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Superficially it might be said that the function of the kidneys
is to make urine, but in a more considered view one can say

that the kidneys make the stuff of philosophy itself.

Let our kidneys fail for even a short time to fulfil their task,

and our mental integrity, our personality, is destroyed.

Homer W Smith, 1940

Lectures on the Kidney



Abstract

The principle aim of this thesis is to examine the hypothesis that patients with acute renal
failure (ARF) who are treated with high dose loop diuretics have a better prognosis in terms
of survival, need for dialysis and speed of recovery than those who do not receive these
drugs.

A prospective, double blind, randomised, placebo controlled study was carried out on 94
patients with ARF in Glasgow Royal Infirmary. The use of loop diuretics caused a
significant increase in urine output and fractional excretion of sodium in the first 24 hours,
but had no effect on the final outcome (recovery, dialysis or death) at day 21. Patients who
became non-oliguric (with or without loop diuretics) had a better survival but were less ill
(APACHE II score 17.2 v 20.6, p=0.007, non-oliguric v oliguric) and had less severe renal
failure (creatinine clearance 14ml/min v 4.5ml/min, p<0.0001) than those who remained
oliguric.

Loop diuretics can lower cytosolic calcium in normal individuals and in those with
hypertension. Because cell death has been shown to be accompanied by a rise in
intracellular calcium, I postulated that cytosolic calcium levels would be high in patients
with ARF. Further, the use of loop diuretics might lower cytosolic calcium in patients with
AREF and thereby exert a beneficial effect on renal tubule cells.

Intraplatelet calcium levels were high in patients with ARF compared to normal controls
(109nm v 92.4nm, p=0.004). Administration of a loop diuretic had no effect on intraplatelet
levels of calcium.

I hypothesised that this rise in intracellular calcium might be related to the severity of illness
and thus correlate with the APACHE II score, an objective scoring system used to stratify

patients according to prognosis. No correlation was found.



Finally, indirect calorimetry is an accurate, although painstaking, method of measuring
energy expenditure in the critically ill patient. Metabolic rate may be related to clinical
outcome. Ifthe resting energy expenditure (REE) correlated with the APACHE II score, the
latter, simpler measurement could be used as part of a formula to predict metabolic rate.
My studies of REE in patients with ARF showed no correlation with the APACHE II score
which should therefore not be used to predict energy expenditure in ARF. Nor was there

any association between metabolic rate and the clinical outcome of the patient.
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1 Historical Perspective - before 1965

1:1 Pathophysiology of acute renal failure

1:1:1 Pathology

In 1912 Suzuki described the pathological appearance associated with a number of
nephrotc»c;ins.I The lesions were specifically located in the proximal tubules, but later these
findings could not be confirmed by other pathologists. Renal impairment due to crushing
injury had been noted by Frankenthal during the 1914 - 1918 war,2 although the importance
of the lesion was not emphasised until 1923.3

During the Second World War pathologists became particularly interested in patients with
crushing injuries to skeletal muscles, but no direct damage to the kidneys. These victims
died from uraemia and histological examination of the kidneys showed complete tubular
disruption, especially in the distal tubules, with intratubular obstruction by casts.

In 1941 Professor Shaw-Dunn described the renal lesions in victims of the Glasgow air raids
who died from crush syndrome, noting the severe lesions in the distal nephron.4 Bywaters
and Beal also published extensively and brought acute renal failure (ARF) into the
limelight. They described the pathological appearance of the kidneys in patients dying from
crushing injuries to skeletal muscle during World War I1.5-9 Only the distal tubules and the
collecting ducts were believed to be affected.

Lucke coined the term 'lower nephron nephrosis' and stated that it was present in 10-20% of
deaths resulting from battle wounds in World War I1.10  He showed that a variety of
disorders, shock, trauma, transfusion reactions etc resulted in the same pathological
appearance rather than specific appearances as previously believed. Changes were shown to
be ‘...selectively restricted to the lower segments of the nephrons...’. He felt that several

factors were involved in the pathogenesis, including degradation products of myoglobin and



haemoglobin, products of tissue breakdown, alteration of renal blood flow and changes in
the chemical milieu of blood. He also showed that the renal lesion was recoverable and that
if the patient survived complete regeneration of the renal tubules occurred.

The morphological picture which finally emerged from these early studies was as follows.
Macroscopically two main types of kidney were seen. In those who died early the capsule
stripped off easily and the cortex had a yellow glistening texture. In those who died later
the kidneys were cyanosed, although the cortex was again yellow. The capsule was
unwrinkled. The glomeruli were usually normal in appearance although sometimes the
vascularity appeared reduced and the capsular space contained granular eosinophilic
material. Early degenerative changes were noted in the proximal tubules with a 'catarrh'
made up of cell debris or precipitated protein.%:10 The changes in the proximal tubule were
minimal compared to the distal tubule, although amorphous debris was seen in the latter.
There was no pigmentation of the contents of the proximal tubules. The descending limb of
the loop of Henle looked normal, although some 'mild catarrhal changes' were sometimes
present. The major abnormalities were in the thick ascending limb of the loop of Henle and
the distal tubules. Focal areas of degeneration, necrosis and regeneration were scattered
throughout this part of the nephron. Areas of necrosis were surrounded by an inflammatory
infiltrate of lymphocytes and histiocytes. Later fibroblasts appeared and destroyed
parenchyma was noted to be replaced by scar tissue. It was noted that degeneration rarely
occurred before day 4, but after that necrotic tubule cells disintegrated and disappeared. By
day 10 regeneration of necrotic areas had occurred. Sometimes a tubule ruptured with
protrusion of a cast into the interstitial tissue. Occasionally tubules ruptured into veins
Hyaline casts were common in the thick ascending limb and pigment casts became more
numerous in the distal tubule. According to Bywaters and Dibble they were particularly

numerous in the collecting ducts, although Lucke reported that the collecting ducts were
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almost normal.9-10  Darmady suggested that the composition of casts depended on the
length of survival.ll Early casts consisted largely of hyaline material, whereas in those
dying later pigment casts were predominant. Sometimes pigment casts formed round a
central focus such as a fragment of degenerate epithelium or a sulphanilamide crystal.

The disputes over the pathological lesions occurring in anuria were resolved by the
meticulous microdissections of Dr Jean Oliver and co-workers in 1951.12 Dr Oliver was
sent specimens of kidneys by Professor Shaw-Dunn from Glasgow and he also received post
mortem material from the United States from patients dying from a variety of nephrotoxins
such as mercuric chloride, potassium diclonate and also from patients dying from ARF post
operatively. Oliver carefully microdissected hundreds of whole nephrons. Two distinct
types of nephron damage were found. The first type showed focal lesions with destruction
of the entire tubule wall, including the basement membrane, throughout the entire length of
the nephron. He called this tubulorhexis. An example from a victim of the Clydebank Blitz
is shown in Figure 1:1. This demonstrates only the distal nephron. Similar changes were
found throughout the proximal tubule. The second histological picture was much more

localised and related to nephrotoxic damage by specific nephrotoxins (Figure 1:2).

1:1:2 Function

Early micropuncture studies gave rise to three theories as to the aetiology of ARF.

1. Backdiffusion of filtrate through damaged tubule walls causing oliguria was first
suggested in 1929.13 Using kidney micropuncture techniques, Richards noted that in frogs
poisoned with mercuric chloride, tubules, which were normally impermeable to dye,
allowed leakage of the dye into the interstitium.

2. Tubule obstruction by the casts seen histologically in the dilated tubules. The original
theory that ARF was caused by epithelial debris and casts causing intratubular obstruction

was put forward by Barratt and Yorke (1909) and supported by Baker and Dodds (1925) and
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Morrison (1941).14-16  Micropuncture studies looking at increasing intratubule hydrostatic
pressure were conflicting, depending on the model studied and the stage of evolution of
ARF.14-16  Taken over all, the studies showed that intraluminal hydrostatic pressure was
not consistently raised during the early or late stages of experimental ARF. Many believed
that in the presence of reduced single nephron glomerular filtration, sludging would occur
causing tubule casts to be formed and thus perpetuation of ARF, ie tubule obstruction had a
secondary rather than a primary role in the development of experimental ARF.

3. In 1945 Bywaters proposed that tubule ischaemia was critical and that the presence of
casts was incidental.]l Corcoron and Page (1947) divided post traumatic anuria into two
groups - those with tubule obstruction by casts and those with tubule necrosis.1 7,18 They
noted that beef metamyoglobin injected into healthy dogs caused little renal damage but that
the addition of renal ischaemia caused the animal to die from renal failure within 24
hours.17  They also suggested renal ischaemia causing oliguria and associated with
acidaemia predisposed to the formation of protein casts in the tubules. Thus renal ischaemia
was important for the development of both histological pictures.

Bywaters and Dibble believed that true lower nephron nephrosis was associated with casts
in the distal tubule while pointing out that mechanical blockage could not be the sole
responsible agent.8:9 They drew attention to patients who died from anuria complicating
crushing injuries but who had very little in the way of casts. They suggested that if tubule
obstruction were the only factor involved in anuria, then any urine passed would be of
normal composition having been excreted by unblocked, apparently normal nephrons. Of
course the urine was not normal and appeared to be poorly concentrated glomerular filtrate,
suggesting a disruption in tubule function.

Tomb (1942) first suggested that decreased renal blood flow would cause damage in those

areas of the nephron supplied last by the blood ie the loop of Henle, where maximum



damage was found.!19 In 1942 Trueta showed that localised trauma leads to widespread
arterial spasm and suggested that this might result in renal anoxia.20 Cournand (1943) and
Lausen (1944) proved that vasoconstriction of renal arteries occurred in shock,21,22 while
others showed that temporary experimental occlusion of renal arteries caused a picture
similar to traumatic uraemia.23 Maegraith (1944) argued that the anuric state was due to a
temporary decrease in glomerular filtration resulting from altered vascular flow, rather than

primary obstruction of the tubules.24,25

1:2 Modification of acute renal failure
... No measure is known that will restore a physiologically ruined kidney

except time and the organ's intrinsic reconstitutive power'

Homer W Smith (1951)26

The earliest attempts to treat patients with acute renal failure did more harm than good.
Clinicians assumed that expanding the intravascular volume might initiate a diuresis, but the
over administration of fluid merely hastened the demise of the patient by causing fluid
overload and pulmonary oedema.27

Renal decapsulation, first performed by Edebohl in 1898,28 was favoured in the early
1940's as a method of relieving the renal oedema seen by some microscopically.28 Peters
proposed that renal oedema caused an increase in intrarenal pressure, effectively preventing
the flow of urine.29 However, by the early 1950's this procedure had been abandoned for
several reasons. First of all it was recognised that the renal oedema was probably due to
over administration of saline. Secondly, decapsulation was a last resort by which time the
patient was usually moribund. Finally the operation itself was potentially harmful in these
sick patients. Peters noted that those successes reported in the literature indicated that renal

decapsulation was performed between the 8th and 10th day, the time when a spontaneous



diuresis most often occured.29 Styron and Leadbetter (1945) carried out unilateral
decapsulation in a case of ARF and by ureteric catheterisation demonstrated no difference in
function in either kidney.30 Culpepper and Findlay (1947) pointed out that the tubule
lesions were most important in maintaining oliguria and said that there was little evidence
supporting increased intrarenal pressure as a significant aetiological factor.31

In 1944, in a personal communication to Darmady, Trueta suggested that a splanchnic block
might prevent renal vasoconstriction.!l Darmady then successfully tried renal denervation,
using procaine infiltration of the splanchnic nerve, on two patients.]l McGowan and Antry
reported the successful treatment of a 19 year old male with a procaine sympathetic
block.32 Others had less favourable results.33

Those patients who were not ‘drowned’ by over zealous administration of fluid died from
arhythmias secondary to hyperkalaemia. In 1950 Hicks et al showed that an innovative
method of obtaining extra-renal clearance of urea and creatinine was by small intestinal
lavage.34 Peritoneal lavage was also shown to be effective at removing nitrogen from the
body.35.36

The early treatment of anuria was therefore mainly conservative. Circulatory failure was
corrected, salt and water administered as necessary and infection treated. Dietary sodium
was restricted in all patients who were not dehydrated, as sodium retention would lead to
water retention when water might otherwise have been excreted. Patients were given
glucose-fat emulsions to provide calories in a non-protein diet and thus reduce endogenous
protein catabolism to 1/3 of its starvation level. It was possible for a patient managed in this
way to continue for at least a month before the urea concentration rose above 300mg%.37

In 1943 Kolff first used his artificial kidney to treat a patient with ARF. In his book ‘The
Artificial Kidney’ he describes the first 14 patients with ARF treated by this method. 38

The initial experience was not good and 12 out of the first 13 patients died. Kolff admits



that the patient who survived would probably have done so without dialysis. The high
mortality was attributed to the serious clinical condition of the patients and the late referral
for dialysis. Despite the depressing statistics, Kolff remained confident that he and his
colleagues would one day be able to say ‘He is cured, and without the artificial kidney he
would have died’.38

The 14th patient probably had acute tubular necrosis secondary to acute cholecystitis and

proved Kolff to be correct - without dialysis she would have died.

