;

2) Metabolites involved in phosphoenergetics including phosphocreatine 

(PCr), ATP, ADP and inorganic phosphate (Pi); and

3) Amino acids including alanine, glutamine and glutamate.

Fig. 3.6 shows the absolute concentrations of glucose, succinate and lactate of 

intestinal extracts. Ischaemia for either 90 min or 150 min (Groups B and C) caused
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a significant drop (p < 0 .0 1 ) in intestinal glucose concentration and concomitantly an 

increase (p < 0.001) in succinate and lactate. However, partial recovery of glucose, 

succinate and lactate concentrations was detected upon reperfusion (Group D). 

Ischaemia (Groups B and C) and ischaemia-reperfusion (Group D) caused a marked 

drop (p < 0.001) in PCr, ATP and ADP, together with an increase (p<0.001) in Pi 

compared to control (sham operation; Fig. 3.7). There was no significant difference 

in PCr, ATP, ADP and Pi among experimental Groups B, C and D (Fig. 3.7). The 

concentrations of analysed amino acids (alanine, glutamine and glutamate) markedly 

increased after 90 min or 150 min intestinal ischaemia compared to sham-operated 

animals (p < 0.001) as shown in Fig. 3.8. There was also partial recovery in amino 

acid concentrations after reperfusion (Group D; Fig. 3.8).

3.4 Discussion

The small intestine is very sensitive to ischaemia-reperfusion injury because 

of its high oxygen demand for its various functions. The oxygen consumption of this 

tissue is increased in critical illness, and intestinal ischaemia has been recognised as 

a potentially harmful factor in terms of outcome for critically-ill patients (Haglund 

and Rasmussen, 1993). The small intestinal mucosa rapidly becomes injured during 

ischaemia. The first sign of intestinal mucosal injury in ischaemia is increased 

capillary permeability. With further ischaemia, the mucosal permeability will be 

further increased with subsequent mucosal epithelial cell injury becoming 

morphologically detectable (Haglund, 1994). An intestinal ischaemic insult decreases 

oxygen and nutrient delivery and induces tissue injury. In addition, the réintroduction 

of oxygen during intestinal reperfusion exacerbates the tissue damage (Park et al.
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1990; Papparella et a l 1997). It has been demonstrated in a feline model that 4 hours 

of intestinal ischaemia resulted in less severe tissue damage than 3 hours of 

ischaemia followed by 1 hour of reperfusion (Parks and Granger, 1986). In this 

study, the mortality (5 out of 17) occurred exclusively in the experimental animals 

undergoing intestinal ischaemia-reperfusion (Group D) indicating that intestinal 

reperfusion is a crucial event associated with high mortality. The observation in this 

study is consistent with others (Sato et a l 1996; Beuk et a l 1997).

In the studies reported here, it was shown that, following 90 min and 150 min 

intestinal ischaemia, PCr, ATP, ADP and glucose levels dropped substantially 

whereas Pi, succinate, amino acids and lactate levels markedly increased. PCr and 

ATP are essential for cellular homeostasis. The depletion of these metabolites leads 

to cellular dysfunction and cell death. Previous studies have also shown that the ATP 

level progressively decreased with increasing ischaemic time (Sato et a l 1996). 

During organ ischaemia, the synthesis of high energy phosphates is impaired because 

of the reduction in the amounts of substrates and oxygen provided by the arterial 

supply (Hirata et a l 1993; Grace, 1994). In this study, intestinal PCr and ATP 

dropped to less than 20% of the values measured in the sham group. However, there 

was no significant difference in these metabolites between 90 min and 150 min of 

ischaemia. Possibly, PCr and ATP have already reached the lowest levels after 90 

min of ischaemia. Intestinal ADP also dropped to approximately 40% of the values 

measured in the sham group, possibly through degradation to adenosine 

monophosphate (AMP), inosine monophosphate (IMP) and hypoxanthine (see 

Section 1.6.2). Intestinal Pi increased during ischaemia, most likely due to the
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degradation of PCr, ATP and ADP. It is also possible that the degradation of 

phospholipid membrane may contribute to the increase in Pi during ischaemia.

The decrease in glucose during ischaemia is likely to be due to the 

continuation of anaerobic glycolysis together with the lack of glucose delivery via 

SMA. This was accompanied by the increase in lactate and succinate. In the absence 

of an adequate supply of oxygen to an organ, the rate of oxidative phosphorylation 

decreases, and there is an accumulation of tricarboxylic acid cycle intermediates. 

Succinate, which is one of these intermediates, accumulates during ischaemia (Bell 

et a l 1993; Mitchell et a l 1996; Buck, 2001). In addition, the increase in succinate 

without oxygen, in turn, inhibits the tricarboxylic acid cycle, the oxidation of 

pyruvate to acetyl CoA, and the oxidation of fatty acids (Coffee, 1998b). Under these 

conditions, the ischaemic intestine becomes dependent solely on anaerobic 

glycolysis, which leads to a marked increase in intracellular lactate, as demonstrated 

in the present studies, and this results in cellular acidosis.

Under normal conditions, glutamine and glutamate are metabolised within 

mucosal cells of the small intestine. These cells use glutamine as their major source 

of energy, producing a mixture of products including carbon dioxide, ammonia, and 

alanine. These metabolites are released into the portal circulation (Coffee, 1998c). In 

addition, glutamine can be a substrate for the synthesis of glutathione, one of the 

potent antioxidants. In this study, alanine, glutamine and glutamate increased during 

ischaemia to three to five times their values measured in the sham group. These 

increases in intestinal amino acids during intestinal ischaemia (Fig. 3.8) may be due 

to intracellular protein breakdown and/or impaired protein synthesis. In addition, 

inhibition of glutamine oxidation in mucosal cells, a process that requires oxygen.
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may also cause the accumulation of glutamine and glutamate (Kimura, 1987; 

Kimura, 1996).

Upon 60 min reperfusion, in addition to high mortality, there was no recovery 

of PCr, ATP, ADP and Pi in intestinal tissue despite partial recovery of glucose, 

succinate, lactate and amino acids. It is known that after occlusion of SMA, the 

concentration of ATP in small intestine drops dramatically in the first few minutes, 

and would recover after reperfusion (Blum et a l 1986; Hirata et a l 1996; Sato et a l 

1996). The relationship between the level of high energy phosphates after reperfusion 

and tissue viability has been reported using an ischaemia-reperfusion model 

(Mitchell et a l 1996). In particular, the recovery of intracellular ATP reflects the 

ATP-synthesising capacity of the mitochondria and has been recognised as a useful 

indicator to assess tissue function and viability after reperfusion (Hirata et a l 1996). 

In addition, studies from other groups showed that the recovery of ATP synthesis 

after intestinal reperfusion would reach a plateau phase within 30 min of reperfusion 

independently of the duration of intestinal ischaemia (Blum et a l 1986; Hirata et a l 

1996; Sato et a l 1996). Also, there was an inverse linear correlation (r  ̂ = 0.78) 

between intestinal ATP and mucosal permeability during ischaemia-reperfusion 

supporting the idea that ATP content is a determinant of intestinal epithelial barrier 

function (Wattanasirichaigoon et a l 1999). Therefore, the partial recovery of 

glucose, succinate, lactate and amino acids after 60 min of intestinal reperfusion in 

the absence of PCr and ATP re-synthesis may be due to passive diffusion of the 

above metabolites across broken-down cell membranes. It is probable that 90 min of 

ischaemia leads to severe intestinal damage as indicated by irreversible intestinal 

energy failure. Intestinal succinate, lactate and amino acids reach their highest levels
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after 90 min of ischaemia with a tendency to partially recover after 150 min of 

ischaemia. This partial recovery could be due to the leakage of metabolites from the 

non-viable intestine into the blood stream, consistent with the demonstration that a 

significant area of ischaemic intestine became necrotic at 90 min ischaemia.

3.5 Conclusions

A model of severe intestinal ischaemia-reperfusion has been developed. High 

resolution and MRS of tissue extracts proved to be a powerful tool for 

studying intestinal metabolism. Intestinal reperfusion was a crucial event associated 

with high mortality rate in this model. Intestinal ischaemia for either 90 min or 150 

min caused a significant depletion of glucose and high energy phosphates together 

with an increase in succinate, lactate, amino acids and Pi. Following reperfusion, 

there was no recovery of intestinal high energy phosphates. Partial recovery of 

glucose, succinate, lactate and amino acids might be due to passive diffusion across 

broken-down cell membranes.
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FIGURE 3.1: Gross appearance of the small intestine in a sham-operated animal (A) 

and an animal undergoing 90 min ischaemia followed by 60 min reperfusion (B).

Freeze-clamped 
small intestine

Weigh the tissue 12% perchloric acid 
tissue extraction

DATA processing An 11.7 Tesla magnetic 
resonance spectrometer

Sample

FIGURE 3.2: Diagram of the steps in preparing tissue extraction.
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FIGURE 3.3: Peak heights of various metabolites plotted against repetition time as 

measured from ^'P MRS of tissue extracts. All metabolites are fully relaxed at a 

repetition time of 3 seconds. The dashed line represents the repetition time used in 

this experiment (4 seconds). Abbreviations: MDP, methylene diphosphonate; Pi, 

inorganic phosphate; PCr, phosphocreatine.
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FIGURE 3.4; High resolution H magnetic resonance spectrum of an extract from a 

normal rat intestine. Abbreviation: TSP- trimethyl-silyl-propionate.
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FIGURE 3.5: High resolution magnetic resonance spectrum of an extract from a 

normal rat intestine. Abbreviations: PCr-phosphocreatine; GPC-glycerophospho- 

choline; Pi-inorganic phosphate; PC-phosphocholine; PE-phosphoethanolamine; 

MDP-methylene diphosphonate
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□ A: sham group (n = ll)

3 B: 90 min ischemia (n=10)

: 150 min ischemia (n = ll)

: ischaemia-reperfusion (n=12)

Glucose Succinate Lactate

FIGURE 3.6: The concentrations of intestinal glucose, succinate and lactate. There is 

partial recovery of glucose, succinate and lactate after intestinal reperfusion. */? < 

0.05 versus other groups, #p < 0.01 versus Groups B and C.

I I A: sham g ro u p (n = ll)

1111113 B: 90 min ischemia (n=10) 

Kaama C: 150 min ischemia (n = ll)

D: ischaemia-reperfusion (n=12)

PCr

FIGURE 3.7: The concentrations of intestinal PCr, ATP, ADP and inorganic 

phosphate (Pi). There is no recovery in high energy phosphates after intestinal 

reperfusion. */? < 0.05 versus other groups.
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FIGURE 3.8: The concentrations of intestinal amino acids; alanine, glutamine and 

glutamate. There is partial recovery of amino acids after intestinal reperfusion. */? < 

0.05 versus other groups, ^p< 0.05 versus Groups A and B.
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Chapter 4: Liver metabolism after intestinal ischaemia-reperfusion

4.1 Introduction

Patients who suffer intestinal ischaemia-reperfusion injury may develop 

multiple organ failure, of which liver failure is a common complication (Border, 

1992; Harward et al. 1993; Haglund, 1994). It has been demonstrated that 

reperfusion of ischaemic intestine is associated with acute liver injury characterised 

by liver enzyme release, reduced bile flow, sequestration of neutrophils within the 

hepatic parenchyma and hepatic hypoperfusion (Tumage et al. 1991; Tumage et al. 

1996). The critical step in the pathogenesis of this effect is likely to be due to the 

adhesion of leukocytes to vascular endothelial cells (Horie et al. 1997). Reperfusion 

of the ischaemic intestine may also be associated with injury to other organs 

including lungs, heart, and kidneys (see Section 1.10). Although the concept of liver 

dysfunction following intestinal reperfusion is well known, there is limited 

biochemical information available. Particularly, there have been no studies of hepatic 

glutamine metabolism, which is known to play an important role in the urea cycle, in 

the model of intestinal ischaemia-reperfusion.

The aim of the experiment was to evaluate the effects of intestinal ischaemia 

and ischaemia-reperfusion on key metabolites of the liver. The model of 90 minutes 

of intestinal ischaemia followed by 60 minutes of reperfusion was used and regarded 

as a severe insult causing intestinal necrosis and loss of recovery of high energy 

phosphates within the intestine following reperfusion (Chapter 3). Hepatic glutamine 

and energy metabolism in particular were evaluated.
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4.2 Materials and methods

4.2.1 Animal preparation

Aged-matched male Sprague-Dawley rats weighing between 200-250 g were 

studied. Rats were kept under standardised conditions for food, water, light and 

temperature. All animals were fed standard rat chow and water ad libitum. The 

animals were divided into three experimental groups:

A) sham operation for 150 min, n=12

B) 150 min intestinal ischaemia, n=l 1

C) 90 min intestinal ischaemia followed by 60 min reperfusion, n=12.

Rectal temperature was monitored continuously and maintained between 36.5 

and 37.5° C using a radiant heater throughout the experiment.

4.2.2 Surgical procedure

The animals were anaesthetised with oxygen and 1.5-2.0% halothane by 

inhalation. Animals in Group A (sham) had a midline laparotomy performed, the 

superior mesenteric artery (SMA) was dissected and identified, but no vascular 

occlusion was carried out. Warm normal saline (20 ml/kg) was infused into the 

peritoneal space in order to prevent dehydration. The abdomen was then closed by 

continuous suture and the animal was monitored until the end of the experiment.

In Groups B and C (intestinal ischaemia and ischaemia-reperfusion), animals 

underwent laparotomy and a microsurgical clip was applied around the SMA for the 

assigned duration of the experiment. The incision was then closed as above. In 

Group C, following 90 min of intestinal ischaemia the abdomen was re-opened and
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the clip was removed. Successful reperfusion of the intestine was confirmed by 

visualisation under a microscope of restored blood flow distal to the occlusion site 

and pulsation in the mesenteric vascular arcade. The laparotomy incision was then 

closed, and the animals were monitored for an additional 60 min of intestinal 

reperfusion while still anaesthetised. After the experiment, the liver was removed 

and freeze-clamped using Wollenburger aluminium tongs pre-cooled in liquid N2 . 

The liver was freeze-clamped within 5 seconds of surgical removal to arrest its 

metabolism at the time of tissue sampling.

4.2.3 Tissue extract and data processing

Tissue samples were stored at -70° C overnight. The liver sample was then 

weighed, typically 1.0-1.5g, and ground in liquid N2 together with 2.5 ml of 12% 

perchloric acid per g of liver, then allowed to thaw. The resulting suspension was 

centrifuged at 3000 rpm for 20 min at 4° C, pellets were re-extracted with perchloric 

acid and centrifuged again as above. Pooled supernatants were decanted and 

neutralised with 3 M potassium hydroxide and pH was adjusted to 7.0 ± 0.2. The 

supernatant was collected and lyophilised for 48 h. The lyophilised samples were 

then dissolved in 0.7 ml of deuterated water (^H2 0 ). One hundred p.1 of 10 mM 

sodium 3 -trimethylsilyl-(2 ,2 ,3 ,3 ,-d4)^propionate (TSP) was added to the samples to 

provide an internal chemical shift and concentration reference for MRS 

quantification at 0 ppm. After complete acquisition of MR spectra, 50 |il of 70 

mM phosphocreatine (PCr) was added to the samples as a reference for ^^P MRS 

quantification at 0 ppm. Since there is no hepatic PCr because of the lack of creatine 

kinase in the rat liver, it is acceptable to use PCr as an internal standard. EDTA was
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then added to each sample to chelate any divalent metal ions present which would 

degrade the quality of the MR spectra. The final pH was readjusted to 7.0 ± 0.2 

(uncorrected for deuterium isotope effect) prior to analysis. An 11.7 T Varian Unity- 

plus MR spectrometer (Varian Associates, Palo Alto, California, USA) was used for 

acquisition of and ^̂ P MR spectra at 25°C. Magnetic resonance acquisition 

conditions were as follows:

MRS: 128 acquisitions, 45° pulse angle, 6  kHz sweep width, 32k data points,
I

a
repetition time of 16 s (secons) with pre-saturation of the residual HOD resonance.

^^P MRS: 1500 acquisitions, 45° pulse angle, 8  kHz sweep width, 32k data points,
(Gadian, 1995a) ,

repetition time of 6  s with broadband ^H WALTZ decoupling applied throughout, 

which allows full Ti relaxation for the metabolites measured (see Fig. 3.3).

The peak assignment was based on the published information (Taylor- 

Robinson et al. 1998; Harvey et al. 1999) and confirmed by addition of authentic 

compounds to the representative extract samples. Quantitative analysis of identified 

peaks was carried out by calculating the integrated peak areas relative to TSP and 

PCr using VNMR software (Varian Associates, Palo Alto, California, USA). The 

ratios were corrected for the number of protons or phosphorus nuclei contributing to 

each signal and absolute concentrations were finally calculated in term of jiimol/g wet 

weight, using the measured weight of the freeze-clamped liver. Six metabolites were 

analysed from the ^H MR spectra (glucose, succinate, lactate, alanine, glutamine, and 

glutamate) and three were analysed from the ^̂ P MR spectra (ATP, ADP, inorganic 

phosphate or Pi). These metabolites were chosen because of their importance to the 

function of the liver, through their involvement in pathways of energy and nitrogen 

metabolism and of gluconeogenesis.

The signal from water is much higher than the signal from the metabolites, and is suppressed in order to optimise detection of 
the metabolite signals.
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4.2.4 Statistical analysis.

All data are presented as mean ± SEM. Statistical analysis was performed 

using one-way analysis of variance (ANOVA) with post-hoc Tukey tests. Significant 

differences were established at p < 0.05. For all statistical analysis SPSS software 

(SPSS Inc, Chicago, IL, USA) was used.

4.3 Results

Four rats in Group C (intestinal ischaemia-reperfusion) died during 

reperfusion and the data were not included in the analysis. Additional rats were 

studied in this group to achieve 12 animals for comparative analysis. There was no 

mortality during the experiment in other groups.

4.3.1 M RS o f liver extracts

Fig. 4.1 shows a typical spectrum of a liver extract from a normal rat liver 

(Group A). There were no changes in hepatic glucose during either intestinal 

ischaemia or ischaemia-reperfusion. In addition, intestinal ischaemia alone did not 

affect hepatic lactate, succinate, glutamine, glutamate or alanine compared to the 

sham operated group. However, intestinal ischaemia-reperfusion caused a significant 

increase {p < 0.05) in lactate, succinate, alanine and glutamate, but a decrease in 

glutamine compared to the sham operated group and intestinal ischaemic group. 

These MRS findings are summarised in Figs. 4.2 and 4.3.
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4.3.2 MRS of liver extracts

Fig. 4.4 shows a typical spectrum of a liver extract from a normal rat 

liver. Intestinal reperfusion caused a significant drop (p <0.05) in hepatic ATP 

together with an increase in Pi whereas intestinal ischaemia alone did not change 

hepatic ATP or Pi compared to sham operated animals, as shown in Fig 4.5. There 

was no difference in hepatic ADP among the three groups.

4.4 Discussion

Intestinal ischaemia-reperfusion injury is a life-threatening condition that may 

result in multiple organ failure. Liver failure after intestinal ischaemia-reperfusion is 

common and may lead to morbidity and mortality (Koike et al. 1992; Morecroft et al. 

1994c; Morecroft and Coombs, 1997). It has been shown that intestinal ischaemia- 

reperfusion increases micro vascular permeability in the liver, as well as in the lung, 

together with a decrease in serum acetoacetate to p-hydroxybutyrate ratio (Poggetti et 

al. 1992b).

In this chapter, the measurement of key metabolites of liver extracts using 

high resolution and ^̂ P magnetic resonance spectroscopy has been described. 

Since the 25% mortality (4 out of 16) occurred exclusively during intestinal 

reperfusion, the study confirmed the result obtained in Chapter 3 and another study 

(Sato et al. 1996) that intestinal ischaemia-reperfusion is a severe, life-threatening, 

insult. In addition, intestinal ischaemia for 150 min without reperfusion did not 

significantly change hepatic metabolism whereas intestinal ischaemia-reperfusion 

caused derangement in hepatic metabolism. Hepatic energy failure, indicated by the 

depletion of hepatic ATP and the increase in hepatic Pi and lactate, was obvious
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following intestinal reperfusion. Hepatic glutamine metabolism was also affected by 

intestinal reperfusion. It is clear from this experiment that intestinal reperfusion has 

major effects on liver metabolism.

ATP plays a major role in energy-exchange reactions and organ functions. 

Following depletion of intracellular ATP, cellular homeostasis and function may 

become compromised. Intestinal reperfusion in this study caused a 50% reduction in 

hepatic ATP concentration together with an increase in hepatic Pi. The increased 

hepatic Pi may result from an increase in serum Pi in the portal vein during intestinal 

reperfusion, or from the hydrolysis of hepatic ATP. Indeed, an elevated level of Pi in 

the portal vein has been demonstrated following intestinal reperfusion (Williams et 

al. 2001b). Hence, it is also possible that the high serum Pi in the portal vein caused 

an imbalance in intracellular and extracellular anions leading to hepatic energy 

failure. Since bile secretion is an energy-dependent process that involves NaVK"  ̂

ATPase (Poggetti et a l 1992a), it is likely that hepatic energy failure causes liver 

dysfunction.

After intestinal ischaemia-reperfusion, the enzyme alanine aminotransferase 

(ALT) is released from injured hepatocytes into the systemic circulation 2-4 times 

more than in sham animals (Tumage et a l 1996; Horie et a l 1997). The increase in 

semm ALT is one of the markers of liver injury, and it results in a decrease in total 

ALT activity of the liver. Normally, liver consumes alanine released from the 

intestine and skeletal muscle as a precursor for gluconeogenesis via the enzyme 

ALT. In the present study, hepatic alanine accumulated following intestinal 

reperfusion. In addition, the results from Chapter 3 showed that there was an 

accumulation of alanine within the ischaemic intestine. Thus, the increase in hepatic
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alanine following intestinal reperfusion is probably due to an increase in alanine 

influx and/or a decrease in total hepatic ALT activity.

The increase in hepatic lactate, succinate and Pi levels together with the 

decrease in hepatic ATP after intestinal reperfusion is consistent with tissue hypoxia. 

It has been demonstrated that during intestinal ischaemia, total hepatic blood inflow 

is reduced by 40-50%, mostly from the reduction in portal blood flow. During

intestinal reperfusion after 1 2 0  minutes of intestinal ischaemia, the hepatic inflow is 

further reduced to approximately 33% of the flow measurement in time-matched 

sham operated animals (Tumage et al. 1996). From this information, some degree of 

liver hypoperfusion has already occurred during intestinal ischaemia, but the degree 

of hypoperfusion may not be severe enough to cause hepatic energy impairment, i.e., 

oxygen consumption by the liver remains unaffected. However, further reduction in 

hepatic blood flow during intestinal reperfusion may reach a critical point that 

triggers the ischaemic damage to the liver. This effect may be due to the reduction in 

cardiac output and/or hypovolaemia (Horton and White, 1991; Horton and White, 

1993) during intestinal reperfusion caused by the systemic inflammatory response 

syndrome. Hypovolaemia may contribute to the intestinal and hepatic injury after 

intestinal reperfusion (O'Neill et al. 1994). However, it is unlikely that hypovolaemia 

is the only factor causing hepatic energy failure as it has been shown in an ex vivo 

study that, despite sustained perfusion pressure and oxygen consumption to both the 

small intestine and liver, intestinal reperfusion still resulted in a marked and 

persistent reduction in bile flow (Poggetti et al. 1992a). Although aggressive fluid 

resuscitation at 65 ml/kg/h can attenuate liver dysfunction after intestinal reperfusion.
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the pulmonary oedema index is worsened by 70% due to fluid administration 

(O'Neill etal. 1994; Tumage et al. 1994b).

Liver is the major organ for the detoxification of ammonia via urea cycle. 

Following a meal, the concentration of NH4 "̂ in the portal vein is approximately 0.3 

mM. As the blood moves through the liver, the concentration is transiently increased 

to a level as high as 1.0 mM by the release of N H / from glutamine. By the time the 

blood enters the systemic circulation, the concentration has been reduced to 

approximately 20 [iM, a reduction of about 50-fold (Coffee, 1998c). Different 

hepatocytes, depending on the blood flow within the liver, contribute significantly to 

the ability of the liver to remove ammonia from the blood (Fig. 4.6). Hepatic 

glutaminase is predominantly expressed in the periportal area whereas hepatic 

glutamine synthetase is expressed in the perivenous area. It has been shown that 

intestinal ischaemia-reperfusion is associated with an increased level of endotoxin 

within portal vein and inferior vena cava (Tumage et a i 1994a). It has also been 

reported that hepatic glutaminase activity is increased during endotoxaemia (Ewart et 

a i 1995).

In this study, intestinal reperfusion caused a 50% decrease in hepatic 

glutamine together with an increase in hepatic glutamate. The percentage increase in 

hepatic glutamate is far less than the percentage decrease in hepatic glutamine. This 

may be due to the fact that glutamate is a precursor for other pathways such as 

glutathione synthesis, gluconeogenesis and glutamine synthesis. Since hepatic 

glutaminase can be activated by inorganic phosphate (Watford and Smith, 1990; 

Ewart et al. 1995) and the hepatic Pi in this study increases after intestinal 

reperfusion, it is likely that the hepatic glutaminase is activated following an
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elevation in the observed Pi. In addition, with the depletion of hepatic ATP after 

intestinal reperfusion, and the fact that hepatic glutamine synthesis and urea synthesis 

require ATP to drive the reactions (Coffee, 1998c), it is likely that both reactions are 

inhibited. In this situation, glutamine depletion may occur and be regarded as a 

conditionally essential amino acid. The activation of hepatic glutaminase together 

with the inhibition of hepatic glutamine synthetase may result in the accumulation of 

ammonia, which is one of the markers for liver failure. However, the activation of 

hepatic glutaminase may have somewhat beneficial effects because glutamate is a 

precursor for glutathione (antioxidant), a-ketoglutarate (an intermediate in Krebs 

cycle), and a substrate for gluconeogenesis. One study has indeed shown an increase 

in oxidised glutathione of the liver following intestinal reperfusion (Turnage et al. 

1991).

4.5 Conclusion

A model of hepatic energy failure following intestinal ischaemia-reperfusion 

was established. Intestinal ischaemia for 90 min followed by reperfusion for 60 min 

caused hepatic energy failure and perturbed hepatic glutamine metabolism. These 

changes were not affected by time-matched intestinal ischaemia alone. Intestinal 

reperfusion is therefore concluded to be the crucial step in causing liver metabolism 

perturbation. It is likely that hepatic glutaminase is activated and/or hepatic 

glutamine synthetase is inhibited during intestinal reperfusion. Hepatic energy failure 

and the resulting liver dysfunction may be responsible for the mortality of animals in 

this model.
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FIGURE 4.1: A typical high resolution H MR spectrum from a rat liver extract. 

Abbreviation: TSP, trimethyl-silyl-propionate.
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I I A: Sham group (n=12)

111111 B: Intestinal ischaemia (n = ll)

C: Intestinal ischaemia-reperfusion (n=12)
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FIGURE 4.2: The concentrations of hepatic glucose, succinate and lactate. Intestinal 

ischaemia-reperfusion caused an increase in hepatic succinate and lactate. */? < 0.05 

versus other groups.
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FIGURE 4.3: The concentrations of hepatic amino acids. Intestinal ischaemia- 

reperfusion caused a decrease in hepatic glutamine, and an increase in glutamate and 

alanine. *p < 0.05 versus other groups.
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FIGURE 4.4: A typical high resolution MR spectrum from a rat liver extract. PCr 

was used as an internal standard for this experiment. Abbreviation: Pi, inorganic 

phosphate; GPE, glycerophosphoethanolamine; GPC, glycerophosphocholine; PCr, 

phosphocreatine.
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A: Sham group (n=12)

B: Intestinal ischaemia (n=ll)

C: Intestinal ischaemia-reperfusion (n=12)
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FIGURE 4.5: The concentrations of hepatic ATP, ADP and Pi. Intestinal ischaemia- 

reperfusion caused a decrease in hepatic ATP together with an increase in hepatic Pi. 

*/? < 0.05 versus other groups.
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FIGURE 4.6; Ammonia detoxification by the liver. The periportal hepatocytes 

synthesise urea whereas the perivenous hepatocytes synthesise glutamine. The 

enzymes in the periportal hepatocytes have a high capacity for converting NH4  ̂ to 

urea. Glutamine synthetase in the perivenous hepatocytes is effective at removing 

the NH4  ̂which is not converted to urea in the periportal hepatocytes.

Abbreviation: CPS-1, carbamoyl phosphate synthetase-1.
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Chapter 5: Moderate hypothermia ameliorates hepatic energy failure during 

intestinal reperfusion

5.1 Introduction

Studies of biochemical changes in small intestine and liver after severe 

intestinal ischaemia-reperfusion, as shown in Chapter 3 and Chapter 4, provide 

useful and baseline information necessary before one can evaluate the effects of any 

new treatment. The in vivo model has been considered to be the best resource for 

testing new therapeutic strategies. A number of studies regarding the treatment of 

intestinal ischaemia-reperfusion have been proposed (see Chapter 1), most of them 

concentrated on the protection of the intestine itself. However, the concept of 

protection of other organs, including liver, during intestinal ischaemia-reperfusion 

has received little interest.

Recently, induction of moderate hypothermia (body temperature between 30 

and 33°C) has been reported to be a promising method for rescuing neuronal cells 

following brain hypoxia (Gunn et al. 1997; Thoresen and Wyatt, 1997; Edwards et 

al. 1998), and it has also been reported to be useful in patients with uncontrolled 

increase in intracranial pressure associated with acute liver failure (Jalan et al. 1999). 

However, the effect of moderate hypothermia on hepatic energy metabolism 

following intestinal ischaemia-reperfusion has not been previously tested.

In vivo MRS can offer real-time information on phosphate-containing 

metabolites, such as ATP and inorganic phosphate (Pi), and on pH regulation. The 

technique provides an experimental approach to the investigation of changes in 

energy metabolism that can be continuously monitored. It is clear from all of the
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studies reported that in vivo MRS of the liver can provide valuable information in 

a variety of pathologies (Paul et al. 1996). This technique was used in the studies to 

be described in this chapter, in order to monitor hepatic ATP and Pi during intestinal 

ischaemia-reperfusion. These metabolites are regarded as indicators of hepatic 

energy status (Kan et al. 1997).

The objectives of these studies were to characterise the real-time changes of 

hepatic high energy phosphates during a period of severe intestinal ischaemia- 

reperfusion and to study the effects of moderate hypothermia on intestinal and 

hepatic energy metabolism during intestinal ischaemia-reperfusion. The hypotheses 

were that intestinal reperfusion at normothermia would cause hepatic energy failure 

and that moderate hypothermia would attenuate the energy failure following 

intestinal reperfusion.

5.2 Materials and Methods

5.2.1 Study 1

5.2.1.1 Animals

Age-matched male Sprague-Dawley rats weighing 250-300 g were used. The 

rats were kept under standardised conditions for food, water, light and temperature. 

The animals were divided into four time-matched experimental groups (n=6 per 

group);

A) sham operation for 150 min at normothermia

B) 150 min intestinal ischaemia at normothermia
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C) 90 min intestinal ischaemia followed by 60 min reperfusion at normothermia

D) 90 min intestinal ischaemia followed by 60 min reperfusion at moderate 

hypothermia.

Normothermia and moderate hypothermia were defined as rectal temperature 

between 36.0 and 38.0° C and between 30.0 and 33.0°C respectively. Moderate 

hypothermia or normothermia was induced by adjusting the environmental 

temperature to achieve the target rectal temperature using temperature-adjustable air 

flow before intestinal ischaemia-reperfusion, and was maintained through the study.

5.2.1.2 Operative procedure

The animals were anaesthetised with oxygen: nitrous oxide (40:60) and 1.0- 

1.5% halothane by inhalation. Electrocardiogram, respiratory rate and rectal 

temperature (temperature probe, Ellab, Denmark) were continuously monitored. 

Intestinal ischaemia-reperfusion was performed by clamping and unclamping the 

superior mesenteric artery (SMA) for the assigned duration using a non-magnetic 

vascular clip. In Groups C and D, the SMA was isolated via a midline laparotomy, 

and a clip was applied at its origin. A circular transmit/receive coil 1 cm in diameter 

was placed on the anterior surface of the liver to excite and detect the magnetic 

resonance signal from the liver directly. A piece of gauze was inserted between the 

inner side of the abdominal wall and the upper surface of the coil in order to prevent 

signal contamination from the muscle of the abdominal wall, and then the abdominal 

incision was closed. The animal was placed in a purpose-built cradle and positioned 

inside a 2.35 Tesla horizontal magnet (Fig. 5.1). After 90 min of intestinal ischaemia 

the clip was detached remotely without moving the animal so that the homogeneity
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of the magnetic field was undisturbed. The anaesthetised animal underwent 

monitoring for an additional 60 min during intestinal reperfusion. Intestinal 

reperfusion (Groups C and D) was confirmed later by observing the return in 

pulsation of intestinal vascular arcades of the oedematous intestine. For sham 

operated animals (Group A), the SMA was isolated but no surgical clip was applied. 

In Group B (intestinal ischaemia only), the SMA was identified and the clip was 

applied throughout the experiment. At the end of the experiment, small intestine (10- 

15 cm of terminal ileum) and liver were quickly removed and freeze-clamped using 

Wollenburger aluminium tongs pre-cooled in liquid nitrogen. All samples were 

freeze-clamped within 5 seconds of surgical removal to arrest metabolism at the time 

the organ was clamped.

5.2.1.3 In vivo MRS measurement

MR spectra from the liver of anaesthetised animals were acquired using a 

2.35 Tesla horizontal magnet (Oxford Instruments, Abingdon, UK) interfaced to a 

Surrey Medical Imaging Systems (Guildford, UK) console operating at a frequency 

of 40.5 MHz for The magnetic field homogeneity was adjusted using the proton 

signal from the water within the liver and typically line widths of 60-80 Hz were 

obtained. After setup procedures were completed (typically taking 20-30 minutes), 

spectra were acquired continuously in four minute blocks, using an approximately 

90° pulse at the centre of the surface coil, with 478 scans repeated every 0.5 sec. 

Spectral changes were analysed by measuring the peak areas of Pi and p-ATP using 

the time domain fitting routine 'AMARES' (Advanced Method for Accurate, Robust 

and Efficient Spectral fitting) in the MRUI (Magnetic Resonance User Interface)
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software package (Mierisova et al. 1998; van den Boogaait et a l 1995). The fit 

involved breaking down the spectra into Lorentzian line components. The Pi to p- 

ATP ratio was calculated as a marker of liver energy status (Paul et a l 1996).

5.2.1.4 Tissue extract preparation

The samples (small intestine and liver) were stored at -196°C overnight. The 

samples were then weighed (1-2 g) and homogenised in liquid nitrogen together with

2.5 ml of 12% perchloric acid per g of tissue. Perchloric acid tissue extraction of 

intestine and liver was carried out as described in Chapters 3 and 4.

Quantitative analysis of identified peaks was carried out by calculating peak 

areas relative to the internal reference using the manufacturer’s deconvolution and 

line fitting software (VNMR software, Palo Alto, California, USA). In order to 

reduce the possibility of finding a significant difference by chance (the false-positive 

error rate), the measured metabolites were pre-selected and limited to 5 metabolites 

per organ before data analysis. Intestinal PCr, ATP, ADP, Pi and lactate were 

selected for calculation as well as hepatic ATP, ADP, Pi and lactate, as these 

metabolites have important roles in the control of energy metabolism. The absolute 

concentrations were finally calculated in term of |Ltmol/g wet weight, using the 

measured weight of the freeze-clamped samples.

5.2.1.5 Statistical analysis

The in vivo hepatic Pi/p-ATP ratios were obtained longitudinally, and for 

statistical analysis were divided into 2 parts, intestinal ischaemia (up to 90 min) and 

the reperfusion (90-150 min) phase. The trend lines for Pi/p-ATP ratios in individual
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rats were calculated. The time-course data for each individual animal were tested for 

significant linear and quadratic terms. Fits to linear and quadratic equations were 

compared using F-tests. In all cases quadratic fits were not significantly better than 

linear fits; thus in the analysis, the slopes of the linear fits during the initial 90 min 

and subsequent 60 min periods were used as summary variables. For tissue extract 

data, one-way ANOVA with multiple post hoc Tukey tests was used. Significant 

differences were established atp < 0.05. For all statistical analyses. Prism (Graphpad 

Software Inc, San Diego, CA, USA) was used. All data are expressed as mean ± 

SBM.

5.2.2 Study 2

This experiment was designed after the evaluation of the results of Study 1 to 

evaluate the effects of moderate hypothermia on liver energy metabolism following a 

prolonged period of intestinal reperfusion up to 4 hours. The objectives of this 

experiment were to determine whether moderate hypothermia delays the onset of 

liver energy failure and can reduce the mortality following intestinal ischaemia- 

reperfusion. Three groups of rats were studied (n=6 per group):

1) 330 min sham operation at normothermia

2) 90 min intestinal ischaemia followed by 240 min reperfusion at normothermia

3) 90 min intestinal ischaemia followed by 240 min reperfusion at moderate 

hypothermia (31-33°C).

Hepatic Pi to [3-ATP ratios were measured as described in Study 1. In 

addition, intracellular pH (pHi) was calculated from the difference (a) between the
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chemical shifts of Pi and a-ATP peaks according to the following equation (van den 

Boogaait, 1997).

pHi = 6.66 + log ([a-10.649]/[13.14- a])

The pHi data were excluded from the study if the precise chemical shifts of Pi 

or a-ATP peaks were unidentifiable because of low signal to noise or low resolution. 

In Study 1, the excluded pHj data were more than 10% of the overall data. Hence, 

hepatic pH, in Study 1 was not analysed. Due to technical improvements, less than 

5% of the pHi data in Study 2 were excluded, and therefore the pHj data were 

analysed. All data are expressed as mean ± SEM. The animals surviving until the end 

of the experiment were sacrificed by exsanguination.

5.3 Results

5.3.1 Study I

Four rats out of ten from group C (intestinal ischaemia-reperfusion at 

normothermia) died before the end of the experiment. All four rats died during the 

intestinal reperfusion phase and were excluded from the study. Additional rats were 

studied to achieve a total of 6 rats in this group for data analysis. There was no 

mortality during the experiment in other groups. Fig. 5.2 shows a typical ^^P MR 

spectrum of a rat liver from the sham group. Fig. 5.3 demonstrates representative 

liver spectra from each group at 4 different time-points (60, 90, 120 and 150 min). 

Intestinal ischaemia alone did not affect hepatic ATP and Pi. Intestinal ischaemia- 

reperfusion at normothermia caused an increase in hepatic Pi and a decrease in 

hepatic ATP during the reperfusion phase. This change was not observed in Group D
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(ischaemia-reperfusion at moderate hypothermia). The plot of hepatic Pi/(3-ATP ratio 

against time during intestinal ischaemia-reperfusion (Fig. 5.4) shows that there was a 

progressive increase in the ratio during intestinal reperfusion at normothermia. 