1:3 Summary

Although peritoneal dialysis and the artificial kidney were in use by the early 1950's, Homer
Smith comments that 'they cannot in themselves induce a diuresis and their value in
influencing the course of acute anuria, usually a self limited disturbance, defies critical
evaluation'.26 Until renal replacement therapy became standard practice for patients with
ARF therapeutic measures were aimed at keeping fluid and electrolyte balance normal,
reducing endogenous protein catabolism to minimum and preventing infection and

circulatory failure.



Figure 1:1 Crush anuria - young woman pinned under a beam for six hours 12

A. Rupture of basement membrane and tubular wall
B. Tubule distended with a black pigment cast

C. Fragmentation of the tubule wall

D. Regenerating tubule epithelial cells



Figure 1:2 Localisation of nephrotoxic damage in various forms of poisoning 12

1340 JEAN OLIVER, MURIEL MACDOWELL AND ANN TRACY

1. Potassium bichromate; 2. Uranyl nitrate; 3. Corrosive sublimate; 4. Sodium potassium
tartrate; 5. Potassium chlorate; 6. Di-ethylene glycol; 7. Carbon tetrachloride; 8. Mushroom
poisoning; 9. Serine; 10. Sulfonamides.



2 Current Knowledge - after 1965

2:1 Pathophysiology of acute renal failure

Hypoxic injury to renal tissue results in cell damage due to inadequate energy and substrate
provision to meet the tissue's metabolic demand. The pathogenesis of ischaemic acute
renal failure due to hypoperfusion of the kidney is complex and there are many interrelated

mechanisms which together initiate and promote ischaemic renal damage.

2:1:1 Pathology

After sixty minutes of ischaemia changes are seen in proximal tubule brush borders.39
Microvilli disintegrate and are shed into the tubule lumen. Tubule cell cytoplasm is
extruded into the lumen and forms dense, free floating spherical bodies. There is no plasma
membrane and it is unclear how the limiting membrane is formed. These "blebs" of
cytoplasm are much more densely packed in the proximal straight tubule than in the
proximal convoluted tubule (PCT). Twenty-four hours later these "blebs" have disappeared
and have presumably been degraded into amorphous debris. The distal tubules, collecting
ducts and thin limbs of the loop of Henle contain casts formed from cellular debris and
Tamm Horsfall protein. All the proximal straight tubules and about half of the proximal
convoluted tubules have epithelial necrosis. The damage occurring after sixty minutes of
ischaemia is much less severe in the proximal convoluted tubules than in the proximal
straight tubules.

After 25 minutes of ischaemia, Donohoe showed that damage to the proximal convoluted
tubules was much less severe, with interiorisation of microvilli into epithelial cell
cytoplasm.39 These changes are reversible and microvilli are regenerated 30 - 60 minutes

after reflow. Irreversible changes with signs of necrosis were present in some of the
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proximal straight tubule cells. These cells were shed into the lumen and the epithelium
subsequently regenerated. Venkatachalam et al also showed that within 5 minutes of
reperfusion after 25 minutes of renal artery occlusion, most of the brush border microvilli in
all three segments of the proximal tubule were interiorised into the cytoplasm of the

proximal tubule cells.40 The S1 and Sy cells showed complete regeneration of microvilli
by four hours and cells appeared morphologically normal. Cells in the S3 segment however

showed signs of irreversible cell injury and were exfoliated into the cell lumen.
Fifteen minutes of ischaemia resulted in mild morphological changes that had completely
reverted to normal after 30 minutes of reflow. Thus the severity of morphological damage

appears to be related to the duration of ischaemia.

2:1:2 Intratubular obstruction

After sixty minutes of ischaemia a rise in proximal intratubular pressure can be
demonstrated which rises further following microinjections of small volumes of fluid.41,42
Further injections of larger volumes of fluid did not cause a rise in intratubular pressure
implying that the initial injection had flushed out the obstruction.43 Twenty-four hours
after reversal of ischaemia proximal tubule pressure was still elevated but only
approximately 50% higher than baseline pre-ischaemic pressures.44.45 Arendshorst et al
noted greatly increased proximal and distal tubule pressures of 31 and 16mmHg
respectively (controls 11.5 and 5.3mmHg).4! Twenty four hours later proximal tubule
pressure had decreased to 9.2mmHg. However, acute volume expansion at this time caused
a rise in intratubular pressure implying that the tubules were still blocked.4!
Morphologically casts are still present a week after the ischaemic event but by two weeks
the tubules are patent and fluid injections do not produce a rise in intratubular pressure.44
Donohoe used intrarenal inulin sequestration as a measure of tubule obstruction.4> After 15

minutes of ischaemia, and in control animals, recovery of inulin was complete. After 25
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minutes of ischaemia 12% of inulin injected into the ischaemic proximal convoluted tubule
was not recovered in the urine. This increased to 28% after 60 minutes of ischaemia. About

73% of the missing inulin was found to be sequestered in the ischaemic kidney.

2:1:3 Backleak of filtrate

Using microinjection techniques the tubule epithelium can be shown to be abnormally
permeable due to cell necrosis, and the degree of permeability is related to the duration of
ischaemia.43,46 After microinjection of inulin into the PCT of control animals, recovery of
inulin from ipsilateral urine was virtually complete. This was also the case after 15 minutes
of renal artery occlusion. However, after 25 minutes of ischaemia 10.8% of injected inulin
was recovered in the contralateral urine, increasing to 34.9% after sixty minutes of
ischaemia.45  Tanner and colleagues kept the intratubular pressure constant during
microinjection of inulin, and showed that backleak is not an artefact due to transient rises in
intratubular pressure forcing fluid across the damaged epithelium, but is due to a genuine
increase in tubular permeability.46

This is in keeping with Richards’ original theory of 1929.26

2:1:4 Vascular congestion

Following temporary experimental ischaemia there is vascular congestion in the inner stripe
of the outer medulla,47 and the accumulation of erythrocytes is such that normal blood flow
is not possibie.48»49 No fibrin deposition or platelet aggregation can be seen
histologically,48 and as prior heparinisation and administration of aspirin had no effect on
post ischaemic renal function, the participation of haemostatic mechanisms seems
unlikely.49,50

The cause of the vascular congestion is not clear but there are several possible contributing

factors. The anatomy of the medullary vasculature is thought to predispose to erythrocyte
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aggregation: the parallel capillary circuits may slow blood velocity to such an extent that
during ischaemic events a further reduction in flow rate promotes stagnation of
erythrocytes. It can be postulated that hypoxia and substrate deficiency lead to depletion of
intracellular adenosine triphosphate (ATP) and therefore inactivity of the ATP dependent
Na/K pump. The resulting impairment in cell volume regulation allows cell swelling due to
movement of extracellular fluid into the intracellular space. Karlberg showed that labelled
albumin accumulated in the medullary interstitium during recirculation after ischaemia.d!
This leak of plasma would cause a rise in haematocrit. The combination of reduced plasma
volume, increased haematocrit, cell swelling, and reduced blood flow rate promotes
aggregation of erythrocytes, which restricts reperfusion after the ischaemic event leading to
irreversible cell damage and tubular necrosis.

The degree of functional loss has been shown to be related to the severity of vascular
congestion, with the most severe degree of hyperaemia associated with the lowest filtration
rate, poorest concentrating ability, most depressed reabsorptive capacity, smallest urine
volume and lowest blood flow rate.48 The disappearance of medullary hyperaemia
occurred concurrently with restoration of deep glomerular blood flow, and the return of
concentrating ability in the recovering kidney.

Tubule cells in the outer medulla normally operate on the brink of hypoxia and are therefore
extremely sensitive to episodes of hypoxia.>2 This is particularly so for those tubules
situated at a distance from nutrient blood vessels.>3:54 There are three possible
mechanisms for preventing tubule cell death by limiting vascular congestion:

1. Increasing perfusion pressure

2. Lowering haematocrit

3. Reducing cell volume
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Mason et al have shown that increasing renal perfusion pressure and reducing the number of
circulating erythrocytes without any volume expansion, both cause a reduction in the degree
of medullary congestion and an improvement in renal function.55 They showed the
filtration rate and tubular reabsorption could be raised from 20% to 60% of normal 3 and 18
hours after ischaemia in rats.

Reducing cell volume can be achieved by administration of hypertonic mannitol. Giving
hypertonic mannitol before ischaemia has been shown to confer protection on renal
function.56,57 This is presumably due to the rise in plasma osmolality limiting the
movement of extracellular fluid into the intracellular space and so limiting cell swelling and
vascular congestion. Mannitol also causes expansion of the plasma volume which will
reduce haematocrit.

All three of these manoeuvres had exactly the same effect on renal function, each causing an
increase in filtration rate and tubular reabsorption to 60% of control,>8 and this despite
completely different modes of action; lowering haematocrit prevents erythrocyte
aggregation, increasing perfusion pressure reverses stasis and congestion while mannitol
prevents cell swelling. However, the end result common to all three methods was an
increase in perfusion to the deep nephrons, delivering oxygen and substrates necessary for

recovery.

2:1:5 Renal blood flow

Renal blood flow (RBF) is decreased by up to 50% during the first six hours of reflow
following ischaemia.>® Daugherty et al showed that incomplete renal ischaemia for three
hours caused a rise in afferent and efferent arteriolar resistance immediately after relief of
partial renal ischaemia.60 The cause of the increased vascular resistance is not clear, but

several hypotheses have been proposed.
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1. Endothelial cell swelling leading to a decrease in arteriole diameter and thus increased
resistance to blood flow was an early hypothesis.6] It has since been rejected on the
grounds that cell swelling is mainly tubular and not vascular.40

2. Ischaemia is known to cause a rise in plasma and intrarenal renin activities which may
lead to angiotensin IT production, so causing vasoconstriction.62 In human studies, plasma
renin levels have been shown to be elevated during the phase of established ARF.63,64
During the diuretic phase of ARF plasma renin levels fell to normal. Unfortunately,
presumablY due to the difficulty in predicting when ARF is going to develop, renin levels
prior to the development of ARF have not been looked at to determine whether an increase
in plasma renin is necessary for the development of ischaemic ARF. However, angiotensin
converting enzyme (ACE) inhibitors do not appear to modify the course of ARF despite
increasing renal blood flow,55 and chronic suppression of renal renin by salt loading does
not prevent the decrease in glomerular filtration rate (GFR) seen after 45 minutes of
ischaemia.66

3. Increased solute delivery to distal segments causes tubuloglomerular feedback and an
increase in vascular resistance.67

4. Numerous groups have shown impaired autoregulation of renal blood flow during the
maintenance phase of ischaemic ARF.68-71 Conger et al have shown that in a noradrenalin
induced model of ARF (NA-ARF), at one week a reduction in renal perfusion pressure
causes a paradoxical increase in renal vascular resistance.”2 Renal nerve stimulation also
causes vasoconstriction and prostaglandin 17 (PGI2) infusion caused normal vasodilatation.
In a renal artery clamp model of ARF (RAC-ARF), there was no change in vascular
resistance in response to a reduction in renal perfusion pressure and renal nerve stimulation

did not affect renal blood flow.70 PGl infusion caused marked vasodilatation.
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In the first model <10% of resistance vessels showed smooth muscle necrosis, whereas 50%
of resistance vessels showed smooth muscle necrosis in RAC-ARF. NA-ARF caused
predominantly functional endothelial vascular injury and RAC-ARF caused predominantly
smooth muscle injury. This may be because renal blood flow in the noradrenalin model was
quantitatively less, although more sustained. The rate of recovery of blood flow may
determine the extent of vascular injury, and the slow recovery in NA-ARF may have
attenuated the severity of reperfusion oxidant injury.

Angiotensin and thromboxane both increase the vasoconstrictor response to renal nerve
stimulation,’2,73 and both hormones are elevated after ischaemic injury.71,74 Robinette et

al have shown that administration of an angiotensin II antagonist or a thromboxane A9

antagonist partially corrected the vasoconstrictor response to renal nerve stimulation and
renal perfusion pressure reduction.”l A combination of the two eliminated the
vasoconstriction due to renal nerve stimulation and also to a reduction in renal perfusion
pressure, but in the latter case appropriate vasodilatation was not restored. From this they
conclude that there are two components of abnormal renal blood flow autoregulation in NE-
ARF.

a. Paradoxical vasoconstriction to renal nerve stimulation or a reduction in renal perfusion
pressure, mediated by angiotensin II and thromboxane induced adrenergic hypersensitivity.
b. Inability to vasodilate in response to myogenic or tubuloglomerular feedback stimuli.