However, moderate hypothermia abolishes this undesirable effect. During the first 90 

min, there was no significant difference in the slope of the trend lines fitted to the 

Pi/p-ATP ratios among the experimental groups. During the intestinal reperfusion 

phase (90-150 min), the slope of the Pi/p-ATP ratio trend line was exclusively 

elevated in the group of rats who underwent intestinal ischaemia-reperfusion at 

normothermia (p < 0.05).

Analysis of liver extracts confirmed that a significant decrease in hepatic 

ATP and increases in hepatic Pi and lactate were observed only in the animals 

undergoing intestinal ischaemia-reperfusion at normothermia, and not in the 

moderate hypothermia group (Fig. 5.5). There was no difference in the concentration 

of hepatic ADP among all groups. There was no significant difference in 

concentrations of intestinal PCr, ATP, ADP, Pi and lactate among Groups B, C and 

D (Fig. 5.6).

5.3.2 Study 2

All rats in Group 1 (sham) and Group 3 (ischaemia-reperfusion at 

hypothermia) survived until the end of the experiment, whereas all 6 rats in Group 2 

(ischaemia-reperfusion at normothermia) died during intestinal reperfusion between 

76 min and 164 min after reperfusion. Fig. 5.7 shows rat rectal temperature recorded 

every 15 min among the 3 study groups. A progressive increase in hepatic Pi/p-ATP 

ratio was observed in Group 2 during intestinal reperfusion as in Study 1. Death was
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always preceded by an increase in this ratio. The data from each individual animal 

are plotted in Fig. 5.8. For Group 2, data are only plotted for the spectra recorded 

while the animals were alive.

Intestinal ischaemia-reperfusion at moderate hypothermia caused a delayed 

increase in hepatic Pi/|3-ATP; however, there was no death during intestinal 

reperfusion. In addition, there was no difference in hepatic pH; between Group 1 

(sham) and Group 3 (ischaemia-reperfusion at moderate hypothermia), as shown in 

Fig. 5.9, which for the purposes of comparison also shows the Pi/p-ATP ratios for 

these two groups. The changes in hepatic Pi/p-ATP ratios and changes in hepatic pHj 

among the three groups before any animal in Group 2 died (up to 150 min), 

illustrated in Fig. 5.10, show that there were no changes in pHi whilst there was a 

progressive increase in Pi/p-ATP ratios during reperfusion at normothermia. The pHj 

data from individual animals in Group 2, shown in Fig. 5.11, demonstrate that the 

drops in hepatic pH, always occur at a very late stage following the increase in Pi/p- 

ATP ratios.

5.4 Discussion

The studies described in this chapter are based on a model of severe intestinal 

ischaemia (90 min) followed by reperfusion, as described in Chapters 3 and 4. 

However, instead of the snapshot measurement of metabolites that are provided by 

analysis of tissue extracts, the real-time changes in hepatic ATP and Pi during 

intestinal ischaemia-reperfusion were continuously monitored in vivo. Additionally, 

the effects of moderate hypothermia were tested.
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The Pi/p-ATP ratio can be considered to be a useful indicator of hepatic 

energy status, especially as there is no PCr within the liver due to the lack of creatine 

kinase. The normal range of hepatic Pi/p-ATP ratios in normal human liver has been 

reported to be between 0.3 and 1.1 (Paul et al. 1996). This is similar to the result 

reported here from sham-operated animals (range from 0.21 to 1.19).

The in vivo data from Study 1 confirmed the observation reported in Chapter 

4 that there are no changes in hepatic ATP and Pi during intestinal ischaemia. 

According to the study of Turnage et al. (1996), total hepatic blood inflow is reduced 

during intestinal ischaemia by 40-50%, mostly from the reduction in portal blood 

flow. However, changes in Pi/p-ATP or hepatic ATP during intestinal ischaemia 

were not detected in this study, even though total hepatic inflow might be reduced at 

that time. This is probably due to the ability of liver to tolerate a certain level of 

hypoperfusion without any impairment in ATP synthesis. The studies reported here 

show that it is intestinal reperfusion at normothermia that is associated with the 

depletion of hepatic ATP and the increase in Pi. This is also associated with high 

mortality (40% in Study 1 and 100% in Study 2). Thus, intestinal reperfusion at 

normothermia seems to be an important step in triggering hepatic energy failure, 

which may finally lead to multiple organ failure, although the duration of ischaemia 

may also be important. Death was always preceded by an increase in hepatic Pi/p- 

ATP ratio. Once the hepatic Pi/p-ATP ratio increases, the liver will lose its capacity 

for homeostasis, finally leading to organ dysfunction and death.

The data from the liver extracts confirmed the results from the in vivo data. 

The depletion of ATP and increase in Pi occurred exclusively after intestinal 

reperfusion at normothermia. In addition, an increase in hepatic lactate was also
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observed after intestinal ischaemia-reperfusion at normothermia. These observations 

suggest that hepatic hypoperfusion (Turnage et al. 1994a; Turnage et a l 1996) and/or 

the systemic inflammatory response syndrome (Haji-Michael et al. 1999; James et a l 

1999) may be responsible for the pathophysiology of hepatic energy failure in this 

model. However, there are some quantitative differences between the MRS data 

obtained in vivo and those obtained from the tissue extracts. For in vivo MRS 

studies, it is generally agreed that narrow signals are only observed from relatively 

mobile compounds; highly immobilised species such as membrane phospholipids 

and metabolites within the mitochondrial matrix will normally give very broad 

signals that show up as a baseline hump. Thus, it is commonly assumed that in vivo 

^’P MRS monitors cytosolic metabolites (Gadian, 1995b). In contrast, the study of 

tissue extracts will provide the total amount of metabolites (cytosolic + 

mitochondrial metabolites) within those tissue samples. This may explain why the 

Pi/p-ATP ratios obtained from the in vivo study are different from those of tissue 

extracts.

Study 2 showed that there were no significant differences in hepatic pHj 

between intestinal ischaemia groups (at either normothermia or hypothermia) and the 

sham group. Upon early reperfusion at normothermia, there were no changes in 

hepatic pH, despite the increase in Pi/p-ATP ratio. A drop in pH, was observed only 

in animals undergoing normothermic intestinal ischaemia-reperfusion at relatively 

late stages, shortly before the animals died. Hence, intracellular acidosis of the liver 

is unlikely to be the cause of hepatic energy failure. However, it is notable that 

hepatic lactate increased after 60 min of reperfusion (Study 1; Fig. 5.6) whereas there 

is no significant change in hepatic pH; during the first 60 min of reperfusion (Study
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2; Fig. 5.10). An elevation of intracellular lactate does not necessarily result in 

intracellular acidosis, presumably reflecting the buffering capability of the liver. In 

patients with acute liver failure, it has been shown that lung is a major source of 

lactate and is associated with the degree of systemic hyperlactataemia, but not with 

acid-base imbalance (Walsh et al. 1999).

Various therapeutic tools have been proposed for attenuating the intestinal 

damage resulting from intestinal ischaemia-reperfusion. These include monoclonal 

antibodies to leukocyte adhesion molecules or cytokines, and cytoprotective agents 

such as adenosine, glutathione, and glycine (Grace, 1994; Marcus and Gewertz, 

1998). However, the effects of moderate hypothermia have received little attention. 

The main objective of this study was to evaluate the effects of moderate hypothermia 

on liver metabolism during intestinal ischaemia-reperfusion because it is liver failure 

rather than intestinal failure that causes early morbidity and mortality. The current 

study clearly demonstrated that induction of moderate hypothermia prior to intestinal 

ischaemia-reperfusion delays the onset of liver energy failure and prevents early 

mortality. It is possible that this protective effect might be secondary to the 

protection of the intestine per se. However, it was demonstrated in Study 1 that 

moderate hypothermia did not attenuate intestinal energy failure following such 

severe ischaemia-reperfusion, as indicated by the finding that the intestinal PCr and 

ATP levels after intestinal ischaemia-reperfusion were similar in normothermic and 

hypothermic animals. The mechanism of this protective effect is still unclear. 

Moderate hypothermia may decrease the formation of free radicals and mediators 

within the intestine via the reduction of cellular metabolism, or it may render the
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liver less responsive to mediators or activated neutrophils following intestinal 

reperfusion.

Thus far, moderate hypothermia is one of the most robust and effective 

procedures available for reducing hypoxic-ischaemic cerebral damage in animals 

(Edwards et al. 1998). Mild to moderate hypothermia has already been used as part 

of a multiple therapeutic strategy in patients with uncontrolled fulminant hepatic 

failure (Jalan et al. 1999) and cerebral ischaemia-reperfusion (Schwab et al. 1998). 

However, although moderate hypothermia has shown some promising results, there 

are also some less favourable reports in the literature. For example, it has been 

reported that lowering the blood temperature in conscious neonatal piglets caused 

ischaemic injury in the small intestine (Schneider et al. 1987). It was subsequently 

proposed that induction of moderate hypothermia reduced the blood flow to the 

intestine which did not recover after rewarming the animal, and that it may therefore 

cause intestinal ischaemia (Powell et al. 1999). These apparent conflicts may be 

partly solved by conducting a study investigating the effects of moderate 

hypothermia on sham-operated animals.

This chapter demonstrates that moderate hypothermia exerts a protective 

effect on hepatic energy metabolism up to 4 hours after intestinal reperfusion, 

although this protective effect was not demonstrated in the small intestine. However, 

further studies are needed to support the clinical use of moderate hypothermia in 

patients with intestinal ischaemia-reperfusion.
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5.5 Conclusions

In this experimental model, intestinal ischaemia-reperfusion at normothermia 

is associated with hepatic energy failure and high mortality. It was shown that 

intestinal ischaemia alone did not alter hepatic energy status, as assessed by the Pi/(3- 

ATP ratio. Intestinal reperfusion is a crucial step in the induction of hepatic energy 

impairment. The energy failure is unlikely to be initiated by intracellular acidosis, 

since a pHi decline is only detected at relatively late stages, after the increase in Pi/p- 

ATP ratios. The induction of moderate hypothermia throughout the insult 

ameliorates hepatic energy failure and prevents early mortality following intestinal 

reperfusion. However, it does not significantly protect the small intestine from 

energy failure.
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Surface coil

FIGURE 5.1: The animals were placed in a purpose-built cradle with a surface coil 

placed on the liver surface, and positioned inside a 2.35 Tesla horizontal magnet.

a - A T P
P -A T P

y -A T P

FIGURE 5.2: A typical *̂P magnetic resonance spectrum ‘monitored’ from a rat 

liver. The spectrum was characterised by the three phosphates of ATP and Pi.
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ATPTime course

150 min

120 min

90 min

60 mm

Group A Group B Group C Group D

FIGURE 5.3: Study 1, representative in vivo MR spectra of the liver (at 60, 90, 

1 2 0  and 150 min) continuously monitored from each group.

Group A: Sham at normothermia

Group B: Intestinal ischaemia at normothermia

Group C: Intestinal ischaemia-reperfusion at normothermia

Group D: Intestinal ischaemia-reperfusion at moderate hypothermia
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FIGURE 5.4: Study 1, hepatic Pi to P-ATP ratios monitored during time course 

among all groups (n = 6  per group). There is a progressive increase in hepatic Pi to 

p-ATP ratio during intestinal reperfusion at normothermia as indicated by a 

significant increase (p < 0.05) in the slope of the trend lines during this period.
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FIGURE 5.5: Study 1, concentrations of hepatic ATP, ADP, Pi and lactate from liver 

extracts (n = 5-6 per group). */? < 0.05, < 0.01 versus other groups.

. qW)
S 8-L
^ 7.5-1-
^  4.5J
^ 1 .5 -i

A: Sham  group  

B: in testin al isch aem ia  

C: Ischaem ia-reperfusion , norm otherm ia  

D: Ischaem ia-reperfusion , hypotherm ia * * *
riflk

** ** **

PCr ATP ADP Pi

Intestinal m etabolites

Lactate

FIGURE 5.6: Study 1, concentrations of intestinal phosphocreatine (PCr), ATP, 

ADP, Pi and lactate from intestine extracts among all groups (n = 5-6 per group).

< 0.05, **p < 0.01 versus Group A.
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1: Sham , norm otherm ia  

2: Ischaem ia-reperfusion, norm otherm ia  

3: Ischaem ia-reperfusion, hypotherm ia
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FIGURE 5.7: Rectal temperature recorded every 15 minutes from animals in all 

groups (n = 6  per group) in Study 2. The time between -30 and 0 min is the time for 

induction of moderate hypothermia.
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1: sham group
2: Ischaemia-reperfusion, normothermia 
3: Ischaemia-reperfusion, hypothermia
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FIGURE 5.8: Study 2, hepatic Pi/p-ATP ratio monitored as a function of time for all 

groups (n = 6 per group). Data are shown for each individual rat. All rats in Group 2 

(intestinal ischaemia-reperfusion at normothermia) died during intestinal reperfusion; 

the last data point of each rat in this group represents the hepatic Pi/p-ATP before the 

animal died.
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FIGURE 5.9: Study 2, the real-time changes of hepatic pHi (upper graph) and Pi/(3- 

ATP ratio (lower graph) for sham-operated animals and for animals undergoing 

intestinal ischaemia-reperfusion at moderate hypothermia (n = 6 per group).
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FIGURE 5.10: Study 2, the real-time changes of hepatic pHj (upper) and Pi/p-ATP 

ratios (lower) among the three groups up to 150 min (n = 6 per group).
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FIGURE 5.11: Study 2, the data of hepatic pHi and Pi/|3-ATP ratios from animals in 

Group 2 (ischaemia-reperfusion at normothermia) demonstrating that the increase in 

hepatic Pi/p-ATP ratios occurred before the drops in pHj and before death.
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Chapter 6: Moderate hypothermia and intestinal ischaemia-reperfusion

6.1 Introduction

Patients with diseases characterised by intestinal ischaemia-reperfusion may 

develop multiple organ failure, including liver failure, with potentially fatal 

consequences. Despite progress in intensive care management, there is no specific 

treatment for liver failure following intestinal reperfusion. Experimental studies in a 

model of acute liver failure have shown that a low body temperature doubled 

survival time and prevented development of brain oedema (Traber et al. 1989; 

Bguchi et al. 1996; Rose et al. 2000). Hypothermia was used as a last resort together 

with other therapeutic strategies in a patient with fulminant liver failure (Rozga et al. 

1993). In addition, it has been demonstrated that mild to moderate hypothermia 

increased blood pressure and prolonged survival time during lethal haemorrhagic 

shock in rats (Takasu et al. 2000). Although moderate hypothermia at 30-32°C seems 

to have beneficial effects in the model of intestinal ischaemia-reperfusion as shown 

in Chapter 5, the effects of moderate hypothermia alone on intestinal and hepatic 

metabolism in animals without ischaemia-reperfusion have not been explored.

Deep hypothermia (below 30°C) has been regarded as inappropriate for 

clinical practice because of its complications (Taylor et al. 1996). Undesirable effects 

of hypothermia (34-35°C) such as arrhythmia, reduction of cardiac output, and 

coagulopathy due to the effects of induced hypothermia have been reported in 

humans (Sessler, 1997). Moreover, it has been proposed that hypothermia may be 

responsible for intestinal ischaemic injury due to a reduction in intestinal blood flow 

(Schneider et al. 1987; Powell et al. 1999).
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Given this background and the experiments described in earlier chapters, the 

studies reported in this chapter, which include some preliminary observations of 

hepatic flow as well as MRS measurements, aimed to address the following 

questions:

1. What is the effect of moderate hypothermia on energy metabolism of small 

intestine and liver?

2. Does intestinal reperfusion at normothermia induce hepatic energy failure when 

the ischaemic time is shortened to 60 min?

3. Are there any protective effects of moderate hypothermia to the intestine itself 

after reperfusion when the ischaemic time is 60 min?

6.2 Materials and methods

6.2.1 Study 1: The effects of moderate hypothermia on intestinal and hepatic 

metabolism

6.2.1.1 Animals

Male Sprague-Dawley rats weighing 250-300 g were used. The rats were kept 

under standardised conditions for food, water, light and temperature. During the 12 

hours prior to the experiment, the animals were given water only. Four groups of 

animals were studied (n=6 per group);

A) sham operation at normothermia for 120 minutes

B) sham operation at moderate hypothermia for 120 minutes

C) 60 min intestinal ischaemia followed by 60 min reperfusion at normothermia
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D) 60 min intestinal ischaemia followed by 60 min reperfusion at moderate 

hypothermia.

Normothermia and moderate hypothermia were defined as rectal temperature 

between 36.5 and 37.5° C and between 31.0 and 32.0°C respectively. Moderate 

hypothermia or normothermia was induced by adjusting the environmental 

temperature to achieve the target rectal temperature using a blanket and a lamp, and 

was maintained throughout the experiment. Typically, it took around 30 minutes to 

induce moderate hypothermia from normothermia.

6.2.1.2 Operative procedure

The animals were anaesthetised with 1.0-1.5% halothane and oxygen; nitrous 

oxide (40:60) by inhalation. Electrocardiogram, respiratory rate and rectal 

temperature (temperature probe, Ellab, Copenhegen, Denmark) were continuously 

monitored. Laparotomy via midline incision was carried out. The superior mesenteric 

artery was isolated and a vascular loop was applied around its origin but no traction 

performed. Normal saline 20 ml/kg was infused intraperitoneally to prevent 

dehydration. At this stage, in Groups B and D, moderate hypothermia was induced 

by removing the blanket and turning off the lamp. The rectal temperature in Groups 

B and D gradually decreased until the target temperature (31-32°C) was reached. In 

sham-operated animals, the abdomen was then closed, and the animal was further 

monitored for 120 minutes.

Intestinal ischaemia-reperfusion was performed by continuous traction 

(ischaemia) and removal (reperfusion) of a silicone loop (Surg-I-Loop, Scanlan, 

Minnesota, USA) slung around the origin of the superior mesenteric artery for the
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assigned duration. The traction was always performed in the same direction with the 

same tension, defined by the distance (45 cm) between the site of occlusion and the 

fixed point in every animal (Fig. 6.1). After 60 min of intestinal ischaemia the 

vascular loop was removed without reopening the abdomen. The anaesthetised 

animals underwent monitoring for an additional 60 min during intestinal reperfusion. 

Intestinal reperfusion was also confirmed later by observing the return in pulsation of 

intestinal vascular arcades of the oedematous intestine. With this technique, 

intestinal reperfusion was successfully achieved in all animals.

At the end of the experiment, small intestine (10-15 cm. of terminal ileum) 

and liver were quickly removed and freeze-clamped as described in Chapter 5. Small 

intestine and liver were homogenised, extracted into perchloric acid and analysed 

using high resolution and MRS.

6.2.1.3 Tissue extract preparation

The samples (small intestine and liver) were stored at -196°C overnight. The 

samples were then weighed (1.5-2.0 g for small intestine and 1.0-1.5 g for liver) and 

homogenised in liquid nitrogen together with 2.5 ml of 12% perchloric acid per g of 

tissue. Perchloric acid tissue extraction for small intestine and liver was performed as 

described in Chapters 3 and 4. Quantitative analysis of identified peaks was carried 

out by calculating peak areas relative to the internal reference (TSP for MRS and 

MDP for ^̂ P MRS) using the manufacturer’s deconvolution and line-fitting software 

(VNMR, Varian associates, Palo Alto, California, USA). Intestinal glucose, 

succinate, lactate, PCr, and ATP were calculated as well as hepatic glucose, 

succinate, lactate, and ATP. The absolute concentrations were finally calculated in
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terms of )Limol/g wet weight, using the measured weight of the freeze-clamped 

samples.

6.2.1.4 Statistical analysis

All data are presented as mean ± SEM |Limol/g wet weight of tissue. 

Statistical analysis was performed using one-way ANOVA with post-hoc 

comparisons (least significant difference). Significant differences were established at 

p < 0.05. For all statistical analysis, SPSS software (SPSS Inc, Chicago, IL, USA) 

was used.

6.2.2 Study 2: Intestinal ischaemia-reperfusion and hepatic blood flow

The aims of this preliminary study were to determine the dynamic changes in 

hepatic blood inflow in the model of 60 min intestinal ischaemia followed by 60 min 

reperfusion at normothermia and to evaluate the difference in hepatic inflow between 

intestinal ischaemia and reperfusion.

6.2.2.1 Animals and procedure

Male Sprague-Dawley rats weighing 250-300 g were used. The rats were kept 

under standardised conditions for food, water, light and temperature. Two groups of 

animals were studied; sham operation for 120 min (n=2) and 60 min intestinal 

ischaemia followed by 60 min of reperfusion (n=3).

After laparotomy, SMA, hepatic artery and portal vein were dissected and 

identified. Then, a silicone loop (Surg-I-Loop, Scanlan, Minnesota, USA) was slung 

around the SMA, but traction was not applied at this moment. Two flow probes were
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applied around the portal vein and the hepatic artery respectively, using a transonic 

system flowmeter (T206, Transonic Systems Inc, New York, USA). Then the 

abdomen was partially closed leaving the probes untouched to allow the portal vein 

flow and the hepatic arterial flow to reach the plateau phase (approximately 30 min). 

In both groups, the flows were continuously monitored (at 100 Hz) for 130 min.

Intestinal ischaemia-reperfusion was performed by continuous traction 

(ischaemia) and removal (reperfusion) of a silicone loop slung around the origin of 

the SMA for the assigned duration as described above. After 60 min of intestinal 

ischaemia the vascular loop was removed remotely without reopening the abdomen. 

The anaesthetised animal underwent monitoring for an additional 60 min during 

intestinal reperfusion. Intestinal reperfusion was also confirmed later by observing 

the return in pulsation of intestinal vascular arcades of the oedematous intestine. 

Animals were sacrificed at the end of the experiment. Averages of the data over 

periods of 10 min were carried out, except at the initiation of ischaemia and 

reperfusion where averages of the data were performed over periods of 1 min, using 

Chart v4.0.1 software (PowerLab AD Instruments, NSW, Australia). Since the 

number of animals in each group is small, statistical analysis was not carried out.

6.3 Results

6.3.1 Study I: Moderate hypothermia and intestinal ischaemia-reperfusion

No rats died during 120 minutes of the experiment. Fig. 6.2 shows rat rectal 

temperature recorded every 15 min among the 4 study groups.
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6.3.1.1 The effects of moderate hypothermia on sham-operated animals (comparisons 

between Group A and Group B)

Small intestine: Induction of moderate hypothermia caused an increase in 

intestinal glucose compared to control (sham at normothermia versus sham at 

hypothermia, p  = 0.004). There was no significant difference in intestinal succinate 

(p = 0.904), lactate (p = 0.995), PCr (p = 0.130), and ATP (p = 0.581) between 

Groups A and B (Fig. 6.3).

Liver: Induction of moderate hypothermia caused a decrease in hepatic lactate 

compared to control (sham at normothermia versus sham at hypothermia, p  = 0.006). 

There was no significant difference in hepatic glucose {p = 0.696), succinate {p = 

0.140) and ATP {p = 0.294) between Groups A and B (Fig. 6.4).

6.3.1.2 Metabolism after intestinal reperfusion at normothermia (comparisons 

between Group A and Group C)

Small intestine: Ischaemia (60 min) followed by reperfusion (60 min) at 

normothermia (Group C) resulted in significant decreases in intestinal glucose {p = 

0.045), PCr {p < 0.001), and ATP (p < 0.001) together with increases in succinate (p 

< 0.001) and lactate (p < 0.001) compared to sham at normothermia (Group A) as 

shown in Fig. 6.3.

Liver: Intestinal ischaemia (60 min) followed by reperfusion (60 min) at 

normothermia (Group C) resulted in a significant drop in hepatic ATP (p < 0.001) 

together with increases in succinate {p = 0.046) and lactate (p < 0.001) compared to 

sham at normothermia (Group A) as shown in Fig. 6.4. There was no significant 

difference in glucose between the two groups.
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6.3.1.3 The effects of moderate hypothermia on intestinal ischaemia-reperfusion 

(comparisons between Group C and Group D)

Small intestine: Moderate hypothermia was able to significantly attenuate the 

depletion of glucose (Group C versus Group D ,p  < 0.001) and ATP (p = 0.021), and 

to attenuate the increase in succinate (p = 0.049). There was no significant difference 

in intestinal PCr (p = 0.151), and lactate (p = 0.356) between the two groups (Fig. 

6.3).

Liver: Moderate hypothermia attenuated the depletion in hepatic ATP (Group 

C versus Group D, p < 0.001) as well as the increase in lactate {p < 0.001). There 

was no significant difference in hepatic glucose (p = 0.05) and succinate (p = 0.779) 

between the two groups (Fig. 6.4).

6.3.2 Study 2: Intestinal ischaemia-reperfusion and hepatic blood flow

Portal blood flow and hepatic arterial flow remained stable in sham-operated 

animals throughout the experiment.

6.3.2.1 Changes observed during intestinal ischaemia-reperfusion

Portal blood flow: Immediately after intestinal ischaemia, portal blood flow 

dramatically dropped to approximately 30% of the baseline. The portal blood flow 

then transiently rose, before gradually falling again. Upon intestinal reperfusion, 

portal blood exhibited a triphasic pattern. The flow initially recovered to the same 

level as sham within 1 min. The flow then temporarily dropped before slightly rising 

again. Finally, the portal blood flow gradually decreased compared to sham group.
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However, the portal blood flow during intestinal reperfusion was still higher than 

during ischaemia in all three animals (Fig. 6.5).

Hepatic arterial blood flow: After intestinal ischaemia, hepatic arterial blood 

flow rose to approximately 150% of baseline within 5 min, then gradually fell. Upon 

reperfusion, the flow dropped to around 50% of baseline within 2 min, and then 

remained stable in all three animals (Fig. 6.6).

Total hepatic blood inflow: Immediately after intestinal ischaemia, total 

hepatic blood flow (portal blood flow + hepatic arterial blood flow) dropped to 

approximately 40% of baseline. The flow then transiently rose, before gradually 

falling again. Upon intestinal reperfusion, the flow initially recovered to the same 

level as sham within 1 min. The flow then temporarily dropped before slightly rising 

again. Eventually, the total hepatic inflow gradually decreased to around 60% of 

sham group. Nonetheless, the total blood flow during intestinal reperfusion was still 

higher than during ischaemia in all three animals (Fig. 6.7). Generally, the pattern of 

total hepatic inflow is similar to that of portal blood flow because the portal blood 

flow is much higher than the hepatic arterial blood flow.
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6.4 Discussion

6.4.1 Background of moderate hypothermia

Lowering the temperature of a normothermia subject to a temperature below 

that normally maintained by homeostasis results in a reduction in metabolic rate and 

in the demand for oxygen and substrates by the tissues. On the basis of hitherto 

unstandardised terminology, mild-moderate-deep, to express the degree of 

hypothermia, most reports have used the following broad definitions; mild, down to 

34°C; moderate, between 30 and 34°C; and deep, less than 30°C. During moderate 

hypothermia, whole body metabolic rate is decreased by approximately 8% per °C, 

and is about half the normal rate at 28°C. Oxygen demand is concurrently diminished 

along with oxygen consumption (Taylor et al. 1996).

It was more than a half century ago when whole body cooling was first 

introduced, with an encouraging outcome, to treat patients with terminal stages of 

advanced cancer. Soon after the Second World War, the introduction of hypothermia 

was considered for cardiac operations (reviewed by Kataoka and Yanase, 1998). In 

addition, a significant number of extraordinary case reports strongly suggested the 

ability of hypothermia to protect or resuscitate the hypoxic brain in humans. For 

example, a 6-year-old boy fell into a river in an Alpine region, Austria (air 

temperature -4°C, water temperature 2.5°C). He was pulled out of the water 65 min 

later. When rescued, the boy showed no vital signs, and his rectal temperature was 

16.4°C. He received basic life support while being transported to a hospital by 

helicopter. The boy was rewarmed by cardiopulmonary bypass (right femoral vein to 

femoral artery) 95 minutes after the rescue. When the rectal temperature reached 32.9
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°C, sinus rhythm returned and urine output resumed. After 96 minutes, the bypass 

was terminated and the blood pressure was 100/70 mm Hg. The boy was extubated 

six days after he fell into the river. His neurological status improved over time. After 

five months he had almost fully recovered (Antretter et a l 1994).

The enthusiasm for hypothermia in the 1950s was somewhat thwarted by 

reports of its adverse side effects. Firstly, hypothermia below 30°C is associated with 

an increase in blood viscosity that contributes to red cell sludging in the 

microvascular system. Secondly, it retards enzyme function, and it may therefore 

slow the initiation and propagation of platelet aggregation and fibrin formation, 

resulting in the prolongation of bleeding times and clotting times. Thirdly, it renders 

the heart more prone to dysrhythmia. At temperatures less than 28°C, ventricular 

fibrillation is likely to occur. Finally, it has also been suggested that hypothermia, 

particularly, deep hypothermia, predisposes towards bacterial infection. Hypothermia 

impairs neutrophil function and suppresses the release of neutrophils from bone 

marrow (Maher and Hachinski, 1993; Taylor et a l 1996; Sessler, 1997; Edwards et 

a l 1998). Although moderate hypothermia (approximately 32°C) has been less 

extensively investigated, adverse effects seem to be less severe (Gunn, 2000). 

Moreover, a study of the effects of moderate hypothermia on intestinal blood flow 

showed that the blood flow was significantly reduced during moderate hypothermia, 

and the authors suggested that hypothermia might cause ischaemic injury to the small 

intestine (Powell et a l 1999).

Clinical applications of hypothermia were not routinely established because 

of its harmful effects as described above. However, hypothermia has been widely 

used in cardiac surgery and neurosurgery procedures. At present, clinical trials of
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moderate hypothermia are currently being conducted in four conditions; birth 

asphyxia (Thoresen and Wyatt, 1997), traumatic brain injury (Marion et a l 1997), 

stroke (Schwab et a l 1998), and acute fulminant liver failure with increased 

intracranial pressure (Jalan et a l 1999). No clinical studies on intestinal ischaemia- 

reperfusion have been reported. Only few experimental studies has been described 

and the results are conflicting (see below).

6.4.2 The effects of moderate hypothermia on energy metabolism of small intestine 

and liver

The results of the present study clearly demonstrate that moderate 

hypothermia for 120 minutes did not significantly affect the levels of high energy 

phosphates in both small intestine and liver. There was also no significantly 

undesirable effect of moderate hypothermia during the experiment. Moderate 

hypothermia caused an increase in intestinal glucose without affecting the levels of 

PCr, ATP, succinate or lactate of small intestine. These results may be due to a 

decrease in glucose oxidation during hypothermia and/or the consumption of other 

substrates, such as glutamine, in intestine. In addition, moderate hypothermia caused 

a decrease in hepatic lactate without any changes in hepatic glucose, succinate or 

ATP, which might reflect a decrease in the rate of conversion of pyruvate to lactate. 

The results of this study showed that small intestine and liver responded to the 

induction of moderate hypothermia differently. However, the levels of high energy 

phosphates in both organs were not affected by hypothermia.

The normal levels of high energy phosphates presumably reflect adequate 

tissue perfusion to the organs, and so it is unlikely that moderate hypothermia caused
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ischaemic injury to the small intestine and/or liver in this model as proposed by 

Schneider et al. (1987). Although the induction of moderate hypothermia may reduce 

blood flow to the organs (Powell et al. 1999), the oxygen delivery to those organs 

may still be enough to meet the decreased metabolic demand. Oxygen extraction 

fraction and the levels of high energy phosphates might be a more specific indicator 

of organ ischaemia than the blood flow. This concept is supported by a study 

showing that during hypothermia at 27°C, there was a significant decline in cerebral 

blood flow. However, the decline in blood flow is less than the decline in brain’s 

oxygen consumption, resulting in an apparently adequate tissue perfusion despite the 

reduction in cerebral blood flow (Croughwell et al. 1992).

6.4.3 Does intestinal reperfusion at normothermia induce hepatic energy failure 

when the ischaemic time is shortened to 60 min?

It was demonstrated in Chapter 4 and Chapter 5 that intestinal ischaemia for 

90 min followed by reperfusion for 60 min at normothermia induces hepatic energy 

failure. When the ischaemic time was shortened to 60 min, intestinal reperfusion at 

normothermia still caused intestinal and hepatic energy failure as indicated by the 

depletion in high energy phosphates in both organs compared to sham-operated 

animals. Hepatic succinate and lactate were also increased after intestinal reperfusion 

suggesting a state of inadequate tissue perfusion. Hence, 90 min intestinal ischaemia 

followed by 60 min reperfusion and 60 min intestinal ischaemia followed by 60 min 

reperfusion both induce hepatic energy failure. The model of 90 min ischaemia 

followed by reperfusion, however, leads to higher mortality.

150



Chapter 6: M oderate hypothermia and intestinal ischaemia-reperfusion

The preliminary results of hepatic blood flow during intestinal ischaemia- 

reperfusion in Study 2 showed that there were reciprocal changes between portal 

blood flow and hepatic arterial blood flow during intestinal ischaemia (Fig. 6.5 and 

Fig. 6.6). There is a reciprocal increase in hepatic arterial flow in response to a 

reduction in the portal flow; occlusion of the superior mesenteric artery results in an 

almost immediate increase in hepatic arterial flow due to autoregulation. However, 

the compensation is not complete, so total hepatic flow does not return to normal. 

Upon reperfusion, the portal blood flow recovered initially and then gradually 

decreased, and the hepatic arterial blood flow gradually dropped. The drops in both 

portal blood and hepatic arterial blood flow during intestinal reperfusion might be 

due to peripheral circulatory collapse (Marston, 1989). The total hepatic inflow 

dropped to approximately 40% (compared to baseline) during intestinal ischaemia 

before partially recovering back to 60% during reperfusion. Although there is a 

decrease in total hepatic inflow during intestinal reperfusion compared to sham- 

operated animals, the total hepatic inflow during intestinal reperfusion is not lower 

than the inflow during ischaemia (Fig. 6.7). It was shown in the previous chapter that 

there were no changes in hepatic ATP or Pi during intestinal ischaemia at 

normothermia. However, it is oxygen delivery to the organ rather than the flow to the 

organ that is more relevant to tissue bioenergetics. One study (Williams et al. 2001a) 

using this model demonstrated that there was a significant increase in haematocrit 

(0.43 ± 0.01 versus 0.46 ± 0.01, p = 0.02) and p02 (7.62 ± 0.2 kPa versus 11.72 ± 0.5 

kPa, p < 0.001) within the superior mesenteric vein during intestinal reperfusion 

compared to during ischaemia. Since the oxygen delivery depends on blood flow, 

haematocrit and pOi, the oxygen delivery to the liver during intestinal reperfusion is
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unlikely to be lower than during ischaemia. From this information, it is unlikely that 

the hepatic energy failure that occurs during intestinal reperfusion in this model is 

due to a reduction in oxygen delivery to the liver. However, intrahepatic arterio

venous shunting or the increase in hepatic oxygen consumption are still possible 

explanations.

6.4.4 Are there any protective effects of moderate hypothermia to the intestine 

itself when the ischaemic time is 60 min?

Because of their high metabolic demand requiring large amount of oxygen 

and substrates, the small intestine and liver are very sensitive to the ischaemia- 

reperfusion injury. At the cellular level, the fundamental basis of hypothermic 

protection is the effect of temperature on chemical reactions which are generally 

slowed by a reduction in temperature. Since the processes of deterioration associated 

with ischaemia-reperfusion are mediated by chemical reactions, the attempt to 

prevent or attenuate these changes by applying hypothermia has been proposed and 

tested (Taylor et al. 1996). Most studies showing the beneficial effects of moderate 

hypothermia have been of brain ischaemia or during cardiac surgery using 

cardiopulmonary bypass. Apart from hypothermia at 4°C used in the preservation for 

organ transplantation, little is known about the effects of moderate hypothermia on 

ischaemic intestine and on the associated liver involvement. However, some studies 

have shown a positive effect of mild to moderate hypothermia in models of acute 

liver failure. A study using hepatic devascularisation in a rat model (portacaval shunt 

followed 48 hours later by hepatic artery ligation) found that reducing the body 

temperature to 35°C resulted in a significant delay in the onset of severe hepatic
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encephalopathy and a decrease in brain water content (Rose et al. 2000). 

Hypothermia at 34°C decreased the formation of reactive oxygen species and the 

postischaemic vascular resistance of isolated rat livers (Zar et at. 1999). One animal 

study of intestinal ischaemia-reperfusion showed that local cooling of the ischaemic 

intestine to 32°C provides protection from reperfusion injury (Udassin et al. 1997). 

Clinically, moderate hypothermia at 32°C has been shown to be useful in the 

treatment of uncontrolled increase in intracranial pressure in patients with acute liver 

failure waiting for liver transplantation (Jalan et al. 1999).

The results from this study revealed that, in the model of intestinal ischaemia- 

reperfusion, moderate hypothermia was able to ameliorate intestinal energy failure as 

well as hepatic energy failure after intestinal reperfusion compared to normothermic 

animals. The significantly higher levels of intestinal and hepatic ATP together with 

the lower level of hepatic lactate in hypothermic animals suggest the potential benefit 

of moderate hypothermia. This also confirms the study of protective effects of 

moderate hypothermia on liver energy metabolism during intestinal reperfusion 

(Chapter 5). The information obtained from the experiments described in this chapter 

raises the question of whether the protective effect of hypothermia on the liver is 

secondary to the amelioration of intestinal energy failure after intestinal reperfusion. 

Since the results from Chapter 4 and Chapter 5 showed that intestinal reperfusion at 

normothermia is the crucial step causing hepatic energy failure, it is possible that the 

protective effect of hypothermia on the liver is mediated by a protection of intestinal 

energy failure. However, it is also probable that hypothermia made the liver more 

resistant to injury during intestinal reperfusion. A model of hypothermic liver during
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normothermic intestinal ischaemia-reperfusion or vice versa may provide an answer 

to this question.

Although induction of moderate hypothermia seems to have no effects on 

intestinal and hepatic energy metabolism and seems to have beneficial effects on 

intestinal and hepatic metabolism after intestinal ischaemia-reperfusion, 

complications and side-effects of hypothermia have to be taken into account as 

mentioned above. Hence, the balance between the advantages and disadvantages of 

hypothermia in diseases needs to be considered and adjusted to exert the maximal 

beneficial effects as well as minimal adverse effects.