In a clinical setting it may be that the maintenance phase of ischaemic ARF is accompanied
by additional insults such as repeated ischaemic episodes. Loss of renal blood flow
autoregulation would mean the kidney would be unable to protect itself from falls in renal
perfusion pressure causing further ischaemic damage. Fresh tubular necrosis would occur

and prolong the duration of ARF.
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5. Endothelium derived relaxing factor is depressed after ischaemia and it may therefore be
involved in the vasodilatation produced after a reduction in renal perfusion pressure.75 In
its absence, appropriate vasodilatation may not occur.

6. Calcium may leak back into the ischaemic smooth muscle cells and so cause

vasoconstriction.’6

2:1:6 The role of prostaglandins

Prostaglandins are involved in autoregulation of RBF and glomerular GFR, renin release,
tubule ion transport and water metabolism. However, their role in ARF is unclear. There
are several potential prostaglandin sensitive pathophysiological mechanisms in ARF.

a. Autoregulation of renal blood flow. Prostaglandins of the E9, Dy and I series dilate the
intrarenal vessels.”7 However, there is controversy over whether or not local prostaglandin
release is necessary for autoregulation of RBF and GFR.78-80

b. Tubuloglomerular feedback, which may be involved in the pathophysiology of ARF,
requires an intact prostaglandin system to operate.81,82

c. A reduction in the glomerular capillary ultrafiltration coefficient (Kf) may contribute to
the decline in GFR. Prostaglandin E{ has been shown to diminish K83 as has bradykinin -

a vasodilator that mediates its effect partly by prostaglandins.84

d. Capillary reflow. Endothelial PGI) release may prevent vascular aggregation and

maintain vascular patency.85 Indomethacin has been shown to increase the injury in the

medullary thick ascending limb of the Loop of Henle in ARF,86 while an infusion of PGly
and PGE has a protective effect on the proximal tubule structure.87 Also, the vasodilator

effect of mannitol in ARF has been shown to be due to PGIy release.88 Thus, impaired
prostaglandin synthesis due to endothelial cell injury may contribute to the decrease in RBF

in the maintenance phase of ARF.
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e. The renin - angiotensin system. Angiotensin II may be involved in tubuloglomerular

feedback and also in controlling Ks.81.89  Prostaglandins modulate renin release and

activation of the renin - angiotensin system stimulates local prostaglandin release,20
therefore it can be seen that the interaction between the two systems may be an important

pathophysiological mechanism in ARF.

2:1:7 The role of calcium
The extracellular calcium concentration is 104 greater than the intracellular calcium

concentration (10-3 v 10-7). This difference in concentration is maintained by the relative
impermeability of the cell membrane to calcium. There are two main calcium extrusion
mechanisms:91

1. ATP dependent Ca-ATPase

2. Na/Ca exchange mechanism

Under normal circumstances buffering of cytosolic calcium is regulated by the Ca-ATPase
of the plasma membrane and the endoplasmic reticulum. Larger loads of calcium are dealt
with by the Na/Ca exchange mechanism and by mitochondrial uptake.92

The transport of electrons, derived from Krebs cycle, along the mitochondrial respiratory
enzyme chain situated in the inner mitochondrial membrane releases energy. This energy is
used to transfer hydrogen ions from the inner surface of the inner membrane to the outer
surface of the inner membrane so creating an electrochemical gradient.  This
electrochemical gradient is the driving force for the formation of ATP from adenosine
diphosphate (ADP) and phosphorus (Pi). However, it is also the source of energy for
mitochondrial calcium uptake which occurs without being coupled to the movement of
another ion.93 The use of the electrochemical gradient for calcium uptake is at the expense
of ATP production. A highly significant correlation between increasing mitochondrial

calcium concentration and decreasing mitochondrial respiration has been shown,94,95
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presumably because mitochondrial calcium accumulation competed with oxidative
phosphorylation and ATP synthesis.96

During ischaemia, alterations in the cell plasma membrane phospholipid composition allow
an influx of calcium into the cell during the period of reflow, when more calcium is
delivered to the ischaemic area.95 Also during ischaemia there is reduced ATP synthesis,?7
which may result in reduced ATP dependent calcium efflux. The rise in free intracellular

calcium ([Ca];) during reflow is therefore buffered by the mitochondria and the result is an

uncoupling of oxidative phosphorylation. Arnold showed that mitochondria isolated after

ischaemia but prior to reflow were unable to buffer increases in [Ca];.97 Buffering capacity

returned to normal after 3 - 6 hours of reperfusion but then deteriorated. After 18 - 24 hours
of reperfusion mitochondria were completely unable to regulate calcium.

The buffering of calcium by mitochondria causes a rise in mitochondrial calcium
concentration which uncouples oxidative phosphorylation. ATP production is reduced and
calcium efflux is impaired and there is a net influx of calcium into the cell. Mitochondrial

buffering of the cytosol becomes less effective, and as the [Ca]; rises there is equilibrium

between the mitochondria and the cytosol. This appears to be passive transfer of calcium
from the cytosol across a mitochondria membrane damaged by ischaemia, as neither an
increase in active uptake nor diminished release of calcium by mitochondria can be
demonstrated.97

The accumulation of intracellular calcium has other detrimental effects: elevated [Ca];

activates energy consuming reactions such as sarcolemmal Ca ATPase and so further
depletes the cell of ATP.91 Phospholipases are activated causing an alteration in membrane
permeability and membrane enzyme activity.98-101 Degradation of membrane
phospholipids leads to the production of lysophospholipids and free fatty acids that may

cause further damage. Activation of intracellular proteases in the presence of a raised [Ca];
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will convert xanthine dehydrogenase to xanthine oxidase which in turn leads to the

production of hydroxyl radicals.102,103

2:1:8 The role of free radicals

Generation

Ischaemia leads to a depletion of intracellular high energy phosphates, and the hydrolysis of
ATP generates hypoxanthine.?7 During conditions of ischaemia, the rise in intracellular
calcium causes xanthine dehydrogenase to undergo a proteolytic configurational change to
xanthine oxidase.107,108 During reperfusion, and in the presence of molecular oxygen,
hypoxanthine acts as an oxidisable purine substrate for xanthine oxidase and is converted to

xanthine. In the process superoxide radical is generated (equation 1).104

Hypoxanthine + HyO + 20, —Xanthine oxidase > Xanthine + 20,5~ +2H* (1)
Superoxide dismutases (SOD) are naturally occurring free radical scavengers which rapidly
catalyse the conversion of O™ to hydrogen peroxide (equation 2), which is itself toxic at

high concentrations and also inhibits SOD. The major problem with HyO» accumulation is

that it reacts with O™ to form molecular O, hydroxide and hydroxyl radical (equation 3).

Oy~ +0y~ + 2HY _SOD > H,0, + 0Oy )
HyOy + Oy~ __Fe > Oy + OH™ + OH- 3)
OH- is the most reactive and toxic of all the free radical species. Under normal

physiological conditions large concentrations of OH- do not exist as O™ is scavenged by

SOD, and HpO9 by the catalase (equation 4) or glutathione peroxidase systems (equation 5).

2H,0, —Catalase > 0O, +2H,0 (4)



2GSH + HyO, GSSG Peroxidase > GSSG +2Hy0 (5)

There are no scavenger systems that scavenge excessive concentrations of OH-.

Oxygen free radicals (OFR) are also generated by auto-oxidation of catecholamines,
although the contribution of this to ischaemic renal damage is thought to be
insignificant.105  Endothelial cells may contribute to free radical production, either by
producing them or acting as a source of chemoattractants for polymorphs (PMNs).106
However, leukocyte production of free radicals does not play a major role in cell damage
until at least two hours after reperfusion,!07 and thus the main source of free radicals during

reperfusion after ischaemia is the xanthine oxidase reaction. 104

Effect of free radicals

In theory, free radicals could damage arterial endothelium, mesangial cells, and tubule
epithelial cells. Using a rat model, Galat and colleagues generated free radicals in the
absence of ischaemia, and showed a decrease in glomerular filtration out of proportion to
the reduction in renal blood flow.108 Tubule function, however, was not affected in the
absence of ischaemia, although this may have been due to reduced delivery of filtrate to the
tubules. Had normal or even higher than normal loads of filtrate been delivered to the
tubule epithelium, tubule transport might have been impaired. However, the tubules did not
have any histological lesions of ischaemia. They propose that during reperfusion following
ischaemia the site of OFR generation is the tubules, rather than vascular endothelium. Also
neutrophils may be necessary for full expression of post ischaemic reperfusion injury as
neutrophil depletion has proved to be as protective as OFR scavengers in some
organs.109,110

Endothelial cells appear to be more susceptible to oxidant injury than tubule epithelial cells,
and tubule epithelial cell lines with proximal tubule characteristics are more sensitive to

injury by OFR than distal tubule epithelial cell lines.111
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It has also been shown that mitochondria in the rat renal cortex exposed to injury by free
radicals alone develop only a mild impairment of respiratory function, implying that other
factors must be contributing to ischaemic renal damage.112

Paller et al demonstrated that inhibition of free radical generation using the xanthine oxidase

inhibitor allopurinol, provided protection against renal impairment after ischaemia.ll3
Likewise, scavenging of Oy~ with SOD or OH- with dimethylthiourea afforded protection

after ischaemia. However, the protection afforded by the scavengers was incomplete, again
implying that other factors contribute to ischaemic renal damage.

Others have shown that prevention of free radical formation by a xanthine oxidase inhibitor
prevented erythrocyte accumulation in the medulla, which may have contributed to the
lower peripheral resistance and higher blood flow observed immediately after reflow.1 14 It
is postulated that free radicals damage the capillary basement membrane resulting in
leakage of plasma, a rise in haematocrit and aggregation of erythrocytes. Prior treatment
with allopurinol prevents these effects. Similar results were obtained from rabbit kidneys
pre-treated with the free radical scavengers SOD and catalase.1 15

Potentiation of free radical induced injury to mitochondria by prior exposure to calcium has
been demonstrated in vitro.112 Free radical induced injury alone caused a mild increase in
mitochondrial permeability and a reduction in ATP synthesis, both of which were more
marked after prior mitochondrial loading with calcium. In addition, free radicals had no
effect on electron transport, but the combination of free radicals and calcium caused an

uncoupling of respiration.

Lipid peroxidation
Free radicals are thought to produce cellular damage through peroxidation of
polyunsaturated fatty acids in plasma membranes, resulting in increased membrane

permeability. ] 16,117 Increased permeability of tubule cell membranes may cause impaired
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solute transport; increased mitochondrial permeability would allow an influx of calcium; the
activity of mitochondrial ATPase and the process of oxidative phosphorylation also depend
on the phospholipid content of the mitochondrial membrane;!18,119 increased lysosomal
permeability might release hydrolytic enzymes and cause further cell degradation.

Paller showed that ischaemia alone had no effect on lipid peroxidation, but that ischaemia

plus reflow caused an increase in the membrane lipid peroxide malondialdehyde.l13
Presumably this is because the production of O7™* by xanthine oxidase requires the presence

of molecular oxygen. SOD reduced lipid peroxidation in renal cortical mitochondria.

2:1:9 The role of endothelin

In 1988 Yanagisawa et al isolated and cloned a potent vasoconstrictor secreted by
endothelial cells.!20 This substance, called endothelin (ET), was subsequently shown to be
a more potent vasoconstrictor than angiotensin, vasopressin or neuropeptide Y.

Endothelin is generated by proteolytic cleavage of a prohormone by endothelin converting
enzyme and exists in three isoforms - ET-1, ET-2, ET-3. 121,122 ET-1 is the most potent
and widely distributed of the three isoforms and in the kidney is produced by endothelial
cells, mesangial cells and tubule epithelial cells.123-126

There are at least two endothelin receptors, ETA and ETg, both of which are distributed
throughout the body, including the kidney.!127 The ETA receptor promotes
vasoconstriction, cellular proliferation and matrix deposition.128-130  The ETR receptor
appears to mediate release of vasodilalatory prostaglandins (PG) and nitric oxide
(NO).131,132 However, there is also evidence that ETR mediates renal
vasoconstriction. 133

Firth and Ratcliffe (1992) showed that renal ischaemia caused an increase in prepro ET-1
expression which was present two hours after ischaemia and still present 7 days later.34

Ischaemia has been shown to increase the affinity of ET A and ETR receptors for ET-1 in the



renal cortex.135  Various injurious stimuli also appear to upregulate ET receptors -
particularly the ETR receptor.136  This may be a physiological mechanism designed to
protect against the vasoconstricting action of endothelin by increasing production of PGly
and NO.

ET has been shown to potentiate cellular proliferation, hypertrophy and collagen
deposition.129,130  Therefore, as well as being a causative factor in the glomerular
hypoperfusion that occurs in ARF, ET may also be involved in the long term outcome. The

development of renal scaring will of course, prevent full functional recovery from ARF.

2:1:10 The role of intercellular adhesion molecules

Leukocyte adhesion molecules have been shown to regulate the interactions of leukocytes
with other leukocytes, endothelial cells and extracellular componants.137-139 Intercellular
adhesion molecule-1 (ICAM-1) expression on endothelial cells is increased by various
mediators of inflammation.139 In the normal kidney ICAM-1 expression is low but it is
increased following exposure to cytokines and also in various glomerulopathies. 140,141
Hypoxia followed by reflow has also been shown to increase ICAM-1 expression in cultured
endothelial cells.142  Thus renal ischaemia, with increased levels of inflammatory
mediators, may cause increased expression of ICAM-1. The resulting leukocyte adhesion
with activation of leukocytes and release of cytokines will increase vascular permeability.
As mentioned in section 2:1:8 activated leukocytes also release free radicals which in turn
will cause further tissue damage.

Leukocyte adhesion may also result in capillary obstruction and contribute to vascular

stasis.
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2:1:11 The role of platelet activating factor

When stimulated, a number of cell types, including glomeruli and renal medullary cells, are

capable of producing platelet activating factor (PAF).143 Intrarenal administration of PAF

to anaesthetised dogs caused a dose dependent decrease in RBF, GFR, urine volume and

sodium excretion without any significant, systemic, haemodynamic changes. 144

Several mechanisms are involved in the ARF induced by PAF.

a. Decreased renal blood flow. PAF has a direct contractile effect on vascular smooth
muscle. 145

b. A reduction in Kf. PAF can cause contraction of cultured mesangial cells and has also
been shown to reduce Kf in vivo.146,147

c. In isolated rat or rabbit kidneys, PAF has been shown to increase the production of
thromboxane B9, a potent vasoconstrictor.146,148 PAF antagonists can block the PAF
induced release of thromboxane B> from cultured rat and human mesangial cells.149

d. PAF induces neutrophil aggregation and activation.!50 This results in the generation

and release of free radicals which can cause tissue damage.

2:2 Modification of acute renal failure

2:2:1 Mannitol

Mannitol is a simple sugar, molecular weight 182 daltons. When given intravenously it is
not metabolised, but is freely filtered by the glomeruli into the tubular fluid where it acts as
an osmotic diuretic. In healthy individuals intravenous mannitol results in a profound
diuresis and natriuresis. There are six theoretical reasons, based on animal studies, why
mannitol might ameliorate ARF.

a. Intratubular casts may be flushed out by an increase in tubule flow rate. Morris et al
(1972) showed that glomerular filtration and urine flow continued in rats infused with

hypertonic mannitol during progressive reduction in renal perfusion pressure produced by
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aortic clamping.!3! In hydropenic rats or rats infused with isotonic saline alone,
glomerular filtration was abolished. Mannitol infused acutely after the perfusion pressure
had been lowered to 40mm Hg in hydropenic rats restored urine flow and glomerular
filtration.

b. The same workers also demonstrated an increase in renal blood flow (RBF) after
mannitol in rats subjected to partial renal artery occlusion. Isotonic saline was
ineffective.151 The increase in RBF preceded the increase in urine flow rate and was
assumed to be due to a decrease in afferent arteriolar resistance.

¢. By reducing hypoxic cell swelling, mannitol may limit vascular congestion and prevent
the no-reflow phenomenon after hypoxia. Flores et al (1972) in a classic study
demonstrated the ability of hypertonic mannitol to reverse the no-reflow phenomenon seen
after complete renal artery occlusion in rats.132 Equivalent expansion of the extracellular
fluid volume with isotonic saline or isotonic mannitol had no effect.

d. Mannitol causes plasma volume expansion which reduces the haematocrit.
Haemodilution appears to protect against erythrocyte aggregation following an ischaemic
insult.153

e. Mannitol may protect mitochondrial function after ischaemia. Schrier and colleagues
(1984) demonstrated that in dogs with norepinepherine induced renal failure, pre-treatment
with mannitol preserved renal cortical mitochondrial function.154 During reflow following
ischaemia the rise in intracellular calcium is buffered by mitochondria at the expense of
mitochondrial respiration. Mannitol appears to attenuate this rise in intramitochondrial
calcium thereby preventing the decrease in mitochondrial respiration. 154,155

f. Mannitol has free radical scavenging properties and may help to mop up free radical

species generated during reflow after ischaemia.l15
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Can mannitol prevent ARF if given with intravenous fluids to high risk patients?

In a wide variety of animal models of ARF pre-treatment with mannitol does appear to
prevent oliguria and attenuate the severity of renal dysfunction. 37,156,157  [n clinical
studies the results are not so definitive. The use of prophylactic mannitol has been
promoted in certain high risk groups - vascular surgery, cardiac surgery, obstructive

jaundice and rhabdomyolysis.

a. Vascular Surgery

In 1961 Barry reported a diuresis with mannitol in four patients undergoing aortic cross-
clamping for abdominal aortic aneurysm repair.138 In two patients mannitol was given for
post operative oliguric and in two it was given as pre-operative prophylaxis. Although
apparently successful, these four patients are simple anecdotes. In a follow-up controlled
study the same group showed that patients given mannitol during aneurysmectomy had a
higher urine flow rate during the period of aortic cross clamping and post operatively,
compared to the controls who did not receive mannitol. 159

In a prospective study Beall et al (1963) looked at 30 patients undergoing elective repair of
an abdominal aortic aneurysm, in whom the aorta was cross clamped below the origin of the
renal arteries. 160 Patients were divided into three groups. Group 1 received standard care
with no intravenous (IV) fluid preoperatively; group 2 received adequate hydration with 5%
dextrose while group 3 received IV dextrose plus pre-operative and post-operative mannitol
as required to keep the urine output > 60ml/min. The control group showed only minimal
depression of renal function in the post-operative period although urine flow rate fell from
5.8 to 0.8ml/min. There was no change in renal function in either the hydrated group or the
group receiving fluids plus mannitol. In both groups urine output fell compared to pre-
operative values. The post-operative urine output was not significantly different between

the two groups, although intra-operative urine flow rate was better in the mannitol group.
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This suggests that the prophylactic use of mannitol had no additional benefit over adequate
pre-operative hydration in abdominal aortic aneurysm surgery. Finally, in 1964, Powers et
al published observations on 50 high risk surgical patients who appeared to benefit from
prophylactic mannitol. 161 In addition 52 post-operative patients with established oliguria
also received mannitol. The authors comment that all 104 patients had a diuresis and that no
patient developed "acute tubular degeneration”.

No further studies have been published recently. However, the use of prophylactic mannitol
and IV fluids has become standard practice in many vascular surgical units. Prospective,
controlled studies to evaluate a specific role for mannitol as compared to adequate volume

expansion alone seem unlikely.

b. Cardiac Surgery

In 1964 Berman et al studied 27 patients undergoing a mixture of aortic and cardiac
procedures.162  Patients receiving mannitol had a higher urine output than controls.
However, mannitol did not prevent a drop in GFR which fell to approximately 50% of pre-
operative values in both the mannitol and the control groups.

These results were confirmed the following year by Etheredge et al.163 They studied 18
patients before and after cardiopulmonary bypass surgery. Intravenous mannitol was
associated with a diuresis but did not prevent the fall in GFR which occurred during
cardiopulmonary bypass. Unfortunately this study was uncontrolled.

In 1972 a retrospective study of 428 patients undergoing open heart surgery showed that the
incidence of severe (serum urea > 130mg/dl) or mild (serum urea 80-130mg/dl) renal failure
was 4.7% and 26% respectively.164  Frusemide and mannitol, either singly or in
combination, did not appear to prevent this deterioration in renal function. No comment
was made about the effect on urine volume. Once again this was an uncontrolled study and

was retrospective.
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Most recently, in 1984, a prospective controlled study of children undergoing
cardiopulmonary bypass has been reported by Rigden et al in which a beneficial effect of
mannitol on post-operative renal function was found.165 They studied 20 patients who
received 0.5mg/kg of 20% mannitol and 20 patients who received an equal volume of
Hartmann's solution. The serum creatinine rose in both groups post-operatively. Pre-
operative values were regained more rapidly by the mannitol group, with a significant
difference between the two groups on post-operative days 3 and 5. Interestingly, the group

receiving mannitol also had less albuminuria post operatively.

c¢. Obstructive Jaundice

It is generally believed that obstructive jaundice can predispose to acute post-operative renal
failure.166-168 [n 1960 in a study of 350 patients with obstructive jaundice Williams et al
described uraemia as the commonest cause of post-operative death. | 69 Dawson et al (1965)
found a strong correlation between the pre-operative serum bilirubin concentration and the
fall in post-operative creatinine clearance.!70 Administration of mannitol pre-operatively
reduced this fall to 18%, compared with a fall of 63% in jaundiced patients not given
mannitol.

The pre-operative administration

of mannitol and IV fluid has thus become virtually mandatory in surgery on patients with
hepatic problems. A different view, however, has been expressed by Gubern and colleagues
in 1988.171 They carried out a prospective, randomly allocated study assessing the effect
of mannitol on serum creatinine, creatinine clearance and urinary sodium excretion
immediately before and for three days after elective biliary tract surgery. The mannitol
group received 50g over | hour IV prior to anaesthesia and continued this each day for two
days after surgery. An initial loading dose of 1 litre of 5% dextrose was given to all patients

prior to surgery. Fluid balance was carefully maintained perioperatively in all patients.
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Under these circumstances, there was no significant change in creatinine clearance in the
control group (mean pre-operative creatinine clearance 64ml/min; post-operative
54ml/min). Surprisingly there was no beneficial effect of pre-treatment with mannitol on
post-operative renal function. Indeed patients whose creatinine clearance exceeded
70mls/min pre-operatively had a statistically significant fall in this post-operatively despite
mannitol infusion. The authors conclude that "The routine use of an osmotic diuretic is of
no value in preventing renal failure in patients undergoing surgery for the relief of

jaundice".

d. Rhabdomyolysis

Animal models of rhabdomyolysis have shown that prophylactic use of mannitol may
prevent renal dysfunction by inducing a diuresis and so preventing intratubule obstruction
with casts.]172  However, in a clinical setting the prophylactic use of mannitol is rarely
possible. Early treatment of rhabdomyolysis with a forced alkaline diuresis and mannitol
may prevent or attenuate renal dysfunction. Ron et al (1984) began an alkaline solute
diuresis in seven patients with extensive crush injuries immediately after extraction from the
debris.173 None of these patients developed renal failure. This is a case report without any
controls, and there are no studies comparing the effect of mannitol versus adequate fluid

replacement alone.

Can mannitol convert oliguric ARF to polyuric ARF?

The concept that a mannitol infusion given during the phase of pre-renal failure known to
precede acute established organ failure might produce polyuria and prevent progression of
renal failure was first made by Barry and colleagues in 1962.174  Sixteen of 24 patients
with prolonged oliguria, low urinary specific gravity and a tentative diagnosis of ARF

developed polyuria (urine flow > 60ml/hour) after acute intravenous infusion of mannitol.
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Three patients responded to a single dose of 12.5g. The remainder required a mannitol
infusion titrated to maintain adequate urine volumes. They felt unable to predict which
patients would respond to mannitol and made the plea that it be initiated "the moment
oliguria is confirmed, even coincident with resuscitation and in dehydrated patients, since
the moderate urinary fluid loss required by improved renal haemodynamics and function
can be replaced easily. No patient should be denied a trial".

These observations were strengthened by the studies of Eliahou.175 Ten patients diagnosed
as having "incipient" ARF on the basis of oliguria and "low" urinary osmolality diuresed
after 250ml of 10% mannitol intravenously. Renal function returned to normal generally
within 2-4 days. Unfortunately, this study, as with all others, was not controlled for volume
expansion alone. In an attempt to predict which patients with incipient ARF might respond
to mannitol, the Glasgow group reported clinical observations on a total of 72
patients. 176,177 All patients were oliguric (urine flow < 20-30ml/hour) and had a low
urine to plasma urea and osmolality ratio. Care was taken to ensure that obvious volume
depletion was corrected by the use of intravenous blood, plasma or electrolyte containing
fluid. However, central venous pressure was measured in only 4 patients. No information
was available on oxygen delivery or blood pressure at the time of mannitol administration.
Forty five of the 72 patients experienced a significant increase in urine volume and
amelioration of their ARF after mannitol (20-60gm over 6 hours). It was concluded that a
response to mannitol should be expected when the urine:plasma osmolality > 1.05, the
duration of oliguria < 50 hours and persistent peripheral circulatory failure is absent.

Once again this study was uncontrolled. The effect of continued volume expansion per se in

these patients is unknown.
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Can mannitol improve GFR and ARF?

A rise in creatinine clearance of, on average 24 £ 3ml/min is shown by Valdes et al in 1979
in 7 ventilator dependant patients after 100ml of 20% mannitol intravenously.178 However,
all patients had good pre mannitol urine volumes (90 £ 22ml/hr); only 2 patients had urine
volumes < 50ml/hr, and pre mannitol renal function was only mildly impaired (creatinine
clearance 91 £ 27ml/min). Urine osmolality was low in only 1 patient, implying that renal
failure was not established and the patients were probably primarily dry.