6.5 Conclusion

When the ischaemic time was shortened to 60 min followed by 60 min 

reperfusion, intestinal ischaemia-reperfusion at normothermia still caused hepatic 

energy failure. The failure is unlikely to be primarily caused by the reduction in total 

hepatic inflow during intestinal reperfusion since this is not lower than during 

ischaemia. Moderate hypothermia did not significantly affect intestinal and hepatic 

high energy phosphate levels. In the model of 60 min intestinal ischaemia followed 

by 60 min reperfusion, moderate hypothermia was able to ameliorate both intestinal 

and hepatic energy failure. The results of this chapter suggest a potential therapeutic 

role for moderate hypothermia in diseases characterised by intestinal ischaemia- 

reperfusion.
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FIGURE 6 .1 : Diagram of the way of SMA occlusion using a silicone loop.
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FIGURE 6.2 : Rectal temperature recorded every 15 minutes from animals in all 

groups (n= 6  per group) in Study 1. The time between -30 and 0 min is the period for 

induction of moderate hypothermia
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FIGURE 6.5: Study 2, changes in portal blood flow in individual animals. White 

symbols represent sham-operated animals, black .symbols represent animals 

undergoing intestinal ischaemia-reperfusion. Ischaemia is between 0 and 60 min.
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FIGURE 6 .6 : Study 2, changes in hepatic arterial blood flow in individual animals. 

White symbols represent sham-operated animals, black symbols represent animals 

undergoing intestinal isehaemia-reperfusion. Ischaemia is between 0 and 60 min.
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FIGURE 6.7: Study 2, changes in total hepatic inflow in individual animals. White 

symbols represent sham-operated animals, black symbols represent animals 

undergoing intestinal ischaemia-reperfusion. Ischaemia is between 0 and 60 min.
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Chapter 7

The effects of extraluminal oxygenated perfluorocarbon on 

intestinal energy metabolism after ischaemia-reperfusion
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Chapter 7: The effects of extraluminal oxygenated perfluorocarbon on 

intestinal energy metabolism after ischaemia-reperfusion

7.1 Introduction

The previous two chapters have discussed the protective effects of moderate 

hypothermia on intestinal ischaemia-reperfusion. There have also been reports of 

augmentation of oxygen delivery to the ischaemic intestine as a therapeutic option, 

using fluid administration, blood transfusion, sympathetic stimulating agents and 

oxygen administration (see Section 1.11.1) . One such approach is to use an artificial 

oxygen carrier, namely perfluorocarbon (PFC). PFCs result from the substitution of 

carbon-bound hydrogen atoms with fluorine. They are clear, colourless, odourless, 

chemically inert compounds and immiscible with water. Perfluorinated fluids have a 

viscosity equivalent to water but approximately 75% greater density (Shefler, 1999). 

It was demonstrated over 30 years ago that spontaneously breathing mice survived 

for several hours during total immersion in oxygenated PFC and for weeks following 

return to spontaneous breathing in air (Clark and Gollan, 1966). This marked the first 

successful experiment and established this class of chemicals as a suitable medium 

for artificially carrying oxygen. The solubility of oxygen and carbon dioxide in PFC 

is much higher than plasma, and the use of PFC as an oxygen carrier has been 

reported in a number of animal models, including the model of intestinal ischaemia- 

reperfusion. Intraluminal perfusion of oxygenated PFC has been demonstrated to 

preserve mucosal function and integrity after intestinal ischaemia-reperfusion 

(O'Donnell et al. 1997). In addition, protection of the mucosa with intraluminal
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oxygen has been shown to prevent lung injury after intestinal ischaemia-reperfusion 

(Rossman er fl/. 1997).

Although intraluminal oxygenated PFC administration seems to have 

beneficial effects in the model of intestinal ischaemia-reperfusion, intraluminal 

administration in a clinical setting is somewhat difficult. Patients with intestinal 

ischaemia-reperfusion injuries are commonly affected by adynamic ileus that may 

not allow the administration of PFC intraluminally. The administration of oxygen to 

the small intestine via an extraluminal route (trans-serosal diffusion of oxygen and 

carbon dioxide) is of clinical interest since it could be accompanied by a peritoneal 

lavage, a technique used in these patients. In addition, the smooth muscle layer of the 

intestine cannot regenerate whereas mucosal cells can. Therefore, extraluminal 

oxygen delivery during intestinal ischaemia might prevent post-ischaemic intestinal 

stricture, which is caused by fibrosis of the muscular layer. One study showed that, 

under normal conditions, the intra-abdominal administration of oxygenated PFCs 

improved both the portal venous and the arterial oxygenation (Chiba et al. 1999).

The aim of this experiment was to evaluate the effects of extraluminal 

oxygenated PFCs as well as moderate hypothermia on intestinal energy metabolism 

and histology in the model of 30 min ischaemia followed by 60 min reperfusion. The 

hypothesis tested was that extraluminal oxygenated PFC and moderate hypothermia 

ameliorate the intestinal injury following ischaemia-reperfusion.
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7.2 Materials and methods

7.2.1 Animals

Male Sprague-Dawley rats weighing 250-300 g were used. The rats were kept 

under standardised conditions for food, water, light and temperature. Four groups of 

animals were studied (n=8 per group);

A) sham operation at normothermia for 90 minutes,

B) 30 min intestinal ischaemia followed by 60 min reperfusion at normothermia,

C) 30 min intestinal ischaemia followed by 60 min reperfusion at moderate 

hypothermia,

D) 30 min intestinal ischaemia followed by 60 min reperfusion with extraluminal 

oxygenated PFCs applied during ischaemia at normothermia.

Normothermia was defined as rectal temperature between 36.5 and 37.5° C. 

Moderate hypothermia was defined as rectal temperature between 31.0 and 32.0°C. 

Moderate hypothermia or normothermia was induced by adjusting the environmental 

temperature to achieve the target rectal temperature using a blanket and a lamp and 

was maintained throughout the experiment as described in Chapter 6.

7.2.2 Surgical procedure

The animals were anaesthetised with 1.0-1.5% halothane and oxygen: nitrous 

oxide (40:60) by inhalation. Respiratory rate and rectal temperature (temperature 

probe, Ellab, Copenhagen, Denmark) were continuously monitored. Laparotomy via 

midline incision was carried out. Intestinal ischaemia-reperfusion was performed by 

continuous traction (ischaemia) and removal (reperfusion) of a silicone loop slung

162



Chapter 7: The effects o f  extraluminal perfluorocarbon

around the origin of the superior mesenteric artery for the assigned duration (30 min 

ischaemia and 60 min reperfusion) as described in Chapter 6.

7.2.3 Oxygenated PFC preparation and experimental protocols

Saturation of PFC with oxygen was achieved by bubbling 100 ml of PFC 

(FC-77, 3M Fluorinert™, Minnesota, USA) with pure oxygen gas, 0.5 L/min at 

normothermia at least 20 minutes before the experiment and then throughout the 

ischaemic period. FC-77 is a member of a family of completely fluorinated organic 

compounds whose average molecular weight is 415. The solubilities of oxygen and 

carbon dioxide in FC-77 at 1 atmosphere and 25°C are 56.0 and 214.0 ml/100ml 

respectively whereas their solubilities in water are 3.2 and 80.5 ml/ 100ml only (3M 

company information). Chiba et a l (1999) showed that it took around 5-10 minutes 

to make the partial pressure of oxygen in PFC reach the plateau phase during 

bubbling the PFC with oxygen.

After postsurgical stabilisation, the animal was eviscerated. The 

animal was placed into the prone position, and the small intestine was then immersed 

into either normal saline (Groups A, B and C) or oxygenated PFC (Group D) during 

the first 30 minutes of the experiment (sham in Group A or intestinal ischaemia in 

Groups B, C and D). A special container for the solution was built in order to be able 

to control the temperature of the small intestine (Fig. 7.1). The solutions of normal 

saline or PFC were maintained at normothermia (36-38°C), except in Group C, for 

which the temperature of normal saline was maintained at moderate hypothermia 

(30-32°C) using an insulating water bath around the container. Following the first 30 

minutes, the animal was turned into the supine position. The vascular loop was
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removed to allow reperfusion. The abdomen was then closed and monitored for 

another 60 minutes. Animals were maintained at either normothermia (Groups A, B 

and D) or moderate hypothermia (Group C) throughout the experiment as 

summarised in Table 7.1.

At the end of the experiment, following the decompression of intraluminal 

contents, small intestine (10-15 cm. of ileum) was quickly removed and freeze- 

clamped. The small intestine was homogenised, extracted into perchloric acid and 

analysed using high resolution proton (^H) and phosphorus (^^P) MRS as described 

in Chapter 3. Terminal ileum (2-3 cm in length immediately next to the ileocaecal 

junction) was kept in 10% formalin for histological evaluation.

7.2.4 Data processing

Quantitative analysis of identified peaks was carried out by calculating peak 

areas relative to the internal reference (TSF for MRS and MDP for ^’P MRS) 

using the manufacturer’s deconvolution and line fitting software (VNMR, Varian 

Associates, Palo Alto, California, USA). Intestinal lactate, PCr, and ATP were 

analysed. The absolute concentrations were finally calculated in term of |imol/g wet 

weight, using the measured weight of the freeze-clamped samples.

7.2.5 Histological study

Segments of terminal ileum were stored in 10% neutral buffered formalin 

(Sigma, UK). They were embedded in paraffin and then cut into 5-)im sections. 

Paraffin sections were then stained with haematoxylin-eosin, and the sections of 

terminal ileum were evaluated under a Nikon microscope using 40x magnification.
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Using a well-established grading scheme (Farber et al. 1999), the histological 

sections were visually categorised into Grade 1 to 5 and the categories were 

confirmed later by a consultant in clinical histopathology.

Grade 1 represented normal mucosal villi.

Grade 2 represented development of mucosal slough at villous tips.

Grade 3 represented extension of the subepithelial space with the epithelial 

layer lifting up in sheets, presence of a few denuded villous tips, and mild capillary 

congestion.

Grade 4 represented denuded villi with exposed lamina propria; dilated, 

exposed capillaries with evidence of haemorrhage; and increased cellularity of the 

lamina propria.

Grade 5 represented digestion and disintegration of the lamina propria in villi 

and presence of haemorrhage and ulceration.

In addition, the histological features of muscularis propria were evaluated.

7.2.5 Statistical analyses

All data are presented as mean ± SEM p,mol/g wet weight of tissue. 

Statistical analysis was performed using one-way ANOVA with post-hoc Tukey 

comparisons. For histological study, nonparametric statistical analysis (mean score 

statistics) was used. Significant differences were established at p < 0.05. For all 

statistical analyses, SPSS software (SPSS Inc, Chicago, Illinois, USA) was used.
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7.3 Results

There was no mortality of animals during the experimental protocol. Fig. 7.2 

shows rat rectal temperature recorded every 15 min among the 4 study groups. 

During ischaemia, there was an increase in peristaltic movement in the first few 

minutes followed by adynamic ileus in all groups. The small intestine became dark in 

colour during ischaemia in Groups B and C. However, the outer surface of the small 

intestine in Group D animals looked pale and pink during the ischaemic period. 

Following reperfusion, there was no difference in gross appearance between Groups 

B and D. Visually, animals in Group C (hypothermia) showed less severe intestinal 

oedema and necrosis at the end of the experiment.

Intestinal ischaemia-reperfusion at normothermia resulted in significant 

decreases in PCr (p < 0.001) and ATP (p < 0.001) with a marked increase in lactate 

(p < 0.001) compared to sham-operated animals. Moderate hypothermia significantly 

counteracted the decrease in PCr (p = 0.003) and ATP (p = 0.009) as well as the 

increase in lactate (p < 0.001) compared to ischaemia-reperfusion at normothermia. 

The extraluminal application of oxygenated PFC decreased intestinal lactate (p 

=0.039) but produced no significant difference in PCr (p = 0.712) and ATP (p = 

0.946) when compared to ischaemia-reperfusion at normothermia (Fig. 7.3).

Histologically, animals undergoing ischaemia-reperfusion at normothermia 

(Group B) displayed villous injury manifest by broadening and destruction of villous 

tips. Animals undergoing intestinal ischaemia-reperfusion at moderate hypothermia 

had less histological injury (p = 0.001), with intestinal architecture remaining well 

preserved. The extraluminal application of oxygenated PFCs during ischaemia 

resulted in no improvement in histological scores (p = 0.063) as shown in Fig. 7.4.
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Representative histological pictures are shown in Fig. 7.5. There were no significant 

changes in muscularis propria among all groups.

7.4 Discussion

The results from this study again confirmed that moderate hypothermia did 

ameliorate intestinal energy failure following ischaemia-reperfusion, this time with 

an ischaemic period of 30 minutes. In addition, the beneficial effects of moderate 

hypothermia are further demonstrated by the histological findings of less damage 

after ischaemia-reperfusion. It is notable that, in the model of 30 min ischaemia 

followed by 60 min reperfusion, moderate hypothermia was able to counteract the 

changes in intestinal PCr, ATP and lactate levels whilst, in the model of 60 min 

ischaemia followed by 60 min reperfusion (Chapter 6), hypothermia significantly 

counteracted the changes in intestinal ATP levels but not in PCr or lactate levels, 

compared to the untreated group. Following reperfusion, the amounts of creatine 

kinase (the enzyme that synthesises PCr) and lactate dehydrogenase (which can 

convert lactate to pyruvate), released from the cytosol of the injured intestine may be 

greater in animals with the longer ischaemic time. This may explain why the 

recovery rate of high-energy phosphates during reperfusion is faster and higher with 

the shorter ischaemic time (Sato et al. 1996).

The intention of the experiments described in this chapter was to test the 

administration of oxygenated PFC as a new therapeutic option for intestinal 

ischaemia-reperfusion injury. PFCs are extremely stable and chemically inert 

compounds capable of transporting large volumes of oxygen. When equilibrated with 

100% oxygen, pure PFCs dissolve large amounts of oxygen. They dissolve and
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release gases by a passive diffusion process whenever a concentration gradient exists 

(Floyd et al. 1987). PFCs are biologically and chemically inert, have low surface 

tension with high expansion coefficient and, most important, high solubility for 

oxygen and carbon dioxide. These properties make the compounds of interest in 

relation to clinical applications for alternative oxygen delivery (Leach et al. 2000). 

The intratracheal administration of PFC liquid during continuous positive-pressure 

ventilation has been shown to improve lung function in animals with severe 

respiratory failure (Curtis et al. 1993; Major et al. 1995). Recently, in a clinical trial, 

partial liquid ventilation using oxygenated PFC has been shown to improve survival 

in infants with severe respiratory distress syndrome who were not predicted to 

survive (Leach et al. 2000). However, the use of PFC in other areas has been 

somewhat limited. Intraluminal perfusion of oxygenated PFC during intestinal 

ischaemia preserved mucosal function and integrity of the small intestine (O'Donnell 

et al. 1997). However, when the administration of PFC was extended into the 

reperfusion period, amelioration of intestinal injury was not observed (O'Donnell et 

al. 1997; Rossman et al. 1997). This may be due to excessive oxygen delivery during 

reperfusion, which may lead to overproduction of oxygen free radicals.

In this study, it has been shown that extraluminal administration of 

oxygenated PFC during intestinal ischaemia did not attenuate intestinal injury except 

for the lower lactate level compared to ischaemia-reperfusion at normothermia. 

There was no improvement in PCr and ATP levels or in histological appearance in 

the PFC group whereas moderate hypothermia resulted in significant amelioration of 

intestinal injury both biochemically and histologically.
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FC-77, the PFC used in this study, is a fully fluorinated compound and has 

been used in a number of animal studies for its ability to carry oxygen and carbon 

dioxide (Dickson et al. 1998; Sajan et al. 1999; Merz et al. 2000; Nader et al. 2000). 

Given the continuous bubbling of oxygen to the FC-77 before and during intestinal 

ischaemia, it is unlikely that the PFC was not oxygen-saturated in this study. 

Although the oxygenated PFC did not show significantly improve in intestinal 

PCr and ATP, there was a significant decrease in intestinal lactate levels, one of the 

sensitive markers for tissue ischaemia, compared to the untreated group. One study 

by another group demonstrated that, by using peritoneal lavage with oxygenated 

PFC, the elevation of serum L-lactate was reduced during intestinal ischaemia (Floyd 

et al. 1987).

From the information above, it seems that the beneficial effects of 

intraluminal oxygenated PFC are superior to those of extraluminal oxygenated PFC 

when applied during ischaemia. Under normal physiological conditions, mean 

mucosal-submucosal blood flow in the intestinal wall is two to four times greater 

than the flow in the muscular layer (Lundgren, 1989). Since extraluminal PFC 

administration delivers oxygen through serosa and muscularis propria whereas 

intraluminal PFC perfusion directly delivers oxygen through mucosa, it might be 

possible that mucosa can carry more oxygen than the muscularis propria because of 

its greater blood supply. However, it has been demonstrated that both mucosal and 

muscularis blood flow of small intestine markedly dropped during intestinal 

ischaemia (Beuk et al. 2000), and so blood flow is probably not a critical factor in 

the delivery of oxygen by PFC through the small intestine. Although there were no 

histological changes in muscularis propria, the mucosa was significantly damaged in
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animals undergoing ischaemia-reperfusion at normothermia. Therefore, it appears 

that mucosal tissue is more vulnerable to flow reduction than the muscularis propria.

It is possible that extraluminal oxygen from PFC may not be able to 

effectively diffuse through the muscular layer in order to reach the mucosa. There 

may be, however, some degree of oxygen diffusion through the intestinal wall, as 

indicated by the pale and pink colour of the serosa during ischaemia, and by the 

attenuation in lactate accumulation after reperfusion. This is probably not enough to 

attenuate the depletion in intestinal PCr and ATP levels as well as histological 

changes that follow ischaemia-reperfusion injury. The area of increase in 

oxygenation using extraluminal PFC might be confined only to the sero-muscular 

layer. Extraluminal oxygenated PFC administration may have beneficial effects in 

some situations when blood flow to the small intestine is not completely occluded 

such as haemodynamic shock and sepsis. Futher investigations are needed to test this 

hypothesis.

7.5 Conclusions

Intestinal ischaemia for 30 minutes followed by reperfusion for 60 minutes at 

normothermia resulted in significant decreases in PCr and ATP levels together with 

an increase in lactate levels. It also caused a marked injury to the intestinal mucosa. 

The attempt to use extraluminal oxygenated PFC administration during ischaemia 

failed to show an improvement in intestinal high-energy phosphates and histological 

damage although it did reduce the level of intestinal lactate. Moderate hypothermia 

ameliorated the intestinal injury resulting from ischaemia-reperfusion both 

biochemically and histologically.
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•IGURE 7.1: Diagram of extraluminal oxygenated PFC administration. The 

specially built container is made of transparent acrylic. The container was designed 

to control the temperature of the solution (PFC or normal saline), either at 

normothermia or at moderate hypothermia, using running water from the water bath. 

Inside the container, oxygen gas was delivered through a glass tube. Figs. 7.1 A and 

7. IB show the container from oblique and top views. Fig. 7.1C illustrates how the 

experiment was conducted.
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FIGURE 7.2: Rectal temperature recorded every 15 minutes from animals in all 

groups (n=8 per group). The time between -30 and 0 min is the time for induction of 

moderate hypothermia and for stabilisation of animals.
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FIGURE 7.3: Concentrations of intestinal PCr, ATP and lactate (n=8 per group) 

among the four groups. *p < 0.05 versus other groups, #p < 0.05 versus Groups B 

and D.
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FIGURE 7.4: Histological score of terminal ileum from each group. *p = 0.001. 

Grade 1 represented normal mucosal villi. Grade 2 represented development of 

mucosal slough at villous tips. Grade 3 represented extension of the subepithelial 

space with the epithelial layer lifting up in sheets, presence of a few denuded villous 

tips, and mild capillary congestion. Grade 4 represented denuded villi with exposed 

lamina propria; dilated, exposed capillaries with evidence of haemorrhage, and 

increased cellularity of the lamina propria. Grade 5 represented digestion and 

disintegration of the lamina propria in villi and presence of haemorrhage and 

ulceration.
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FIGURE 7.5: Representative histological features from each group.