In summary, while there is much anecdotal evidence in favour of a beneficial role for
mannitol, there are no prospective randomly allocated studies in which its effect are
compared with those of volume expansion alone. Until such studies are carried out, the case

for mannitol must remain, in the words of the Scottish legal verdict, "Not proven".

2:2:2 Loop Diuretics

There are six "loop diuretics" currently available or under investigation in the United
Kingdom (Mersalyl, ethacrynic acid, frusemide, bumetanide, piretanide and torasemide).
Frusemide and its successors all have a similar principal mode of action. The diuretic effect
is due to their ability to bind to and inhibit the Na+/2CI/K+ transporter in the luminal
membrane of the thick ascending limb of Henle - hence the expression "loop diuretic"
(Figure 2:1).179 The blocked uptake of chloride leads to a fall in cytosolic chloride activity
and inhibition of short circuit currents. Na/K ATPase activity at the baso-lateral membrane
becomes unnecessary as a result of the blocked sodium uptake. The cell enters a "resting
state" with no need to expend energy and consume oxygen.

Thus far, frusemide has been the principle loop diuretic studied in ARF. Studies in animal
models of ARF have given us several theoretical reasons as to why these diuretics might be

of benefit.

2-23



a. Loop diuretics produce a "resting state" in cells of the thick ascending limb of Henle as
described above. In isolated perfused kidneys and in rats, frusemide has been shown to
preserve tissue ATP levels, presumably by suppressing reabsorptive work. As a
consequence, cells of the thick ascending limb - those areas farthest from oxygen supply -
are protected from hypoxic damage.3,54

b. Loop diuretics will increase tubule flow rate. This may flush out intratubular casts and
help to prevent intratubular obstruction.

c. Loop diuretics, by inhibiting chloride flux at the macula densa, will inhibit
tubuloglomerular feedback. Hence the effects of increased sodium delivery to the macula
densa resulting from proximal tubule damage will not in turn cause a fall in nephron
filtration rate. This will protect GFR.180

d. Loop diuretics reduce renal vascular resistance and increase RBF.181 The exact
mechanism is unknown. Inhibition of prostaglandin dehydrogenase, a recognised effective
of loop diuretics may be important.182 Prostaglandin dehydrogenase degrades PGE», a
substance known to cause afferent arteriole dilatation. Prostaglandin synthetase inhibitors

reduce the vasodilatory effect of loop diuretics.183

Do loop diuretics convert oliguric renal failure to polyuric renal failure?

Controversy exists over the answer to this question. In an uncontrolled, retrospective
analysis, Minuth and colleagues could not demonstrate a response in 51 of 79 patients
(64%) given loop diuretic after the onset of ARF.184 14% had a transient diuresis and
required repeated doses of frusemide, and 22% developed a sustained diuresis after a single
dose of loop diuretic. In agreement with Minuth, Kleinknecht could not show any
significant reduction in the duration of oliguria following intravenous loop diuretic.185
Others have shown that administration of frusemide either as a bolus or as a continuous

infusion, can promote polyuria,1 86-192
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Do loop diuretics shorten the period of renal dysfunction and reduce the need for
dialysis?

In 1971 Cantarovich showed that dialysis dependent patients receiving a progressive dose of
frusemide (100 - 3200mg/day in geometric progression) had a smaller duration of
creatinaemia than patients receiving a fixed dose of frusemide (600mg/24hours) or those
receiving conventional therapy (17.5 days, 25.4 days and 26.6 days resl:)ec‘[i\hely).186
Patients in the fixed dose group were given frusemide 600mg daily for 14 days, while the
progressive dose group had 1240mg daily for 7 days. Therefore, the size of the dose
appears to be more important than the total dose of drug given.

In a second study, the same group showed that 2000mg frusemide given on alternate days to
dialysis dependent patients decreased the number of dialyses required, but not the time
taken to recover a normal creatinine.187 However, the patients in this study were compared
with retrospective controls.

Minuth et al also demonstrated that patients who responded to frusemide had a significantly
lower need for dialysis than those who failed to respond.!84 This was again a retrospective
analysis of case sheets, and the dose of frusemide varied between 40mg and 500mg daily.
Despite an increase in urine output in patients receiving frusemide, Brown et al could not
demonstrate a rise in GFR sufficient to decrease the need for dialysis.!90 Kleinknecht et al
did a prospective analysis of 66 patients.!185 They could not show any difference in the
number of dialyses or the time to reach a spontaneous decrease in the blood urea between
treated and control patients. No severity of illness score was performed, but the two groups

did not appear to differ.

Do loop diuretics lower mortality?
No! Many studies have addressed this question.184-186,188,191 ~ Only one, that of

Anderson et al, showed any improvement in mortality.191 In this study, a group of
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nonoliguric patients (spontaneously nonoliguric and pharmacologically induced
nonoliguric) had a lower mortality than a group of oliguric patients (26% v 50%). However,
spontaneously nonoliguric patients had a lower fractional excretion of sodium (FENa) than
oliguric patients. Oliguric patients who responded to frusemide had a milder degree of renal
impairment as evidenced by lower serum creatinine, lower urine sodium and lower FENa
than those who did not respond. Thus the nonoliguric patients who had a better mortality
also had less severe renal failure. No severity of illness score was performed to determine if
the non- oliguric group was indeed less sick than the oliguric group.

While mortality is an outcome of particular interest it is a difficult question to address in
studies examining the effect of various treatment regimens in ARF. Choosing endpoints
which allow assessment of renal function such as duration of renal failure, need for dialysis
etc are specific. Mortality is not an end point specific to ARF and may be affected by many
other factors during the course of the patient’s illness. It is well recognised that many
patients with ARF die not from ARF, but from the primary illness. Mortality may therefore
not be an appropriate endpoint to address when assessing the effect that loop diuretics have
on recovery from ARF, although shortening the period of renal dysfunction may have a
beneficial effect on prognosis.

However, as a key factor in patient outcome, mortality has been looked at in all studies
addressing the role of loop diuretics in ARF. As in the majority of these studies loop
diuretics have very little effect other than to increase urine output, it is not surprising that no
beneficial effect on mortality has been shown. Anderson’s study compares non-oliguric
with oliguric patients but as there were patients on frusemide in both groups no comment
con be made about the contribution of loop diuretics to the improved mortality in the non-

oliguric group.
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2:2:3 Dopamine

In normal subjects, low dose dopamine (1-5 pg/kg body wt/min) causes a rise in renal
plasma flow, increased inulin clearance and increased FENa.193 The prophylactic use of
low dose dopamine in at risk patients has been shown to reduce the incidence of
postoperative ARF.194,195 Salem et al (1988) showed that aortic cross clamping reduced
GFR, which was restored or increased by the addition of dopamine.195 Schwartz et al
(1988) demonstrated a rise in renal blood flow that was not associated with a significant
diuresis, in patients undergoing vascular surgery who received dopamine either pre or post
operatively.196

In oliguric, euvolaemic intensive care patients, low dose dopamine alone caused an increase
in urine volume which fell when the dopamine was stopped. The response to dopamine was
independent of serum creatinine.197 Parker et al demonstrated an increase in osmolar
clearance, FENa, creatinine clearance and urine volume in 52 patients on low dose
dopamine.198 This study was not controlled and eighteen of the patients with a creatinine
clearance of 13+9.9ml/min required a frusemide infusion to increase urine volume. The
increase in creatinine clearance was not significant in the patients requiring frusemide.
Three separate groups have shown that patients who remain oliguric despite high dose loop
diuretics or hypertonic mannitol, may begin to diurese if dopamine is added.199-201 Again
none of these studies were controlled. Plasma frusemide levels may have been high at the
time of dopamine administration and could have contributed to the diuresis observed after

the dopamine infusion.
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2:2:4 Atrial natriuretic peptide
"...the most promise for an ANP-related drug is in the treatment of acute renal failure."
Pollock and Opgenorth 202
Animal studies have shown that an intravenous or an intrarenal arterial infusion of atrial
natriuretic peptide (ANP) or a residue peptide, atriopeptin III (APIII), can reverse the effects
of experimental ischaemic ARF.202,203 The mechanism by which this occurs is thought to
be due to the vasodilatory action of ANP. Schafferhans et al showed that immediate
infusion of intrarenal arterial ANP after a 40 minute intrarenal arterial noradrenalin infusion
caused an increase in GFR, urine flow and FENa and thus reversed the ischaemic effect of
noradrenalin.204 Shaw et al (1987) induced ischaemia by renal artery occlusion and then
infused ANP into the renal artery.205 Creatinine clearance 4 hours and 24 hours post
infusion fell in control rats, but was within the normal range for rats infused with ANP.
Rats given ANP also had a greater urine volume than controls at 4 hours and a lower FENa
at both 4 and 24 hours. This group also showed that morphological damage was less after a
4 hour infusion of ANP.
Intravenous administration of Atriopeptin III has also been shown to improve GFR, urine
flow and tubule function in both in vitro and in vivo studies when given after renal artery
occlusion.206 This study also showed that post ischaemic renal ATP regeneration improved
after ANP infusion.
Conger et al (1991) induced renal failure in rats with a norepinephrine infusion.203  Two
days later, when ARF was established, an infusion of APIII plus dopamine (APIII-D) to
maintain blood pressure was commenced over a four hour period. At the start of the
infusion, serum creatinine had increased in both control and study groups to 1.65+0.6mg/dI
and 2.02+0.99mg/dl respectively. At day four, control rats infused with saline had a serum

creatinine of 2.78+2.11mg/dl and rats infused with APIII-D had a serum creatinine of
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1.21+0.81mg/dl (p<0.05). Rats treated with APIII-D also had a lower FENa at day four. In
other words, in animal studies APIII-D causes a sustained improvement in GFR and tubule
function in established ARF.

Reduced size analogues of ANP have also similar effects in rats with ischaemic ARF.
Pollock et al (1992) showed that a short term intravenous infusion of a reduced size
analogue of ANP attenuated the histological damage and the rise in creatinine induced by
bilateral renal artery occlusion.202

Human studies are limited. Gotz et al (1989) studied 13 patients with dopamine and
frusemide resistant ARF.207 Seven oliguric and six nonoliguric patients were given ANP
2.5ug/min for 3 hours. There was no change in urine volume, GFR or FENa in the oliguric
patients. In the nonoliguric patients urine flow increased more than 50% and FENa
increased by about 40%. There was no change in GFR. It is likely that the nonoliguric
group who responded to ANP had less severe renal failure than the oliguric group. The
nonoliguric group had a higher pre study GFR compared to the nonresponders
(19.8+8.5ml/min v 6.2+1.5ml/min).

Recently, Rahman et (1994) studied 53 patients with established, intrinsic ARF.208
Patients were allocated to one of 2 groups. Group 1 received intrarenal ANP via catheters in
both renal arteries for 8 hours, or intravenous ANP for 24 hours. Some patients also
received mannitol or frusemide. Patients in group 2 received mannitol, frusemide or no
diuretic and were not given ANP.

Urine flow increased significantly in both groups in the first 8 hours of treatment, while
creatinine clearance increased significantly in group 1 only. Significantly fewer patients in
the ANP group required dialysis compared to group 2 (23% v 52%, p<0.05), But there was
no significant difference in survival, although there was a trend towards improved survival

in group 1. Interestingly, Rahman points out in his discussion that although °...there was no
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convincing evidence that diuretic therapy was of proven benefit in ARF patients, most
primary physicians indicated they were reluctant to enter patients if they were randomised
to a group that would not at least receive diuretic therapy’.

Two other studies failed to show any consistent benefit from the use of ANP in the post
transplant pativ.ent.zog’a210 However, ANP may offer protection against post transplant ARF
if added to the perfusate at the time of harvesting the kidneys.

There are two major problems which limit the clinical use of ANP. Atrial peptides act by
peripheral vasodilataion and in large quantities cause hypotension. Endogenous and
exogenous ANP are rapidly degraded by neutral endopeptidase. The development of oral
enzyme inhibitors of ANP degradation may be one way of ameliorating the development of

AREF in the future.

2:2:5 Calcium channel blockers

If the vascular consequences of an ischaemic insult, ie increased renal vascular resistance,
loss of autoregulation, hypersensitivity to renal nerve stimulation and decreased glomerular
permeability, are due to an increase in intracellular calcium in afferent arteriolar and
glomerular mesangial cells, then the administration of a calcium channel blocker might be
expected to attenuate or abolish these effects.