0-30 min 30-90 min

G roup Position Solution Bubbling Abdomen Position Bubbling Abdomen

A Prone Saline No Open Supine No Closed

B Prone Saline No Open Supine No Closed

C Prone Saline No Open Supine No Closed

D Prone PFC Yes Open Supine No Closed

TABLE 7.1: Summary of the experimental protocol.
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8.1 Introduction

This chapter summarises the experiments in the thesis as a whole. Intestinal 

and hepatic metabolism were evaluated following intestinal ischaemia-reperfusion 

with different periods of ischaemia. The effects of moderate hypothermia on both 

intestinal and hepatic energy metabolism following intestinal reperfusion were 

examined. The possible mechanisms of moderate hypothermia were discussed. 

Finally, directions for future work were proposed.

In Chapter 1, the pathophysiology and clinical importance of intestinal 

ischaemia-reperfusion were reviewed and therapeutic strategies were described. This 

chapter provided the rationale for the studies of intestinal ischaemia-reperfusion 

reported in this thesis. In Chapter 2, the principles and relevant applications of MRS 

were introduced. Intestinal and hepatic metabolism were investigated in various 

experiments using MRS as a tool to explore the biochemical changes in both organs. 

A rat model of intestinal ischaemia-reperfusion was used throughout. The 

experiments reported in Chapters 3 and 4 showed that 90 min intestinal ischaemia 

followed by 60 min reperfusion resulted in high mortality. It also caused intestinal 

and hepatic energy failure as indicated by a significant decline in high-energy 

phosphates of small intestine and liver. Amino acid metabolism was also affected in 

both organs: intestinal glutamine, glutamate and alanine increased while hepatic 

glutamine decreased after intestinal reperfusion.

Chapter 5 describes experiments in which in vivo MRS was used to 

monitor hepatic ATP and inorganic phosphate continuously during intestinal

176



Chapter 8: Final discussion and conclusions

ischaemia-reperfusion. These experiments demonstrated the occurrence of hepatic 

energy failure during reperfusion period following 90 min intestinal ischaemia. 

Additionally, induction of moderate hypothermia (30-33°C) was found to ameliorate 

the liver energy failure and prevent early mortality, but did not attenuate intestinal 

energy failure. In Chapter 6, it was shown that moderate hypothermia did attenuate 

both intestinal and hepatic energy failure after intestinal ischaemia-reperfusion when 

the ischaemic time was shortened to 60 min. In addition, lowering body temperature 

to 32°C for 2 hours did not affect the high-energy phosphates of small intestine or 

liver in sham operated rats. In Chapter 7, the effects of extraluminal oxygenated 

perfluorocarbon administration and moderate hypothermia were described in the 

model of 30 min intestinal ischaemia followed by 60 min reperfusion. Although 

hypothermia ameliorated the energy failure and histological damage to the small 

intestine, the application of oxygenated perfluorocarbon given extraluminally during 

intestinal ischaemia failed to show any beneficial effects on intestinal energy 

metabolism, except for a decrease in intestinal lactate level.

8.2 Intestinal and hepatic metabolism after intestinal ischaemia-reperfusion

8.2.1 Intestinal metabolism

In this thesis, intestinal energy metabolism was explored in the models of 90 

min, 60 min and 30 min ischaemia followed by 60 min reperfusion as well as 90 min 

and 150 min ischaemia. Mortality occurred exclusively in the group of 90 min 

intestinal ischaemia followed by reperfusion. Therefore, the duration of ischaemia 

seems to be one of the factors affecting the severity of the insult, but this has to be
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accompanied by reperfusion. The critical time influencing the occurrence of 

mortality in this model is evidently between 60 min and 90 min intestinal ischaemia 

followed by 60 min reperfusion. This finding is consistent with the work of Sato et 

al. (1999) who found that the mortality at 36 hours after 90 min ischaemia followed 

by reperfusion is 100% whereas there was no mortality after 60 min ischaemia 

followed by reperfusion.

Since there was no difference in intestinal PCr and ATP between 90 min 

ischaemia followed by 60 min reperfusion and time-matched ischaemia, it is unlikely 

that intestinal energy failure itself is the only factor in causing the mortality. During 

intestinal reperfusion, several chemoattractants are generated and released into 

systemic circulation, which can cause neutrophil sequestration, endothelial 

dysfunction, and increased permeability in both ischaemic tissue and remote organs 

(Harward et a l 1993). The mortality during intestinal reperfusion is unlikely to be 

caused by intestinal failure alone. Nevertheless, ischaemia and ischaemia-reperfusion 

caused substantial changes in intestinal energy and amino acid metabolism,

8.2.2 Hepatic metabolism

Hepatic energy metabolism was evaluated in three models: A) 90 min 

intestinal ischaemia followed by 60 min reperfusion; B) 60 min intestinal ischaemia 

followed by followed by 60 min reperfusion; and C) 150 min intestinal ischaemia 

alone. Both models of intestinal reperfusion induced hepatic energy impairment. 

Since the mortality occurred exclusively in the model of 90 min ischaemia followed 

by reperfusion, hepatic energy failure alone may not be the cause of mortality. 

However, it is quite difficult to address the exact cause of the mortality because
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intestinal reperfusion can induce systemic inflanunatory response syndrome resulting 

in multiple organ failure including hepatic, pulmonary, cardiac and renal failure (see 

Section 1.10). Apart from hepatic energy impairment, intestinal reperfusion also 

resulted in the perturbation of hepatic glutamine metabolisms, possibly reflecting 

consumption of hepatic glutamine during intestinal reperfusion. A clinical 

implication for this finding is that the supplementation of glutamine in patients with 

intestinal ischaemia-reperfusion injury may have benefits on hepatic antioxidant and 

detoxification systems (Matilla et a i 2000). However, this hypothesis needs to be 

further investigated. The metabolic changes in the small intestine and liver during 

intestinal ischaemia-reperfusion based on the model of 90 min intestinal ischaemia 

followed by 60 min reperfusion are summarised in Table 8.1.

8.3 Moderate hypothermia and intestinal ischaemia-reperfusion

8.3.1 Moderate hypothermia ameliorates the effects of intestinal ischaemia- 

reperfusion injury

The effects of moderate hypothermia on intestinal energy metabolism were 

tested with three different ischaemic times (30 min, 60 min and 90 min) followed by 

60 min reperfusion. The plots of intestinal energy metabolites including PCr and 

ATP extracted from three different experiments in Chapters 5, 6 and 7 are shown in 

Fig. 8.1. The protective effects can be seen in the model of 30 min and 60 min 

intestinal ischaemia followed by reperfusion, but not in the model of 90 min 

intestinal ischaemia followed by reperfusion. It is controversial to address whether 

the protective effect of moderate hypothermia to the intestine is ischaemic-time
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dependent or not from statistical analysis of three separate experiments. However, 

descriptively, from Fig. 8.1, it seems that the protective effect is ischaemic-time 

dependent. Although the induction of moderate hypothermia did not significantly 

attenuate the intestinal energy failure in the model of 90 min intestinal ischaemia 

followed by 60 min reperfusion, it did prevent the early mortality.

With regard to hepatic energy metabolism, moderate hypothermia is 

protective for both 60 min and 90 min intestinal ischaemia followed by 60 min 

reperfusion. There is not enough information to state whether the protective effect on 

hepatic metabolism is ischaemic-time dependent. In addition, the protective effect to 

the liver might be secondary to the protection to the small intestine to some extent. 

Nevertheless, moderate hypothermia significantly reduces the severity of intestinal 

i schaemi a-reperfusion.

8.3.2 Cellular mechanism of moderate hypothermia

Hypothermia as a means of organ protection against and resuscitation from 

ischaemic damage has a history of more than half a century. However, extensive 

studies on the mechanisms, effects and methods of moderate hypothermia at 

temperatures not less than 30®C have been undertaken only in the last decade. In a 

model of intestinal ischaemia-reperfusion, it has been demonstrated that local 

hypothermia to the intestine reduced the mucosal permeability (Udassin et al. 1997). 

Topical hepatic hypothermia after partial hepatic ischaemia-reperfusion also 

attenuated the increase in serum TNF-a and hepatic neutrophil infiltration (Patel et 

a l 2000).

180



Chapter 8: Final discussion and conclusions

Although there have been studies on the beneficial effects of moderate 

hypothermia on the intestine, liver and mortality, only few reports have concentrated 

on the fundamental mechanisms underlying these protective effects. Most of the 

studies investigating these cellular mechanisms were conducted on the brain. 

However, the cellular mechanisms of moderate hypothermia still remain unclear. 

Because of the limited information available from studies of the intestine and the 

liver, the discussion of basic mechanisms of moderate hypothermia in this section is 

based primarily on brain research.

In hypothermic animals and animals in hibernation, metabolic rate and 

oxygen consumption are remarkably decreased at lowered temperatures (Chopp et al. 

1989; Frerichs et al. 1994; Laptook et al. 1995; Cordoba et al. 1999). The rates of 

glycolysis and fatty acid oxidation drop significantly (Belke et al. 1997). In a general 

sense, this may explain the increased resistance of intestinal and hepatic tissues to 

ischaemia-reperfusion damage as temperature is lowered. Oxygen and glucose 

demand may be lower than the supply during hypothermia.

However, some findings argue against moderate hypothermia acting mainly 

by reducing the metabolic rate. It has been reported that mild hypothermia could 

limit the size of cerebral infarcts in rats despite depletion of high-energy phosphates 

(Xue et al. 1992). Cerebral oxygen consumption drops by 5-8% for each 1°C drop in 

brain temperature (Barone et al. 1997). The small decrease in oxygen consumption 

due to mild hypothermia cannot explain the ability to save the cells, as the oxygen 

reserves would still be rapidly consumed in the ischaemic state. Therefore, it is 

probable that the cellular protection afforded by mild to moderate hypothermia is 

partly, but not primarily, due to a reduction in metabolic activity.
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An excessive intracellular accumulation of calcium has also been implicated 

as playing a pivotal role in ischaemia-induced cell death. Calcium ions regulate many 

important enzyme systems through phosphorylation, such as phospholipase A% and 

phospholipase C. The activation of phospholipase results in the production of 

leukotriene B 4 , which is a potent chemoattractant. In addition, protein kinase C, a 

calcium-dependent enzyme, also plays an important part in several cell functions 

including gene expression (Maher and Hachinski, 1993). Thus, hypothermia may act 

by inhibiting many calcium-mediated effects and preventing the inactivation of 

important calcium-dependent enzyme systems.

In the cell nuclei of ischaemic tissue, dramatic changes develop in certain 

genes. A growing body of evidence indicates that many different kinds of 

transcriptional factors encoded by the immediate early genes such as the Fos and Jun 

families are induced in brain tissue after ischaemic insults (Macmanus and Linnik, 

1997). In addition, it has been reported that reperfusion of the ischaemic intestine 

activates both nuclear factor kB (NF-kB) and activator protein-1 (AP-1) together 

with an activation of various transcriptional factors including c-fos, neurotensin, and 

H ferritin (Yeh et a l 2001). Some of the genes that are activated during ischaemia 

are likely to be involved in accelerating or protecting against the mechanisms of cell 

death (reviewed by Macmanus and Linnik, 1997). It has been reported recently that 

hypothermic stress can induce the expression of heat shock proteins (Ning et a l 

1999), which have been shown to have protective effects against intestinal 

ischaemia-reperfusion injury (Chen et a l 1997). However, this observation appears 

inconsistent with the observation that, in a model of cerebral ischaemia, mild 

hypothermia had protective effects but reduced the expression of heat shock protein
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mRNA (Mancuso et al. 2000). Hypothermia might therefore alter the induction of 

immediate early genes, and influence upregulated cytokine expression and the 

inflammatory process. It has been demonstrated that moderate hypothermia 

attenuates adhering leukocytes in venules and arterioles after reperfusion, which may 

be an important factor in the protective effect of hypothermia (Ishikawa et al. 1999).

At the present time, induction of moderate hypothermia has been considered 

as a potential treatment for birth asphyxia (Edwards et al. 1998) and brain oedema 

associated with liver failure (Traber et al. 1989; Jalan et al. 1999). Studies on stroke 

models showed promising results even when hypothermia was applied during 

reperfusion period only (Colboume et al. 2000; Corbett et al. 2000). In addition, a 

study in neonatal piglets showed that mild hypothermia following cerebral ischaemia 

was not associated with an increased incidence of histological damage to the heart, 

lungs, kidneys, intestine and liver as feared (Amess et al. 1998). In a rat model of 

haemorrhagic shock, the survival time was prolonged by mild to moderate 

hypothermia (Takasu et al. 2000). A small randomised controlled trial in patients 

with head trauma showed an improvement in survival and less neurological deficits 

in patients kept at 34°C (Marion et al. 1997). However, a subsequent randomised 

controlled trial of more than 300 patients recently reported that moderate 

hypothermia is not effective in patients with acute brain injury when moderate 

hypothermia is induced 6  hours after the injury (Clifton et al. 2001).
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8.4 Future work

The research described in this thesis revealed biochemical changes in the 

small intestine and liver during intestinal ischaemia-reperfusion. It also examined the 

possibility of using moderate hypothermia as a potential therapeutic intervention. 

However, more work is needed in order to further understand the pathophysiology of 

these phenomena. There are at least three research directions which are worth 

pursuing with this model. Firstly, the underlying pathophysiology can be investigated 

in more detail at the molecular level. For example, studies of gene expression of 

various cytokines and the expression of adhesion molecules in activated neutrophils 

might be able to address fundamental questions about the downstream target gene 

activation and cellular signalling pathways. In addition, transgenic or knock-out 

animals will have important roles in helping to identify specific genes or mediators 

involving in reperfusion injury. Also the study of hepatic glutamine pathways during 

intestinal reperfusion might have clinical implications in treating patients with this 

condition. Generally, glutamine can be a precursor for glutathione synthesis, 

intermediates in tricarboxylic acid cycle, and gluconeogenesis. Glutamine 

supplementation may prevent hepatic energy impairment during intestinal 

reperfusion.

Secondly, further studies on moderate hypothermia may finally result in 

information that could provide the basis for a clinical trial. In this respect, studies of 

the effects of moderate hypothermia given only during the reperfusion phase should 

be particularly interesting. If post-ischaemic hypothermia shows any benefits to 

intestinal or hepatic metabolism, the value of moderate hypothermia as a potential 

therapeutic strategy will increase significantly. In addition, the study of the cellular
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response to the induction of moderate hypothermia is also helpful in understanding 

the protective mechanisms of hypothermia. This may lead to the development of 

protective agents that induce cellular responses similar to those of hypothermia.

Finally, there are a number of potential developments based on the use of 

additional MR techniques. For example, using a dual phase extraction technique, 

both lipid-soluble and water-soluble metabolites can be detected, thereby providing 

another way of investigating the biochemical pathways of membrane metabolism. 

Two-dimensional MRS of tissue extracts may reveal more metabolites that play 

important roles in this model. Moreover, the application of functional MRI as a non- 

invasive tool to evaluate the changes in hepatic oxygenation and haemodynamics 

may open a new exciting area of investigation.
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8.5 Conclusions

The experiments described in this thesis showed that intestinal ischaemia- 

reperfusion perturbs intestinal and hepatic energy metabolism. Intestinal reperfusion 

is the critical step causing impairment of hepatic metabolism and mortality. 

Moderate hypothermia significantly reduces the severity of intestinal ischaemia- 

reperfusion. Although the mechanisms of the protective effects of hypothermia 

remain unclear, it significantly ameliorates the severity of intestinal reperfusion 

injury to both small intestine and liver. Locally, the protective effects of hypothermia 

are likely to be ischaemic-time dependent. Many more studies in this field can be 

envisaged, including investigations of the underlying pathophysiology at the 

molecular level, the continuation of moderate hypothermia studies to provide the 

basis for setting up a clinical trial, and the development of further MR techniques 

with which to study this model. Although observations made in small experimental 

animals such as rats may not be directly applicable to larger animal models or 

clinical situations, it is hoped that such observations will lead to further insights into 

the underlying pathophysiology in patients with intestinal ischaemia-reperfusion, and 

to future possibilities for the clinical application of moderate hypothermia.
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FIGURE 8.1: Intestinal PCr and ATP after ischaemia-reperfusion at three different 

ischaemic times, n=6-8 per group. Data are expressed as mean ± SEM. The asterisks 

(*) are where significant differences between ischaemia-reperfusion at normothermia 

and moderate hypothermia were demonstrated in Chapters 5, 6 and 7.
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Chapter 8: Final discussion and conclusions

90 min Intestinal ischaemia 60 min Intestinal reperfusion

Intestine Energy metabolites 
i  PCr, ATP, glucose 
Î  Pi, lactate, succinate

Amino acids
T glutamine, glutamate, alanine

Energy metabolites 
No recovery of PCr, ATP, Pi 
Partial recovery of glucose, 
succinate, lactate and amino acids

Liver Energy metabolites 
No change

Amino acids 
No change

Energy metabolites 
i  ATP, T Pi, lactate, succinate

Amino acids 
•I Glutamine,
T Glutamate, alanine

TABLE 8.1: Summary of metabolic changes in the small intestine and liver 

following intestinal ischaemia-reperfusion based on the model of 90 min ischaemia 

followed by 60 min reperfusion.
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Appendix 1: Surgical procedure

Male Sprague-Dawley rats weighing between 200-300 g were used 

throughout. The animal model in this thesis was considered to be representative of 

various conditions, not of any specific disease. Adult animals were chosen in this 

model because intestinal ischaemia-reperfusion injury can occur from the neonatal 

period (necrotising enterocolitis) through the adult period (acute mesenteric arterial 

occlusion). In addition, the surgical technique of the mature rat model is not difficult 

and is widely accepted. The anaesthetic of choice is halothane together with oxygen 

and nitrous oxide (ratio 40:60), continuously administered by a nose cone. This 

technique is simple and safe. The advantages are that the level of anaesthesia is 

constant and the adjustment of the anaesthetic agents can be done remotely, which is 

necessary when the animal is in the magnet. Rectal temperature and 

electrocardiogram are monitored throughout the experiment. Surgery is performed 

without assistance in clean non-sterile conditions. Neither magnification nor peri

operative intravenous fluid is essential.

Occlusion and de-occlusion of superior mesenteric artery

The upper abdomen is entered through a midline incision. Lateral retraction 

allows excellent inspection. Downward traction by draping the intestine with a moist 

towel out and to the right of the abdomen provides excellent exposure to the superior 

mesenteric artery (SMA). The artery originates from the abdominal aorta and is 

situated just superior to the left renal vein. In order to occlude the SMA, the artery is 

dissected and slung by a 1 mm silicone loop (Surg-I-Loop, Scanlan, Minnesota, 

USA). The operation from the induction of anaesthesia until the identification of the 

superior mesenteric artery normally takes about 2 0  minutes.
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The occlusion of the superior mesenteric artery is carried out either by a non

magnetic vascular clip (Chapters 3, 4, and 5) or continuous traction of a vascular 

sling (Chapters 6  and 7) around the artery. The abdomen is closed during intestinal 

ischaemia or reperfusion in order to maintain the temperature of the intestine the 

same as the body temperature. After the assigned duration of intestinal ischaemia, the 

abdomen is then reopened and the occlusion of the artery is relieved. The 

establishment of reperfusion was confirmed by visualising the return of the pulsation 

distal to the occlusion and the change in colour of the intestine. Then the abdominal 

wall is closed again until the end of the experiment. More than 70 animals underwent 

intestinal reperfusion in the studies described in this thesis, and the technique 

resulted in reperfusion in every case.