Burke and colleagues showed that an intrarenal infusion of verapamil, given for 30 minutes
before renal ischaemia was induced by intrarenal noradrenalin (NA), had a protective effect
on both function and morphology.211 Verapamil or nifedipine given intrarenally for 2
hours after an intrarenal NA infusion also protected the kidney.211 The protection afforded
by verapamil in a renal artery clamp model of ARF is not so conclusive.212 These authors
suggest that verapamil may prevent complete cessation of renal blood flow in the NA

model.
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The concentration of NA, vasopressin and angiotensin are increased in ARF. Verapamil and
nifedipine have been shown to block the response of the arterial resistance vessels to these
vasoconstrictors.213 It has been shown that these vasoconstrictors act on vascular smooth
muscle and mesangial cells by causing an increase in cytosolic calcium.213-217

The effect of calcium channel blockers on renal tubular epithelium is less certain. Calcium
channels have not yet been demonstrated in renal tubule cells. However, verapamil has
been shown to reduce the uptake of calcium seen in proximal tubules after 30 minutes of
anoxia.218

Calcium channel blockers seem to be effective when administered prior to or immediately
after the ischaemic insult. Their potential may therefore be more fully utilised in renal
transplantation. Experimental studies in both animals and humans have shown that this
class of drug does indeed have a beneficial effect in renal transplantation. Isolated rat
kidneys flushed with verapamil or emopamil had higher inulin clearances and renal cortical
ATP levels than controls.219:220 [n clinical studies Duggan showed that verapamil given
to donors before harvesting the kidneys improved early graft function.22]  Early rejection
was also reduced. Pre treatment of renal grafts and recipients with diltiazem also reduced

the incidence of delayed graft function.222,223 [n this study graft survival was not affected.

2:2:6 Other potential therapeutic agents in acute renal failure

Adenosine nucleotides and magnesium chloride infused into rats after an ischaemic injury
accelerated recovery of inulin clearance and tubule function, and also preserved cell
morphology.224,225 ATP given alone causes adverse cardiovascular effects by chelating
divalent cations. Equimolar amounts of magnesium chloride given with ATP prevent these
adverse effects from occuring.226 As yet there are no human studies looking at the effect of

magnesium chloride and ATP in ARF.
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Thyroxine stimulates renal tubule transport mechanisms and has been studied in ARF in
animals and man with encouraging results.227.228 Unfortunately the clinical study was
uncontrolled.228 Glucagon has beneficial effects if given prior to or immediately after
development of ARF, but has no effect on established ARF and is therefore of no

therapeutic value, although it may yet have a role in prophylaxis against ARF.229

2:3 The future

There have been exciting developments in our understanding of the pathogenesis of acute
renal failure which may well contribute to our ability to modify the disease. Evidence for
the role of endothelin is accumulating. Tomita et al (1989) have shown that plasma
endothelin levels in patients with ARF are raised, while in experimental studies antibodies
to endothelin have improved the outcome of ARF.230,231 Gellai et al (1994) showed that
in rats with established ARF, infusion of a selective endothelin receptor antagonist (BQ123)
improved Na™ reabsorption and moderately increased GFR and KT excretion.232  All
vehicle treated rats died by day 3, whereas rats given the endothelinp receptor antagonist
were all alive at day 4 and eventually 75% fully recovered. The therapeutic potential for
this in established ARF is enormous.

A monoclonal antibody against intercellular adhesion molecule 1 (anti-ICAM-1) improved
post ischaemic ARF when given up to 2 hours after the ischaemic insult.233 Histological
evidence of ARF and tissue levels of myeloperoxidase (induced by ischaemia) were both
significantly reduced by anti ICAM-1 infusion.

ANP is thought to exert its biological actions by activating guanylate cyclase thus increasing
the production of cyclic guanosine monophosphate (cGMP). Therefore, inhibiting the
degradation of cGMP would be expected to have a similar effect as administration of ANP.
Guan et al induced ARF in rats by clamping the renal arteries for 15 minutes.234 Twenty-

four hours later the rats were given vehicle, ANP or Zaprinest - a ¢cGMP specific
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phosphodiesterase inhibitor. Rats given Zaprinest had a significantly greater GFR 24 hours
after infusion of the drug. Rats given ANP also had an increased GFR but this did not reach
statistical significance.

Urodilatin is another natriuretic peptide whose structure comprises the entire sequence of
human ANP plus a four amino-acid N-terminal extension.235 It is detectable in human
urine but not plasma.236 Unlike ANP, its hypotensive effect is minimal, but it causes a
greater increase in GFR and more of a natriuresis than ANP.237

In an animal model of ischaemic ARF, Shaw et al demonstrated that urodilatin and
dopamine had a greater beneficial effect on GFR than dopamine alone or dopamine plus
nitroprusside.238 In a recent randomised controlled trial in which patients had developed
oliguria following cardiac surgery, Wiebe et al showed that an infusion of urodilatin caused
a brisk diuresis - 363.6 + 102ml/hr v 69.4 + 20ml/hr in the control group.239 86% of the
control group required dialysis whereas none of the patients who received urodilatin
required dialysis.

Several authors have shown that pre treatment with a PAF receptor antagonist improves the
recovery of the GFR after acute ischaemic renal injury.240-242  As yet there are no studies
examining the effect of PAF receptor antagonists given after the acute ischaemic insult.
Aggregation of detached tubule epithelial cells causes intratubule obstruction and
contributes to the maintenance of ARF. Integrins recognising the argenine-glycine-aspartic
acid (RGD) sequence may participate in cell-cell adhesion of exfoliated tubule cells and
could thus be targeted to prevent tubule obstruction.243 In vitro studies have demonstrated
that synthetic RGD peptides that mimic the RGD sequence of integrin ligands inhibit cell-
cell adhesion of tubule epithelial cells. In rats with experimental ARF, RGD peptides given

at the time of reperfusion accelerate recovery from ARF.244
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The number of potential therapeutic agents in ARF currently under investigation reflects the
extremely complex and multifactorial nature of the pathogenesis of ARF (Figure 2:2). The
existence of many pathways (some interrelated) all ultimately resulting in tubule cell death
means that a single therapeutic agent targeting a particular pathway is probably not the
answer. In addition, most of the therapeutic agents show a beneficial effect when given
prior to or immediately after reflow. In clinical practice this is rarely possible and therefore
attention must be turned to hastening regeneration of tubule cells and thus recovery from
ARF.

Growth factors are polypeptides that can stimulate or inhibit cell proliferation. In rats with
experimental ARF induced by bilateral renal artery clamping, exogenously administered
epidermal growth factor (EGF) attenuated the rise in serum creatinine and increased renal
DNA synthesis.245,246 Binding of EGF in the kidney was increased.

Insulin like growth factor-1 (IGF-1) is mitogenic for renal epithelial cells and in ARF there
is an increase in the number of IGF-1 receptors in regenerating tubules.247 However, IGF-
1 appears to be important in differentiation and maturation of regenerating cells as the
increase in IGF-1 appears after proliferation has occurred. Recombinant IGF-1 given to rats
5 - 24 hours after induction of ischaemic ARF caused accelerated regeneration and repair of
the epithelium and attenuation of ARF.248.249 When given prior to the ischaemic insult
there did not appear to be any additional benefit.249

Hepatocyte growth factor (HGF) is also mitogenic to a variety of cultured proximal and
distal tubule epithelial cell lines.250 Human recombinant HGF given intravenously to mice
with HgCly induced ARF caused a significant increase in DNA synthesis in tubule cells in
the outer medulla where an increase in HGF receptor mRNA was also detected.251 In rats
with ischaemic ARF, subcutaneous recombinant human HGF given 30 minutes after

reperfusion enhanced recovery and improved survival.252
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Other growth factors may also have a role in the process of repair following ARF.
Transforming growth factor-B (TGF-f3) effects a different physiological response in
different cell types. It inhibits epithelial cell proliferation; mesenchymal and endothelial
cell mitogenesis can be stimulated or inhibited.253 Therefore TGF-B may regulate the
regenerative response. Fibroblast growth factors are potent inducers of blood vessel growth,
and induce expression of proteolytic enzymes involved in tissue remodelling.253 Their role
in regeneration after renal cell injury is not clear. Similarly, the role of platelet derived
growth factor like protein (PDGF) released by mesangial cells (which also express PDGF
receptors) is not clear.254 Endothelial and mesangial cells have a proliferative response to
PDGF, but PDGF does not appear to be mitogenic for renal epithelial cells in culture.253

Some growth factors seem to have a beneficial effect on each other. IGF-1 and EGF
reciprocally enhance the expression of their receptors. Thus a combination of growth

factors given post insult may result in a more effective mitogenic response.235

2:4 Summary

The pathogenesis of ischaemic ARF is extremely complex with a number of factors
contributing to the development and progression of ARF (Figure 2:2). There have been
many therapeutic attempts to modify the progression of ARF and to date none have proven
clinically useful. The role of loop diuretics has been investigated in the past but the studies
performed were poorly controlled, retrospective or anecdotal. There is a need therefore for

a properly controlled, prospective double blind study of the effect of loop diuretics in ARF.
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Figure 2:1 Action of loop diuretics in the thick ascending limb of Henle’s loop
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Figure 2:2 Factors contributing to the development and progression of ARF

ISCHAEMIA

» {Renal blood flow
(Trenin, TAngiotensin II, TThromboxane A7, TEndothelin, VEDRF)

MembraLe damage

Vascular endothelium //\oTubule epithelium

{Prostaglandin Xanlhine
synthesis dehydrogenase

TVascular permeability TCalcium Xanthine
permeability oxidase

REFLOW

TCalcium TPAF TICAM-1
(Vascular smooth muscle)

TIntracellular
calcium

Vascular constriction

w

TFree radicals

TThromboxane By we ¥
Leukocyte adhesion 5
IRenal bloo flo and activation _.--/"
Activation of phospholipases TMitochondrial
calcium
LATP synthesis
T Membrane damage «
v g"“
TFree fatty acids Cell death
T Lysophospholipids

Intratubule obstruction
+

MAINTENANCE OF ARF

2-37



3 Energy Expenditure and Outcome in Acute Renal
Failure

3:1 Daily energy expenditure

Total daily energy expenditure (EE) is made up from the following components: basal
metabolic rate (BMR), resting energy expenditure (REE), dietary thermogenesis, shivering
and non shivering thermogenesis, and voluntary physical activity.

The BMR was defined in 1920 by Boothby and Sandiford as “...the minimal heat production
of an organism, measured from twelve to eighteen hours after the ingestion of food and with
the organism at complete muscular rest”.256 The BMR is a result of the metabolic
processes required for cellular integrity, and also the metabolic processes of various organs
required to maintain life. The BMR is related to cell mass and can therefore be predicted
from variables such as height, weight and body surface area (BSA) corrected for age and
sex.257 The regulation of BMR is largely by changes in peripheral metabolism of thyroid

hormone.258

3:2 Effect of illness on basal metabolic rate

The BMR is measured in a resting subject in a thermoneutral environment 12 - 18 hours
after last eating. Injury, burns and sepsis all cause an increase in core temperature and
BMR. The regulation of EE in trauma and sepsis appears to be similar to that of non
shivering thermogenesis and is activated by the sympathetic nervous system.257 As well as
increased heat production in brown adipose tissue there is a resetting of the hypothalamic
‘thermostat’ to maintain a higher core temperature. Thus the patient feels cold resulting in
shivering and non shivering thermogenesis with a rise in the core temperature until it meets

the new set point. During the process energy expenditure is increased.
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Burns cause an obligatory loss of heat from the surface of the burn because blood flow to
regenerating granulation tissue is high and not regulated by the autonomic nervous
system.259  Therefore the temperature at the skin surface remains close to the core
temperature and heat is lost by radiation, conduction and convection (dry heat loss) and
evaporation (wet heat loss). In this instance heat loss and therefore EE can be minimised by
keeping the patient in a warm, humid environment.

Trauma and sepsis also cause an imbalance in the glucose-fatty acid cycle with marked
hyperglycaemia, even although energy is largely derived from oxidation of fat. 260 This is
due to the high concentration of hormones associated with increased sympathetic activity
such as glucagon, cortisol and catecholamines. During an infusion of total parenteral
nutrition (TPN) there is an increase in noradrenalin excretion with an increase in EE.257

Thus diet induced thermogenesis from overfeeding results in metabolic stress.

3:3 Resting energy expenditure

REE may be measured at any time of day, as long as the methods outlined in chapter seven

are adhered to, and has been shown to be approximately 10% higher than the basal energy

expenditure as measured in deep s]eep.261'263 REE accounts for 75-90% of total energy

expenditure; diet induced thermogenesis, shivering and non shivering thermogenesis, and

exercise make up the rest.257,264

A number of factors affect the REE:

1. Size of the individual - REE increases with increased height and weight.261

2. Sex - males have a higher REE than females of the same weight. REE correlates closely
with lean body mass and males have a higher lean body mass compared to females.261

3. Age - older patients have a reduced REE.261

4. Diet - intermittent feeding causes an increase in REE of 8-10% whereas continuous

enteral or parenteral feeding reduces diet induced thermogenesis by 4-8%.265
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Thermogenesis peaks within the first hour after a light meal and has been shown to
return to baseline within the next hour.262 Hypercaloric parenteral nutrition increases
metabolic rate but the effect is stable when the nutrients are infused at a constant rate.263

5. Sleep - REE is reduced during sleep.266

6. Work of breathing - impending respiratory failure causes an increase in REE.264

7. Disease - release of neurotransmitters, mediators of inflammation, increased catabolism,
increased core temperature all increase REE.265 This effect is not seen until the patient
has passed from the ebb phase to the flow phase of injury, usually 8-12 hours after the
onset of acute injury.267

8. Physical activity causes a rise in REE.268,269

9. Body temperature - each degree rise on the Farenheit scale causes a 7% rise in REE
(13% rise for each degree on the Celsius scale).264

10. Drugs also affect the REE. Pressor agents and catecholamines increase REE while
narcotic analgesics, sedatives, general anaesthesia, beta blockers and alpha blockers all
cause a reduction in REE.269-271

The REE can be predicted using the Harris-Benedict equation (HBREE).272 This is dealt

with in detail in chapter 7.