Liver

aecum
t:

SMA

Laparotomy exploration of the abdomen (A) and the identification of the superior 

mesenteric artery (B).
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Appendix 2: Transonic flow system (from http://www.transonic.com)

Transonic flowmeters are not laser doppler flowmeters. Instead they operate 

on the principle of transit time. Transonic flowmeters give a genuine volumetric 

flow measurement - not an estimate based on a velocity/diameter calculation. Using 

wide-beam illumination, two transducers pass ultrasonic signals back and forth, 

alternately intersecting the flowing liquid in the upstream and downstream directions 

as shown in the Figure below. The speed of the ultrasound is affected by the flow of 

liquid passing through the 'accoustic window' of the flowprobe. The flowmeter 

derives an accurate measure of the 'transit-time' it took the wave of ultrasound to 

travel from one transducer to the other. The difference between the upstream and 

downstream integrated transit times is a measure of volume flow.

fla flac to r

T ra n sd u c e r T ransducer

A transonic perivascular flowprobe consists of a probe body which houses ultrasonic 

transducers and a fixed acoustic reflector as shown above. The transducers are 

positioned on one side of the vessel or tube under study and the reflector is 

positioned midway between the two transducers on the opposite side of the vessel. 

The flowmeter's electronic ultrasonic circuitry directs a flowprobe through an 

upstream and a downstream measurement cycle.
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Appendix 3: Peak assignments

Assignments for some of the major resonances seen in the and MR 

spectra of rat intestinal or liver extracts in % 0  at pH 7.010.2 and 25°C.

MRS, the TSP peak (CHsjs is set at 0 ppm

Compound Group Shift (ppm) Multiplicity

a-D-glucose aCH 5.23 doublet

Succinate (CH2 )2 2.40 singlet

Lactate CHs 1.33 doublet

Glutamine 7 CH2 2.46 multiplet

Glutamate 7 CH2 2.35 multiplet

Alanine CH3 1.48 doublet

31P MRS (the PCr peak is set at 0 ppm)

Compound Shift (ppm) Multiplicity

PCr 0 singlet

y-a t p -2.5 doublet

a-ATP -7.5 doublet

p-ATP -18 triplet

P-ADP -2.75 doublet

a-ADP -7.25 doublet

Pi 4.7-5.3 singlet
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Appendix 4: Statistical analysis

Analysis of variance (ANOVA) with multiple post-hoc comparisons was 

mainly used in this thesis based on the assumption that the data (metabolite 

concentrations) are sampled from Gaussian populations. Although all data in this 

thesis passed the normality test (Komogorov-Smimoff test), it has limited usefulness 

in deciding whether standard parametric or nonparametric tests should be performed 

when the sample size is small. The normality test only works well with large sample 

size, i.e. several dozens in each group (Multulsky, 1995a). However, nonparametric 

tests lack statistical power with small samples. If the data do come from a Gaussian 

distribution, the p  value from the nonparametric test will be too high (Motulsky, 

1995a). With small sample size, the nonparametric test may not be powerful enough 

to detect the existing differences (type II error). In addition, most reports from high 

impact-factor journals used parametric tests to deal with this type of data (metabolite 

concentrations of tissue samples). Provided that the data have no obvious 

contraindications such as the presence of outliers, and the data are a rank or a score, 

parametric tests can safely be used (Kinnear and Gray, 1999). Therefore, in order to 

be able to compare the results with studies from other groups, parametric tests were 

chosen in this thesis, except for the histological study in Chapter 7 for which a 

nonparametric test was used.

The Analysis o f variance (ANOVA) (Wallenstein et al. 1980)

The ANOVA partitions the total variability in the experiment (the total sum 

of squares) into components (sums of squares) due to between-treatment and within- 

treatment variability. These sums of squares are then both divided by the appropriate 

degrees of freedom to yield a mean square between groups and a mean square within
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groups. The latter mean square is an average of the variances within each of the 

groups and is a measure of biological variability (variance is the square of standard 

deviation). The ratio of the mean square between groups and the mean square within 

groups, the F-statistic or F-ratio:

F = variance between groups/variance within groups 

If the F-value is larger than the appropriate critical value (which depends on 

the degree of freedom), it is unlikely that the observed differences are due to chance 

alone, and therefore the differences are statistically significant. The ANOVA 

assumes that the measurements are obtained under independent conditions, and that 

the data are sampled from Gaussian populations.

Simultaneous multiple post-hoc comparison procedures control the error rate 

associated with an entire set of comparisons rather than the error rate for each 

comparison (Wallenstein et al. 1980). Three methods are commonly used for 

comparing all pairs of means; Bonferroni, Tukey, and Student-Newman-Keuls. The 

Bonferroni test is well known and relatively easy to understand, but it generates 

confidence intervals that are too wide and its power is too low. The Tukey and 

Student-Newman-Keuls tests are related, and report identical results. With other 

comparisons, Tukey’s method is more conservative but may miss real differences. 

The Student-Newman-Keuls method is more powerful but may mistakenly find 

significant differences. Statisticians do not agree about which one to use (Motulsky, 

1995b). However, it is recommended that the Tukey test is best suited to the case for 

which all pairwise comparisons are of interest, and Bonferroni is best suited for a 

small number of preplanned comparisons (Wallenstein et at. 1980).
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Appendix 5: Chemicals

Appendix

Chemicals Source

TSP Goss Scientific, Essex, UK

Goss Scientific, Essex, UK

MDP Sigma, UK

PCr Sigma, UK

Glucose Sigma, UK

Succinate Sigma, UK

Lactate Sigma, UK

Glutamine Sigma, UK

Glutamate Sigma, UK

Alanine Sigma, UK
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Appendix 6: MRUI (adapted from http://mrui-web.uab.es)

MRUI (Magnetic Resonance User Interface) is a graphical interface for the 

easy processing of in vivo MR data in the time domain. All processing is carried out 

with the FID (the time domain signal) avoiding all limitations associated with 

Fourier Transformation (FT) methodologies. It is a graphical interface to several 

programs for processing Magnetic Resonance (MR) spectra in the time-domain, 

which is specially designed for dealing with in vivo MR spectra obtained in low-field 

MR spectrometers.

Parameter estimation of MR Spectroscopy data can be carried out either in 

the time domain or in the frequency domain. Time domain methods carry out 

operations directly on the measured FID or spin-echo signal whereas frequency 

domain methods process the Fourier spectrum of the original signal. Distortions of 

the FT spectrum due to imperfections in the measured time domain signal can cause 

problems for frequency domain analysis methods. Quickly decaying signals (i.e. 

short relaxation times) from immobile compounds or instrument switching can give 

rise to broad background features in the FT spectrum, which underlie the resonances 

of interest, and lead to an overestimation of those areas, if careful precautions are not 

taken. Baseline correction methods exist, but introduce more approximations, 

possible operator dependencies and require extra processing time. These problems 

can be handled with less approximations and assumptions using time domain 

analysis, the biggest advantage being that the raw data are processed without any pre

processing steps, such as windowing, apodisation, deconvolution, baseline correction 

and phasing. For all of these reasons, many time domain signal processing methods
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are implemented in the MRUI package. However, the FT spectrum still serves as an 

invaluable tool for interpreting the data and quantification.

The MRUI software is a Matlab based Graphical User Interface to Fortran 

based MRS signal processing algorithms. Data file conversion is available for the 

major medical NMR spectrometer manufacturers including GE, Philips, Siemens, 

Varian, Bruker, SMIS. All programs can be mn in automatic batch mode (numbered 

series of data files), using the same processing parameters. For instance, this would 

save an MR spectroscopist the burden of having to process the large number of FIDs 

recorded in time-course experiments. AMARES (Advanced Method for Accurate, 

Robust and Efficient Spectral), used in this thesis, is one of the programs that 

quantifies the peak areas of in vivo MRS data as shown below. AMARES is 

implemented within MRUI to facilitate use of sophisticated spectral analysis.

From bottom to top: the FT spectrum of the original signal, the individual 

Lorentzians and the residual, which is the difference between the original signal and 

the reconstructed signal.
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Appendix 7: VNMR Version 6.1 Software

The VNMR software allows the deconvolution of observed spectra into 

individual Lorentzian and/or Gaussian lines. Up to 2048 data points from an 

expansion of an experimental spectrum can be deconvoluted at one time, and up to 

25 lines can be fitted to this section of the observed spectmm. For each line, the line 

shape can be defined to be Lorentzian, Gaussian, or a combination of both. The 

following parameters are available for each line: Frequency (in Hz) of line, intensity 

of line, linewidth (in Hz) at half-height of line and Gaussian fraction of line (from 

0.0 or completely Lorentzian to 1.0 or completely Gaussian). All parameters can be 

fitted at the same time, or selected parameters can be removed from the fit. In 

addition, a linear baseline correction is always added to the fit to avoid large errors 

produced by baseline offsets (Welch et al. 1997). VNMR is used in this thesis to 

quantify the peak areas of MRS data from tissue extracts.

—  1  O  —  JL 2

The FT spectrum of the original MR signal of a rat liver extract (bottom) and the

Lorentzian lines that are fitted by VNMR (top).
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Appendix 8

Data of results from Chapter 3 to Chapter 7

Chapter 3

Table of data (peak heights, arbitrary unit) for Fig. 3.3

Repetition time 

(seconds)

MDP Pi PCr ADP ATP

0.0 0 . 0 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0

0.1 104.74 85.64 13.32 8.27 9.45
0.25 143.07 110.31 18.46 12.45 20.56
0.5 152.61 122.7 21.46 15.70 27.28

0.75 162.19 129.86 23.15 17.89 28.07
1.0 166.1 132.58 24.97 19.65 29.95
1.5 170.25 137.7 25.85 21.06 32.07
2.0 173.82 127.55 31.03 20.28 32.18
3.0 170.89 131.46 31.69 20.38 33.81
4.0 173.38 131.41 36.34 20.60 33.88
6.0 172.16 130.26 33.63 20.37 33.16
10.0 168.72 132.8 31.91 21.53 34.59
18.0 168.1 123.82 34.21 20.53 34.09
25.0 166.95 144.97 24.93 22.67 34.15
32.0 167.58 141.53 28.36 21.26 33.47

Table of data (pmol/g wet weight, mean ± SEM, n = 10-12/group) for Fig. 3.6

Metabolites Group A Group B Group C Group D

Glucose 1.07±0.14 0.29+0.12 0.35+0.08 0.88+0.14

Succinate 0 .2 1 ±0 . 0 2 1.18+0.12 0.67+0.06 0.39+0.05

Lactate 2 .1 2 +0 . 2 2 18.88±1.41 12.71+1.05 9.63+0.84

Table of data (pmol/g wet weight, mean ± SEM, n = 10-12/group) for Fig. 3.7

Metabolites Group A Group B Group C Group D

PCr 0.85+0.08 0.10+0.03 0.18+0.03 0.13+0.03

ATP 1.12+0.13 0.08+0.04 0.17+0.06 0.15+0.04

ADP 0.55+0.19 0.15+0.04 0.17+0.04 0.19+0.03

Pi 2.64+0.25 4.46+0.24 5.50+0.46 5.60+0.49
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Table o f data (|Limol/g wet weight, mean ±  SEM, n = 10-12/group) for Fig. 3.8

Metabolites Group A Group B Group C Group D

Alanine 1.29±0.06 6.49+0.46 5.83+0.42 5.02+0.41

Glutamine 0.65±0.04 2.29±0.19 1.74+0.18 1.52+0.14

Glutamate 2 .1 2 +0 . 1 0 7.32+0.53 5.19+0.58 3.99+0.40

Chapter 4

Table of data (|imol/g wet weight, mean ± SEM, n = 11-12/group) for Fig. 4.2

Metabolites Group A Group B Group C

Glucose 3.15+0.43 4.01+0.66 2.95+1.97

Succinate 0.43+0.02 0.44+0.05 0.67+0.29

Lactate 1.17+0.13 1.38+0.17 2.65+1.44

Table of data (|xmol/g wet weight, mean ± SEM, n = 11-12/group) for Fig. 4.3

Metabolites Group A Group B Group C

Glutamine 4.03+0.22 3.17+0.27 1.62+0.09

Glutamate 0.99+0.06 1.03+0.08 1.43+0.11

Alanine 0.78+0.14 0.73+0.09 2.14+0.45

Table of data ((xmol/g wet weight, mean ± SEM, n = 11-12/group) for Fig. 4.5

Metabolites Group A Group B Group C

ATP 1 .8 8 +0 . 1 0 2.02+0.23 0.92+0.19

ADP 1.37+0.10 1.65+0.19 1.28+0.16

Pi 4.75+0.45 5.71+0.60 8.91+0.97
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Chapter 5

Table o f data (Pi/p-ATP ratios, n = 6/group) for Fig. 5.4

Time Group A Group B Group C Group D

(min) Mean SEM Mean SEM Mean SEM Mean SEM

54.0 0.57 0.06 0.55 0.05 0.67 0.09 0.46 0.08
58.0 0.54 0.05 0.41 0.08 0.65 0.07 0.52 0.05
62.0 0.69 0.09 0.59 0 . 1 2 0.59 0 . 1 2 0.55 0.06
66.0 0.56 0 . 1 1 0.59 0.18 0.61 0.04 0.67 0 . 1 0

70.0 0.58 0.06 0.49 0.07 0.65 0.07 0.55 0.15
74.0 0.58 0.04 0.40 0.04 0 . 6 6 0.07 0.55 0.05
78.0 0.69 0.07 0.42 0.06 0.59 0.05 0.61 0.13
82.0 0.61 0.07 0.39 0.05 0.70 0.09 0.48 0.08
86.0 0.57 0.07 0.49 0.08 0.65 0.04 0.52 0.05
90.0 0.43 0.05 0.50 0.07 0.56 0.08 0.52 0.05
94.0 0.60 0.08 0.46 0.06 0.82 0.19 0.53 0.08
98.0 0 . 6 8 0.09 0.42 0.05 0.77 0.19 0.49 0.06
102.0 0.54 0.03 0.51 0.03 1.14 0.30 0.49 0.03
106.0 0.61 0.05 0.58 0.06 0.90 0 . 2 1 0.52 0.03
110.0 0.47 0.08 0.48 0 . 1 1 0.84 0.24 0.59 0 . 1 0

114.0 0.62 0.08 0.62 0.08 0.99 0 . 1 0 0.69 0 . 1 2

118.0 0.63 0 . 1 0 0.63 0 . 1 2 1 . 0 2 0 . 1 2 0.53 0.09
122.0 0 . 6 6 0.05 0.49 0.03 1 . 2 0 0 . 1 2 0.59 0.05
126.0 0.61 0.07 0.72 0 . 1 0 1.09 0 . 1 2 0.69 0 . 1 0

130.0 0.65 0.07 0 . 6 8 0.16 1.06 0 . 1 0 0.56 0.07
134.0 0.71 0.13 0.55 0.07 1.13 0 . 1 2 0.63 0.05
138.0 0.57 0.09 0.59 0 . 1 1 1.42 0.14 0.59 0.07
142.0 0.61 0.09 0.67 0.18 1.28 0.16 0.78 0.13
146.0 0 . 6 8 0.07 0.78 0 . 2 0 1.51 0.23 0.61 0.13
150.0 0.56 0.05 0.77 0.28 1 . 6 8 0.18 0.71 0.07
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Table o f data (the slopes o f the trend lines, mean ±  SEM, n = 6/group) for Fig. 5.4

Time Group A Group B Group C Group D

(min) (xlO") (xlO") (xlO-^) (xlO^)

50-90 -1.64±1.26 -0.63±1.08 -0.47±0.51 3.67±3.59

90-150 0.59±0.35 1.85±1.59 5.63±0.98* 1.3010.68

Table of data (pmol/g wet weight, mean ± SEM, n = 5-6/group) for Fig. 5.5

Metabolites Group A Group B Group C Group D

ATP 1.9610.21 1.5410.20 0.4510.06 1.6410.26

ADP 1.3610.17 1.3610.22 0.9310.11 1.4610.14

Lactate 1.3710.10 1.1410.28 3.5610.49 2.0610.63

Pi 4.5410.95 5.0010.87 8.2310.93 5.8510.33

Table of data (p,mol/g wet weight, mean ± SEM, n = 5-6/group) for Fig. 5.6

Metabolites Group A Group B Group C Group D

PCr 0.7210.10 0.1510.06 0.1510.04 0.2110.03

ATP 0.9110.17 0.1510.06 0.1610.06 0.3310.12

ADP 0.4710.02 0.1310.03 0.1610.04 0.2110.04

Pi 2.2810.40 6.2810.83 5.4110.82 3.7210.27

Lactate 2.4310.26 12.0511.33 11.5510.99 9.4610.76
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Table o f data (rectal temperature, °C , n = 6/group) for Fig. 5.7

Time Group 1 Group 2 Group 3

(min) Mean SEM Mean SEM Mean SEM

-30.0 36.22 0.38
-15.0 34.72 0.31

0 . 0 37.12 0.25 36.93 0.18 33.65 0.27
15.0 36.97 0 . 2 1 36.58 0.23 33.12 0.17
30.0 36.57 0.25 36.03 0.16 32.93 0.18
45.0 36.38 0 . 2 2 36.03 0.09 32.67 0.16
60.0 36.32 0.24 36.10 0 . 1 2 32.38 0 . 2 1

75.0 36.32 0.18 36.28 0.18 32.27 0 . 2 1

90.0 36.37 0.16 36.40 0 . 2 2 32.05 0.25
105.0 36.35 0 . 1 2 36.62 0 . 2 0 31.90 0.25
1 2 0 . 0 36.28 0.13 36.78 0.19 31.75 0.26
135.0 36.33 0.14 37.02 0.17 31.50 0.28
150.0 36.38 0.17 37.15 0.17 31.28 0.33
165.0 36.52 0.18 37.38 0.26 31.18 0.34
180.0 36.58 0.18 37.05 0.40 30.93 0.35
195.0 36.58 0.18 37.10 0.40 30.90 0.29
2 1 0 . 0 36.65 0.23 37.05 0.35 30.85 0.28
225.0 36.72 0.26 36.80 0 . 0 0 30.82 0.28
240.0 36.75 0.30 37.30 0 . 0 0 30.87 0.29
255.0 36.60 0 . 2 1 30.90 0.30
270.0 36.62 0 . 2 1 30.97 0.29
285.0 36.51 0.15 31.03 0.37
300.0 36.55 0.15 31.10 0.32
315.0 36.48 0 . 1 1 31.08 0.32
330.0 36.48 0.16 31.32 0.36
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Table o f data (Pi/p-ATP ratios and pHj, n = 6/group) for Fig. 5.9

Time Group 1 

(Pi/ATP)

Group 1

(pHi)

Group 3 

(Pi/ATP)

Group 3 

(pHi)

(min) Mean SEM Mean SEM Mean SEM Mean SEM

54.0 0.48 0.03 7.18 0.07 0.54 0.07 7.10 0.17
58.0 0.50 0.07 7.15 0.06 0.56 0.09 7.20 0 . 1 1

62.0 0.47 0.05 7.15 0.05 0.65 0.07 7.18 0.07
66.0 0.53 0.04 7.17 0.06 0.63 0.06 7.13 0.13
70.0 0.47 0.03 7.15 0.08 0.70 0.04 7.20 0.06
74.0 0.49 0.06 7.12 0.09 0.63 0.06 7.16 0.08
78.0 0.48 0.05 7.16 0.07 0.59 0 . 1 0 7.12 0.06
82.0 0.47 0.04 7.06 0.05 0.63 0.06 7.00 0 . 1 0