3:4 Measurement of EE

Indirect calorimetry provides a method of accurately measuring EE at the bedside.262 A
full description of the technique is given in chapter 7. Its main use has been in the design of
nutritional regimens suitable for different disease and organ failure states.264

The ratio of REE measured using indirect calorimetry to the predicted REE (REE/HBREE)
can be used to determine whether patients are hypermetabolic (ratio >110%),

normometabolic (ratio >90%, <110%) or hypometabolic (ratio <90%).264
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3:5 Energy expenditure in acute renal failure

Overall mortality from ARF remains high.273 However, mortality from various types of
AREF is variable ranging from 35% (nephrotoxic ARF) to 75% (ARF associated with sepsis
and MOF).274,275 [t has been suggested that the difference in mortality between different
types of ARF is due to differences in metabolic status.276 Hypermetabolism in ARF results
in malnutrition, impaired wound healing and impaired immunological function with
increased morbidity and mortality.277

EE in ARF has been reported to vary between 1.19 - 2.5 times the predicted REE.278-280
In the study from Bouffard et al the measurements of EE were widely scattered implying
that ARF is not associated with a predictable increase in EE.278 The presence of sepsis did
however, significantly increase EE.

The APACHE 11 score is a marker of physiological stress and, when measured within the
first 24 hours of hospital admission, can be used to predict outcome.281 It is possible,

therefore, that the APACHE II score may be related to the REE of the patient.

3:6 Summary

Various disease states cause an increase in REE and in general, the more severe the injury
the greater the metabolic response.269

Indirect calorimetry is an accurate way of measuring energy expenditure in the critically ill
patient, which in turn can be used as a marker of physiological stress. Chapter 7 (Resting
Energy Expenditure and the APACHE II Score in Patients with Acute Renal Failure)
describes studies which I carried out on patients with ARF. The REE was measured and

compared with another objective marker of physiological stress (APACHE II score).281
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4 Aims and Objectives

The multifactorial pathogenesis of ARF makes it unlikely that a single agent will be able to

attenuate the effects of ischaemic ARF. Rather, combination therapy targeting contributory

mechanisms may be the answer. To date, the most widely used drugs in the treatment of ARF

are loop diuretics, mannitol and dopamine, but a precise role for these drugs in the clinical

setting of potential or established ARF has not been established. Available studies are usually

retrospective, poorly controlled or merely anecdotal reports.

Intracellular calcium levels have been shown to be raised in experimental ARF and also in

white cells and red cells from patients with sepsis.282-284 [t is possible therefore that

intracellular calcium levels may be raised in patients with ARF, and that the magnitude of the

rise may be related to prognosis.

Resting energy expenditure is increased in various disease states and the more severe the injury

the greater the metabolic response.267 The APACHE II score is a marker of physiological

stress and can predict outcome of illness.281 It may therefore be related to the metabolic

response to ARF as reflected in energy expenditure.

The aims of this thesis are to examine the following hypotheses:

1. Patients with ARF who are treated with high dose loop diuretics have a better prognosis in
terms of survival and speed of recovery than those who receive placebo.

2. Levels of intracellular calcium may have an effect on outcome.

3. Resting energy expenditure may affect outcome.



The specific objectives of the studies are as follows:

1. Describe the role / usefulness of loop diuretics in managing patients with ARF.

2. Measure free intracellular calcium levels in platelets from patients with ARF.

3. Look at the effect of loop diuretics on free calcium concentrations in platelets from patients
with ARF.

4. Examine the relationship between intraplatelet calcium concentration and APACHE II score
in patients with ARF

5. Examine the relationship between resting energy expenditure and APACHE II score in
patients with ARF

In order to do this I enrolled 96 patients for the study described in chapter 5. Patients for the

studies described in chapters 6 and 7 were selected at random from the patients enrolled in the

loop diuretic study (chapter 5).

The work was carried out in the Renal and Intensive Care Units of the Royal Infirmary,

Glasgow while I held the post of research fellow.

Some of the work I am about to describe (chapter 5) was presented at the American Society of

Nephrology meeting in San Diego, November 1995 and has been published in Nephrology,

Dialysis, Transplantation.285 Chapter 6 has been prepared for publication.
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5 Study 1 - Loop Diuretics in the Management of Acute
Renal Failure

5:1 Introduction

In clinical practice the temptation to use high doses of loop diuretics to increase urine flow
rate and thereby perhaps ameliorate the progress of ARF in patients with acute oliguria is
strong. The evidence for this practice is poor. Most reported studies have been largely
anecdotal, retrospective, non randomised or uncontrolled. 184-192

Theoretically, administration of loop diuretics should reduce the energy requirements of the
cells of the thick limb of the loop of Henle.286 These drugs act by inhibiting the Nat/2CI-
/K* pump in the luminal cell membrane resulting in a fall in transcellular sodium transport.
Basal Na/K ATPase activity becomes unnecessary and the requirement of the cell for
oxygen falls. Brezis et al (1984) have shown that reducing active transport with frusemide
significantly reduces the damage to the thick ascending limb of Henle's loop in the isolated
perfused kidney.287 1t is therefore possible that loop diuretics might 'protect' the cells of
the thick ascending limb during the hypoxia which accompanies hypotension and sepsis,
frequent predisposing factors in ARF, by reducing the need for energy consumption.

In 1983 a new loop diuretic, torasemide (Boehringer Mannheim) became available for
clinical trials. This prospective, double blind, randomised, placebo controlled study was
designed to compare the effect of frusemide, torasemide and placebo on the outcome of
patients with ARF in Glasgow Royal Infirmary. My aim was to answer the following
questions:

e Can loop diuretics convert oliguric ARF to non-oliguric ARF and is this associated with

an improvement in outcome ?
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e Can loop diuretics shorten the period of renal failure and reduce the need for dialysis?

e Can loop diuretics decrease mortality in ARF?

5:2 Subjects and methods

5:2:1 Patient selection

Patients aged 18 years and over referred to the Renal Unit of Glasgow Royal Infirmary with
potential ARF were seen by myself over a 3 year period. All had potentially reversible
acute intrinsic renal failure as defined by a rise in serum creatinine to over 180umol/Il.

When first assessed each patient had bladder catheter drainage established and attempts
were made to correct all reversible pre-renal factors. A central venous catheter or
pulmonary artery catheter was inserted, arterial blood gases were measured and pulse
oximetry established. Obstructive uropathy was excluded by ultrasonography.

Those patients whose ARF did not respond to correction of pre-renal factors and who were
not obstructed were then considered for enrolment into the study. Exclusion criteria are
listed in Table 5:1. Written consent for the study was obtained either from the patient or, if
unconscious, from the next of kin, after explaining the various options and risks. The
protocol was approved the Ethics Committee of Glasgow Royal Infirmary. The
randomisation code was computer generated by software called Almedica Drug Labelling

System.

5:2:2 Methods

Patients were enrolled into the study at time (t) = 0, after a run in period of a minimum of
two hours. During this run in period two baseline hourly urine collections were made and
blood samples collected for subsequent biochemical tests (Table 5:2). An APACHE II

score was calculated for each patient during the run in period.281
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Serum biochemistry was repeated at t = 24 hours and thereafter on a daily basis at 0800
hours until Day 21 or, if sooner, death. In addition, serum osmolality was measured for the
first three days while mannitol was being used. This value was compared with that obtained
by calculating the serum osmolality using the formula:

(1.86 x serum sodium) + urea + glucose + 9.288

Urine was collected every six hours for the first 48 hours and thereafter every 24 hours.
Hourly urine flow rates were calculated. Urine biochemistry tests were carried out on each

sample (Table 5:2).

5:2:3 Treatment

All patients were given dopamine (continuous infusion of 2ug/kg estimated body
weight/min) and mannitol (infusion of 100ml of a 20% solution for 1 hour every 6 hours for
a maximum of 3 days), and were randomised to receive either frusemide, torasemide or
placebo as an intravenous infusion over 1 hour every 6 hours for up to 21 days. Previous
studies in chronic renal failure suggested that intravenous torasemide is equipotent to
frusemide.289,290 This study has made the assumption that this holds for ARF. The study
drug was given in a double blind fashion, initially in a dose of 3mg/kg estimated body
weight per dose. If the serum creatinine fell thereafter the dose of study drug was
decreased from 3mg/kg to 2mg/kg to Img/kg and finally stopped as renal function
recovered. Both the study drug and dopamine were continued if the patient became dialysis
dependent or failed to recover renal function, for a maximum of 21 days, or until death
within 21 days. Although the study ended at day 21 the survivors continued on long term
follow up.

Mannitol was discontinued before day three if the patient remained severely oliguric or

anuric or became hyperosmolar ( measured osmolality - calculated osmolality > 17).
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5:2:4 Statistical analysis

A sample size of 90 was determined to be sufficient to detect a clinically significant
difference in outcome between the three groups (W Koehler, statistician, Boehringher
Mannheim - personal communication). The absolute values of the primary variables
(recovery, death or dialysis) were compared using chi-squared analysis. This was the most
appropriate test to use as I was predicting that patients given loop diuretic would have
different rates of recovery, death and dialysis, without specifying the direction of the

association. Other variables were analysed by means of analysis of variance (mean + S.D.).

5:3 Results

A total of 278 oliguric patients were assessed for entry into the study (Figure 5:1), 25% of-
whom recovered with adequate rehydration. A further 40% were excluded as they did not
fit the entry criteria or refused consent. The remaining patients (n= 96) were enrolled into
the study. Of these, 4 patients are excluded from the statistical analysis; 2 died in the run in
phase before the study drug was given and a further 2 patients were inappropriately enrolled
as they had been in another study within the preceding 30 days. 92 patients are therefore
available for analysis on an intention to treat basis. The sample size for each group is as
follows: torasemide n=30, frusemide n=32 and placebo n=30.

Table 5:3 shows demographic and clinical features. Patients in each of the groups were well
matched for age, sex, severity of illness and degree of renal impairment. The causes of
acute renal failure were similar in all three groups and have been amalgamated to show the
overall causes of ARF in Table 5:4.

A tabulated list of important screening data for each individual patient is shown in

Appendix 1. Appendix 2 is a list of outcome data for each individual patient.
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5:3:1 Loop diuretic (torasemide or frusemide) v placebo

Table 5:5 shows the outcome of treatment with loop diuretic or placebo. Patients given
torasemide or frusemide had a significant increase in urine output (Figure 5:2) and
fractional excretion of sodium (Figure 5:3) in the first 48 hours compared to placebo. These
patients did not receive any more mannitol than those in the placebo group. However, there
was no significant difference in the final outcome (recovery, dialysis or death) at day 21.
Twenty three percent of placebo patients recovered full renal function without requiring
haemodialysis compared to 17% and 28% for patients given torasemide and frusemide
respectively (p=0.56).

The proportion of patients requiring dialysis were not different in the three groups. The
time to dialysis in each group was torasemide 5.0 + 5.0 days, frusemide 5.4 + 5.7 days and
placebo 2.8 + 1.2 days (p=0.35). Loop diuretic had no effect on the duration of dialysis
(torasemide 5.6 + 4 days, frusemide 13.4 = 13.7 days, placebo 13.2 £ 10.7 days, p=0.16).
The number of patients who died by day 21 without requiring dialysis was 47% and 41% in
the torasemide and frusemide groups respectively and 37% in the placebo group (p=0.73).
The total number of deaths by day 21 (dialysis and non dialysis dependent patients) was
70% in the torasemide group, 66% in the frusemide group and 50% in the placebo group
(p=0.24).

Table 5:6 shows the final outcome of all patients who required dialysis. There was no
significant difference between the groups. The day the serum creatinine started to fall
spontaneously was taken as an indication of renal recovery and there is no significant
difference between the groups (torasemide day 7 £+ 7, frusemide day S £ 5, placebo day 8 +
7, p=0.46).

Actuarial survival curves for the three groups are shown in Figure 5:4. This is continued up

to day 56, since all of the patients who died as a result of their primary illness had done so
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by then. At day 56 survival between placebo (43%), frusemide (38%), and torasemide
(30%) was not significantly different. Long term survival at 2 years was not significantly
different to survival at 56 days. Death after 56 days was due to causes not associated with
the primary illness such as trauma, ischaemic heart disease or cancer.

Daily median values for serum creatinine, sodium, potassium, calcium and C reactive
protein over the 21 day study period were calculated. There was no significant difference

in these between the three groups.