86.0 0.50 0.03 7.14 0.07 0.60 0 . 0 2 7.12 0.06
90.0 0.53 0.05 7.22 0.08 0.64 0.05 7.09 0.09
94.0 0.51 0.05 7.18 0.08 0.71 0.04 7.06 0.06
98.0 0.51 0.05 7.19 0.07 0.65 0.07 7.17 0.07
102.0 0.53 0.05 7.28 0.07 0.59 0.07 7.06 0.08
106.0 0.50 0.05 7.20 0.05 0.56 0.06 7.07 0.07
110.0 0.57 0.05 7.19 0.04 0.60 0.05 7.09 0.05
114.0 0.50 0.07 7.16 0.08 0.63 0.08 7.08 0.08
118.0 0.56 0.07 7.17 0.05 0.61 0.07 7.00 0.07
122.0 0.57 0.05 7.20 0.06 0 . 6 8 0.08 7.07 0.07
126.0 0.50 0.09 7.24 0.07 0.57 0.07 7.05 0.06
130.0 0.49 0.06 7.21 0.08 0.73 0.08 7.05 0.04
134.0 0.52 0.08 7.19 0.05 0.69 0.07 7.08 0.05
138.0 0.44 0.07 7.20 0.06 0.63 0.06 7.08 0.05
142.0 0.58 0.07 7.22 0.05 0.64 0.06 7.20 0.06
146.0 0.54 0.09 7.23 0.03 0.67 0.07 7.07 0.04
150.0 0.58 0.06 7.18 0.04 0.72 0.08 7.11 0.06
154.0 0.46 0.08 7.12 0.05 0 . 6 6 0.08 7.11 0.08
158.0 0.44 0.05 7.25 0.08 0.69 0.09 7.11 0.06
162.0 0.53 0.05 7.16 0.06 0.69 0.15 7.00 0.06
166.0 0.49 0.03 7.14 0.07 0.69 0.08 7.11 0.09
170.0 0.43 0.09 7.20 0.07 0.72 0.08 7.12 0.06
174.0 0.51 0.05 7.15 0.04 0.69 0.09 7.09 0.06
178.0 0.47 0.07 7.19 0.07 0.74 0.04 7.04 0.06
182.0 0.47 0.06 7.17 0.06 0.74 0.05 7.11 0.04
186.0 0.43 0.05 7.22 0.07 0.73 0.06 7.13 0.07
190.0 0.51 0.05 7.19 0.04 0.71 0.07 7.06 0.06
194.0 0.48 0.05 7.22 0 . 0 2 0.83 0 . 1 1 7.06 0.05
198.0 0.48 0.07 7.26 0.03 0.76 0 . 1 0 7.01 0.08
202.0 0.53 0.05 7.14 0.07 0.78 0 . 1 1 7.02 0.04
206.0 0.53 0.06 7.09 0.04 0.74 0 . 1 0 7.10 0.08
210.0 0.49 0.07 7.14 0.04 0.80 0 . 1 2 7.05 0.07
214.0 0.52 0.05 7.17 0.06 0.87 0.16 7.05 0.08
218.0 0.48 0 . 0 2 7.15 0.07 0.96 0.18 7.02 0.08
222.0 0.55 0.06 7.14 0.06 0.94 0.16 7.07 0 . 1 0
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226.0 0.48 0.09 7.15 0.07 1.04 0.23 7.06 0.08
230.0 0.55 0 . 1 0 7.19 0.07 0.99 0.17 7.01 0.06
234.0 0.53 0.07 7.17 0.09 0.85 0.13 7.08 0.07
238.0 0.56 0.05 7.20 0.07 1.06 0.15 7.02 0.09
242.0 0.49 0 . 1 0 7.14 0.08 1.18 0 . 2 1 6.99 0.06
246.0 0.54 0 . 1 2 7.11 0.09 1 . 2 1 0.26 7.04 0.06
250.0 0.51 0.04 7.19 0.05 1.16 0.28 7.05 0 . 1 0

254.0 0.42 0.04 7.09 0.08 1 . 2 1 0.26 6.98 0.06
258.0 0.46 0.07 7.16 0.04 1.33 0.36 7.16 0.08
262.0 0.47 0.05 7.05 0.05 1.33 0.41 7.06 0.07
266.0 0.52 0 . 1 1 7.14 0.05 1.39 0.46 7.11 0.05
270.0 0.55 0.09 7.15 0.08 1.35 0.47 7.10 0.04
274.0 0.54 0.06 7.17 0.07 1.46 0.60 7.12 0 . 1 0

278.0 0.48 0.08 7.12 0.09 1.57 0.67 7.15 0.08
282.0 0.51 0.08 7.11 0.09 1.53 0.52 7.15 0 . 1 0

286.0 0.58 0.15 7.15 0.07 0.97 0 . 1 0 7.13 0.07
290.0 0.54 0 . 1 2 7.09 0.07 1 . 0 2 0.17 7.16 0.06
294.0 0.58 0 . 1 1 7.13 0.09 1.16 0 . 2 0 7.10 0.06
298.0 0.48 0.04 7.11 0.08 1.37 0.29 7.05 0 . 1 0

302.0 0.58 0 . 1 0 7.17 0.05 1.18 0.17 7.06 0.05
306.0 0.59 0.17 7.13 0.07 1 . 2 1 0.14 7.17 0.08
310.0 0.60 0.13 7.15 0.06 1.24 0.19 7.15 0.04
314.0 0.59 0 . 1 1 7.16 0.06 1 . 1 1 0.16 6.97 0 . 1 2

318.0 0.53 0.09 7.06 0.08 1.37 0.19 7.14 0.09
322.0 0.61 0.15 7.12 0.09 1.59 0.27 7.20 0.03
326.0 0.63 0.15 7.14 0.07 1.49 0.31 7.08 0.05
330.0 0.65 0.23 7.11 0.04 1.45 0 . 2 2 7.13 0.09
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Table of data (Pi/p-ATP ratios and pH,, n = 6 /group) for Fig. 5.10 (the data of 

Groups 1 and 3 are similar to the table above).

Time Group 2 

(Pi/ATP)

Group 2 

(pHi)

(min) Mean SEM Mean SEM

54.0 0.64 0.09 7.31 0.04
58.0 0.65 0.09 7.31 0.07
62.0 0.60 0.04 7.30 0.06
66.0 0.62 0.03 7.23 0.07
70.0 0 . 6 8 0.06 7.25 0.07
74.0 0.63 0.04 7.31 0.07
78.0 0.61 0.05 7.22 0.03
82.0 0.65 0.07 7.32 0.04
86.0 0.65 0.04 7.26 0.07
90.0 0.64 0.05 7.23 0.07
94.0 0.77 0.09 7.21 0.06
98.0 0.77 0.13 7.23 0.07
102.0 0.87 0 . 2 0 7.16 0.09
106.0 1 . 0 0 0.23 7.13 0.05
110.0 1.14 0.31 7.15 0.08
114.0 1.06 0.29 7.19 0.08
118.0 1 . 0 2 0.26 7.22 0.09
122.0 1.05 0.26 7.18 0.08
126.0 1.28 0.35 7.14 0.06
130.0 1 . 2 1 0.38 7.20 0.07
134.0 1.39 0.46 7.14 0 . 1 0

138.0 1 . 6 6 0.60 7.09 0.03
142.0 1.35 0.39 7.20 0.05
146.0 1.42 0.35 7.18 0 . 1 0

150.0 1.94 0.70 7.18 0.06
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Chapter 6

Table of data (rectal temperature, °C, n = 6 /group) for Fig. 6.2

Time Group A Group B Group C Group D

(min) Mean SEM Mean SEM Mean SEM Mean SEM

-30.0 36.97 0 . 1 2 36.95 0 . 1 2

-15.0 34.18 0.34 34.85 0.23
0.0 37.03 0.13 31.87 0.05 37.05 0 . 1 1 31.92 0.06
15.0 37.03 0 . 1 1 31.83 0.08 36.95 0 . 1 2 31.82 0.06
30.0 37.03 0 . 1 0 31.75 0.09 36.88 0 . 1 1 31.68 0.09
45.0 36.98 0.08 31.65 0 . 1 2 36.80 0 . 1 0 31.65 0.06
60.0 36.93 0.06 31.55 0 . 1 2 36.75 0.07 31.62 0.05
75.0 36.95 0.05 31.45 0 . 1 1 36.92 0.05 31.50 0.04
90.0 36.95 0.04 31.42 0 . 1 0 37.00 0.06 31.52 0.06
105.0 36.93 0.05 31.38 0 . 1 1 37.07 0.08 31.47 0.05
120.0 36.93 0.06 31.37 0 . 1 2 37.22 0.09 31.50 0.08

Table of data (|Xmol/g wet weight, mean ± SEM, n = 6 /group) for Fig. 6.3

Metabolites Group A Group B Group C Group D

Glucose 0.78+0.03 1.29+0.11 0.44+0.06 1.24±0.19

Succinate 0.17±0.02 0.18±0.02 0.77+0.14 0.54+0.06

Lactate 0.88+0.16 0.88±0.05 9.15+0.79 7.8811.72

PCr 0.79±0.12 0.97±0.10 0.15+0.02 0.32+0.03

ATP 1.20±0.04 1 . 1 1  ±0 . 2 0 0.13+0.05 0.5210.05

Table of data (|imol/g wet weight, mean ± SEM, n = 6 /group) for Fig. 6.4

Metabolites Group A Group B Group C Group D

Glucose 3.2310.24 3.0310.40 1.8110.34 2.9010.44

Succinate 0 .2 1 1 0 . 0 2 0.1610.02 0.2710.01 0.2810.03

Lactate 0.8210.04 0.4410.06 1.4510.12 0.5410.10

ATP 1.5710.06 1.7510.09 0.6810.16 1.4210.13
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Table o f data (portal blood flow , ml/min) for Fig. 6.5

Time (min) Control 1 Control 2 I /R l I/R2 I/R3

- 1 0 . 0 0 7.37270 5.42840 6.60900 5.76290 5.56910
-5.00 7.31430 5.51770 6.23690 5.56120 5.48640
-4.00 7.39260 5.46710 6.12520 5.53720 5.50250
-3.00 7.25290 5.32620 6.21140 5.29120 5.53450
-2 . 0 0 7.20790 5.37980 6.29230 5.51630 5.50270
- 1 . 0 0 7.34560 5.34400 6.37810 5.39600 5.45300
0 . 0 0 7.08780 5.35670 6.34710 5.48760 5.45210
1 . 0 0 7.04460 5.41140 2.33430 1.43940 1.81670
2 . 0 0 7.25290 5.58460 2.25540 1.58340 2.03890
3.00 7.38590 5.69800 2.53930 1.88730 2.19410
4.00 7.11920 5.78270 2.64290 2.03170 2.27170
5.00 7.20770 5.94610 2.69810 2.12060 2.34850

1 0 . 0 0 7.21900 6.11750 2.70860 2.09140 2.39030
2 0 . 0 0 7.13010 6.52940 2.62350 1.93490 2.30630
30.00 7.13770 6.53870 2.55780 1.83510 2.08890
40.00 7.28660 6.38300 2.51700 1.67620 1.99600
50.00 7.07530 6.47930 2.49760 1.41020 1.97050
55.00 7.17280 6.40220 2.49110 1.30640 1.92430
56.00 7.06690 6.70850 2.47560 1.27140 1.92730
57.00 7.03550 6.63380 2.50410 1.24480 1.89740
58.00 7.08230 6.76450 2.47770 1.24610 1.87710
59.00 7.14440 6.69970 2.36140 1.26000 1.93400
60.00 7.14870 6.67840 2.41590 1.26940 1.91190
61.00 6.97940 6.74780 9.48180 5.66990 3.86690
62.00 7.04060 6.93710 7.65470 4.57690 3.21100
63.00 7.21700 6.91570 7.26880 5.06480 3.39180
64.00 7.02860 6.85940 7.20350 5.31320 3.78060
65.00 7.26360 6.82030 6.91800 5.44300 3.98960
70.00 7.18800 6.84550 6.45950 5.02460 4.06000
80.00 7.11610 6.75280 5.63840 4.85450 3.55790
90.00 7.23310 6.90010 5.35050 4.73740 3.12510

1 0 0 . 0 0 7.16540 6.74790 5.17480 4.50870 2.95460
1 1 0 . 0 0 7.01530 6.68250 5.21270 4.46350 2.95950
1 2 0 . 0 0 6.85900 6.55690 5.18150 4.38060 2.72210
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Table o f data (hepatic arterial blood flow, ml/min) for Fig. 6.6

Time (min) Control 1 Control 2 I /R l I/R2 I/R3

- 1 0 . 0 0 0.65080 0.39920 0.38300 0.42180 0.51300
-5.00 0.59390 0.41480 0.33680 0.43060 0.52460
-4.00 0.56670 0.41790 0.35960 0.43370 0.51950
-3.00 0.53620 0.42010 0.34970 0.42520 0.51710
-2 . 0 0 0.57010 0.42150 0.35670 0.43280 0.51760
- 1 . 0 0 0.59260 0.41370 0.33730 0.43330 0.53350
0 . 0 0 0.56980 0.40860 0.33140 0.43170 0.52090
1 . 0 0 0.63180 0.40170 0.47300 0.44570 0.79410
2 . 0 0 0.60940 0.41890 0.58080 0.47140 0.92030
3.00 0.53340 0.42290 0.65380 0.53690 0.92740
4.00 0.52910 0.41360 0.67450 0.56980 0.90610
5.00 0.52410 0.40700 0.64820 0.56860 0.89720

1 0 . 0 0 0.55140 0.42880 0.66270 0.58000 0.88190
2 0 . 0 0 0.57550 0.46070 0.68420 0.56610 0.85420
30.00 0.54470 0.45240 0.61470 0.53950 0.80240
40.00 0.46070 0.45230 0.58020 0.51600 0.74460
50.00 0.50570 0.47790 0.53120 0.46560 0.69600
55.00 0.53910 0.42930 0.51980 0.47480 0.64650
56.00 0.46510 0.38860 0.52480 0.46670 0.65630
57.00 0.49440 0.37900 0.51760 0.45830 0.60480
58.00 0.47790 0.39010 0.53720 0.46740 0.60440
59.00 0.51610 0.39380 0.53700 0.46130 0.64640
60.00 0.49350 0.39220 0.53500 0.46580 0.65850
61.00 0.46310 0.39650 0.28080 0.38590 0.31440
62.00 0.49150 0.39270 0.45510 0.39650 0.07400
63.00 0.49650 0.38450 0.43610 0.39760 0.04180
64.00 0.54860 0.37420 0.26060 0.27920 0.07090
65.00 0.52740 0.37910 0.15800 0.22520 0.10150
70.00 0.54200 0.38390 0.13420 0.16030 0.14670
80.00 0.45200 0.38530 0.11760 0.15370 0.20510
90.00 0.48870 0.39690 0.07630 0.15320 0.14710

1 0 0 . 0 0 0.46340 0.38940 0.09750 0.13940 0.11870
1 1 0 . 0 0 0.44850 0.39750 0.06380 0.12470 0.11850
1 2 0 . 0 0 0.43520 0.40980 0.01530 0.11760 0.06290
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Table o f data (total hepatic blood inflow, ml/min) for Fig. 6.7

Time (min) Control 1 Control 2 I /R l I/R 2 I/R 3

- 1 0 . 0 0 8.0235 5.8276 6.992 6.1846 6.082
-5.00 7.9082 5.9326 6.5737 5.9918 6 . 0 1 1

-4.00 7.9592 5.8851 6.4847 5.9709 6 . 0 2 2

-3.00 7.7891 5.7462 6.5612 5.7164 6.0515
-2 . 0 0 7.7781 5.8013 6.649 5.9491 6.0203
- 1 . 0 0 7.9382 5.7578 6.7154 5.8293 5.9865
0 . 0 0 7.6576 5.7653 6.6785 5.9193 5.973
1 . 0 0 7.6764 5.813 2.8073 1.885 2.6108
2 . 0 0 7.8623 6.0035 2.8361 2.0547 2.9592
3.00 7.9193 6.1209 3.1931 2.4242 3.1214
4.00 7.6483 6.1963 3.3174 2.6016 3.1778
5.00 7.7318 6.3532 3.3463 2.6893 3.2457

1 0 . 0 0 7.7705 6.5463 3.3712 2.6714 3.2722
2 0 . 0 0 7.7056 6.9902 3.3077 2.501 3.1605
30.00 7.6823 6.9912 3.1725 2.3746 2.8913
40.00 7.7473 6.8353 3.0972 2.1922 2.7407
50.00 7.581 6.9572 3.0288 1.8758 2.6665
55.00 7.7119 6.8315 3.0108 1.7812 2.5709
56.00 7.5321 7.0972 3.0005 1.7381 2.5837
57.00 7.53 7.0129 3.0217 1.7032 2.5022
58.00 7.5603 7.1546 3.0149 1.7135 2.4816
59.00 7.6605 7.0936 2.8984 1.7213 2.5804
60.00 7.6422 7.0707 2.9509 1.7352 2.5704
61.00 7.4425 7.1443 9.7626 6.0558 4.1813
62.00 7.5321 7.3298 8.1098 4.9734 3.285
63.00 7.7135 7.3002 7.7049 5.4624 3.4336
64.00 7.5772 7.2336 7.464 5.5925 3.8515
65.00 7.7909 7.1993 7.076 5.6682 4.0911
70.00 7.73 7.2293 6.5937 5.1848 4.2067
80.00 7.5681 7.1382 5.756 5.0082 3.7631
90.00 7.7217 7.297 5.4268 4.8907 3.2722

1 0 0 . 0 0 7.6288 7.1373 5.2723 4.6482 3.0734
1 1 0 . 0 0 7.4638 7.08 5.2765 4.5881 3.078
1 2 0 . 0 0 7.2942 6.9667 5.1968 4.4981 2.785
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Chapter 7

Table of data (rectal temperature, °C, n = 8 /group) for Fig. 7.2

Time Group A Group B Group C Group D

(min) Mean SEM Mean SEM Mean SEM Mean SEM

-30.0 36.87 0.17 37.29 0.07 37.10 0 . 1 0 36.94 0 . 2 1

-15.0 36.95 0.14 37.17 0.14 34.47 0.29 36.92 0.16
0.0 36.97 0 . 1 2 37.06 0.16 32.99 0 . 2 0 36.97 0.09
15.0 37.05 0.07 36.96 0.13 32.05 0 . 1 2 37.04 0.06
30.0 37.01 0.09 37.02 0.13 31.82 0.17 37.04 0.06
45.0 36.99 0 . 1 0 37.01 0 . 1 2 31.56 0.17 37.02 0.09
60.0 36.92 0 . 1 2 37.01 0 . 1 0 31.54 0.15 37.02 0 . 1 1

75.0 36.86 0.13 37.00 0 . 1 0 31.49 0 . 1 2 37.05 0 . 1 1

90.0 36.90 0.15 37.04 0 . 1 0 31.39 0.08 37.06 0 . 1 2

Table of data (|imol/g wet weight, mean ± SEM, n = 8 /group) for Fig. 7.3

Metabolites Group A Group B Group C Group D

PCr 0.73±0.09 0.28±0.03 0.61±0.05 0.37±0.04

ATP 1.24+0.06 0.29±0.05 0.58±0.07 0.34+0.05

Lactate 1.66±0.43 13.62+1.27 7.41+0.52 10.52+0.56

2 1 2
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