5:3:2 Oliguric v non-oliguric patients

The patients were divided into two groups - oliguric and non-oliguric - based on their urine
output during the first 24 hours after starting medication. Those patients whose urine
volume in the first 24 hours averaged >50ml/hour were termed non-oliguric. Conversely
those patients with hourly urine volumes <50ml/hour were termed oliguric. One patient has
been excluded from statistical analysis because he died prior to the first urine collection
after entry into the study. Therefore n=91.

51 patients remained oliguric during the first 24 hours of the study while 40 were non
oliguric either spontaneously or because of diuretic treatment. By day fifty-six, 35 (69%) of
the oliguric patients had died compared to 17 (43%) of the non-oliguric patients (p=0.01).
The pre-study APACHE II score was better in the group who became non-oliguric (17.2 +
5.9 v 20.6 £5.5, p=0.008), as was the pre-study creatinine clearance (14 + 11ml/min v 4 +
4ml/min, p<0.0001).

In the group of patients who were non-oliguric, 8 (20%) were on placebo and 32 (80%) were
on a diuretic. In the non-oliguric placebo group (n=8) two patients (25%) had died by day

56. In the non-oliguric diuretic group (n=32), 15 (47%) had died by day 56 (p=0.3).
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5:4 Side effects

There was a non-significant increase in the incidence of seizures in the patients given loop
diuretic - torasemide 6, frusemide 6, placebo 1 (p=0.1). One patient on frusemide became
acutely deaf but recovered when the drug was stopped.

Torasemide caused a significant rise in y glutamyl transferase (y GT) an effect which is
reversible and given as a warning on the international data sheet.

Only 22% of patients continued on mannitol for 3 days. The reasons for stopping mannitol
are shown in Table 5:7. The patient who developed pulmonary oedema was not
hyperosmolar. Only one of the patients who became hyperosmolar had any symptoms

(confusion).

5:5 Discussion

Can loop diuretics convert oliguric ARF to non-oliguric ARF?

The use of high dose loop diuretics in patients with incipient ARF can significantly improve
urine output. Thus 57% of patients given torasemide and 48% of patients given frusemide
had a significant increase in urine volume in the first 24 hours compared to placebo (23%).
Patients who became non-oliguric had a lower mortality than those patients who remained
oliguric (43% v 69% p=0.01). However, patients who became non-oliguric were less ill as
evidenced by a significantly lower APACHE II score. They also may have had less severe
renal failure as their creatinine clearance was higher. However, this is an imprecise
measurement of renal function in these patients. On this evidence I cannot attribute a
'beneficial' effect on mortality solely to the use of loop diuretics.

Of more significance would have been a significant improvement in mortality between
those patients who became spontaneously non-oliguric with placebo and those whose

diuresis was induced by the use of loop diuretics. There was no difference in mortality at
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day 56 between the non-oliguric group who had placebo (spontaneously non-oliguric) and
the non-oliguric group given loop diuretic. However, the number of patients in this
subgroup analysis is small and larger numbers of patients are required for statistical
analysis.

It has been suggested that continuous low dose infusions of frusemide might be preferable
to high dose bolus injections.291,292 It is possible, therefore, that I might have achieved
an even greater diuretic effect by the continuous infusion of the loop diuretic. Few
controlled clinical trials comparing the diuretic and natriuretic response to infusion versus
bolus administration of loop diuretic have been published and most were published after this
study began.188,291-293 They are flawed by the lack of data regarding severity of illness,
type of surgical procedure and post operative support required in the two groups of patients.
Thus, in view of the lack of definitive evidence in favour of continuous infusion of loop
diuretic at the time the study was started, [ elected to use bolus therapy as this was standard
practice in Glasgow Royal Infirmary at that time.

In 1976 Kleinknecht et al studied 55 patients with established oliguric ARF.185 Thirty
three were given a variable dose of frusemide while 33 were given only intravenous fluids.
There was no significant reduction in the duration of oliguria in the group given loop
diuretic. Minuth and colleagues found a sustained diuresis in 22% of 104 patients given a
variable does (40 - 500 mg) of frusemide.184 Other groups however, have shown that

intravenous frusemide modifies ARF by causing sustained polyuria.186-192

Can loop diuretics shorten the period of renal dysfunction and reduce the need for dialysis?
Renal recovery was considered to begin when the serum creatinine started to fall
spontaneously, without dialysis. There was no significant difference in the time to renal
recovery between the three groups. The need for dialysis was also not different. These

findings agree with the studies of Brown and Borirakchanyavat. 190,192



Minuth and colleagues, however, found a reduction in the need for dialysis in patients given
loop diuretic.184  Cantarovich showed that a progressive does of frusemide (100 -
3200mg/day in geometric progression on continuous days) shortened the period of renal
dysfunction, presumably because of the high average daily dose of frusemide (1.24g/day)
received by the progressive dose group compared to the fixed dose group (600mg/day).!86

I gave a maximum dose of loop diuretic 1.2g/day.

Can loop diuretics decrease mortality in ARF?.

This prospective randomised double blind study failed to demonstrate an improved
mortality in patients treated with loop diuretics, a finding in keeping with most previous less
well controlled studies.184,185,188,190  Only Anderson et al showed a reduction in
mortality in the subgroup of patients given frusemide and who were non-oliguric.191 This
subgroup also had a lower fractional excretion of sodium and lower urinary sodium than
those who did not respond to the diuretic, implying they had less severe renal failure as
renal tubular sodium reabsorption continued. This is in keeping with my observation that
the patients who became non-oliguric after loop diuretics had significantly less severe organ
failure and better renal function at presentation.

It could be argued that the use of mannitol and dopamine in all the patients may have
affected the results. At the time ethical approval for the study was sought the use of these
two drugs was ‘routine’, despite the lack of evidence in their favour. Recently there has
been evidence suggesting that both mannitol and dopamine may not be beneficial in ARF
and indeed may even be harmful.

In healthy volunteers, dopamine causes a selective increase in renal blood flow resulting in a
natriuresis and diuresis.193 However, Breslow et al have shown that in pigs with endotoxic
shock renal vascular autoregulation and vasodilatation may already be maximal and

therefore unable to be manipulated further by pharmacological methods.294 Baldwin et al
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studied 37 patients having elective repair of an abdominal aortic aneurysm or
aortobifemoral grafting. 295 None of the patients had renal failure, but in this prophylactic
study low dose dopamine (n=18) did not show any advantage over adequate peri-operative
hydration (n=19). Duke et al showed that low dose dopamine given to critically ill patients
with a normal serum creatinine caused a diuresis but did not improve creatinine
clearance.296

In a porcine model of haemorrhagic shock Segal et al (1992) showed that animals given
low-dose dopamine (2ug/kg/min) had an earlier onset of gut ischaemia associated with a
decreased ability to extract oxygen than shocked animals not given low dose dopamine.297
They suggested that low dose dopamine used to treat shocked, oliguric patients may have a
detrimental effect on oxygen transport and utilisation in the gut which potentially could
cause occult gut ischaemia, translocation of bacterial products and development of multi-
organ failure. Scannell et al (1994) have shown that gastric submucosal PO, does correlate
with gut translocation.298

Chertow et al assessed dopamine administration in 497 patients with early progressive renal
failure.299 Dopamine was given ‘at the discretion of the attending physician’. 69% of
oliguric and 68% of non oliguric patients were therefore given dopamine. The overall
mortality at 21 days was 31% with and 21% without dopamine and the tendency to
increased mortality in the dopamine group was more obvious in those patients who were
oliguric (49% with v 26% without dopamine). Dialysis requirement at day 14 was said to
be significantly higher in the dopamine group (47%) compared to the group not given
dopamine (36%). Unfortunately no indicators of statistical significance are included in the
abstract. Nor is there any mention of severity of illness or renal function in the two groups.
It is possible that patients given dopamine were in fact more ill with more severely impaired

renal function than the group not given dopamine. The waters are further muddied by the
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fact that the study was originally designed to compare the effect of ANP with placebo. The
authors do comment that regardless of the original treatment assignment (ANP or placebo)
dialysis was still more common in patients given dopamine, although no mention of the
effect of the primary treatment assignment and dopamine on mortality is made.

Heymann et al have shown that a mannitol infusion decreased rat outer medullary Op
tension from 22+4 to 14+3mmHg (p<0.002) without changing the cortical oxygen
tension.300 Thus mannitol has the potential to perpetuate the medullary hypoxia seen in
ARF. It may do this by increasing the oxygen requirements of the already hypoxic mTAL.
By washing out intratubular casts mannitol causes an increase in inulin clearance; it also
causes decreased fluid absorption in the proximal tubule and therefore may cause increased
delivery of filtered solutes to mTALs in nephrons not blocked by intratubular casts. Both
these effects will increase the metabolic demand of the mTAL, but there will be no increase
in blood flow to meet the increased metabolic demand as capillaries in the outer medulla are
blocked by trapped red blood cells. The result is more hypoxia and further injury.

The prophylactic use of mannitol has been reported to prevent RBC trapping in the rabbit
kidney.l15 This may be related to its action as a free radical scavenger as other free radical
scavengers have also been shown to prevent RBC l:rapping.l IS However, Hellberg et al
showed that administration of mannitol in a dose dependent manner affer the ischaemic
event was associated with an increase in RBC trapping in the inner stripe of the outer
medulla.301

Thus the available experimental evidence and the lack of controlled studies suggest that at
present mannitol and low-dose dopamine do not have a role to play in the management of
ARF. Were the study to be redesigned neither of these two drugs would be included in the

protocol. However, as patients in all three treatment groups received mannitol and



dopamine, any differences noted between the groups as a result of treatment would have

been due to loop diuretic.

5:6 Conclusion

This prospective, placebo- controlled, double - blind randomised study has shown that loop
diuretics have no beneficial effect on the duration of renal dysfunction, the need for dialysis
or on mortality in ARF. Patients who become non-oliguric (with or without a loop diuretic)
have a better survival but are less ill and have less severe renal failure than patients who
remain oliguric.

80% of patients who became non-oliguric were on a loop diuretic, but the difference in
mortality between this group and the group receiving placebo who became non-oliguric is
not significant. However, the numbers in this subgroup analysis are too small for any firm
conclusions to be drawn.

A trial specifically addressing the question of mortality in patients who become non-oliguric
either on loop diuretic or placebo would need to enrol 518 patients in each group. This
assumes reducing overall mortality from ARF to 40% or less is a significant improvement, a
level of statistical significance of 0.05 and a power of 0.9. In my study 44% of patients
enrolled became non-oliguric as a result of intervention (placebo or loop diuretic).
Therefore a total of 2354 patients would need to be enrolled and given loop diuretic or
placebo in order to have the required number of patients in the spontaneously and
pharmacologically induced non-oliguric groups. This in turn means that in the order of
6730 patients with ARF would need to be assessed for suitability for entry into such a study.
It may therefore never be performed.

In very ill patients many insults contribute to the onset of ARF; most patients suffer from
multiple-organ failure. Perhaps it is a naive to suppose that a drug acting primarily on the

kidneys would have a beneficial effect on a multisystem disorder and so improve survival.
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My studies have shown that loop diuretics have little effect on the natural history of ARF.
The conversion of oliguric into non-oliguric ARF however, could be an indication for their
use in order to improve fluid balance, despite their lack of evidence on outcome. If we are
to significantly improve mortality in these patients attention should be focused on the early

detection and management of all aspects of multi organ failure.
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Figure 5:1 Patients assessed for entry into the study

278 patients

70 patients dehydrated

108 patients on loop or osmotic diuretics
2 patients refused consent

2 patients in another study

96 patients enrolled

Inappropriately enrolled

Died in run in phase

I 92 patients available for analysis I
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Figure 5:2 Urine output in the first 48 hours (median values)

Vol. (1'24hrs)

2:5

screen 6h 12h 18h 24h 6Gh 12h 18h
Day 1 Day 2
@ Torasemide QO Frusemide @ Placebo
Urine output (1/24 hours)
Screen 6hr 12hr
median mean | SD median mean | SD median mean | SD
Tor | 0.60 0.63 | 046 | 1.41 2.69 |2.64 | 141 3.18 | 3.00
Fru | 0.40 0.71 1097 |0.99 297 457|124 347 |4.74
Pla | 0.41 0.47 |038 | 0.58 0.78 |0.70 | 0.70 0.89 [1.10
18hr 24hr Day2 6hr
median | mean | SD median mean | SD median | mean | SD
Tor | 1.64 3.2 3.15 | 1.41 323 |.2.32 1.86 2.82 | 2.82
Fru | 1.50 3.35 | 4.03 1.80 3.07 | 4.05 2.28 2.89 | 3.80
Pla | 0.75 1.11 1.28 | 0.79 1.4 1.79 0.70 1.29 | 1.51
12hr 18hr 48hr
median | mean SD median | mean | SD median | mean | SD
Tor | 2.06 2.97 3.03 |1.60 3.64 3.51 | 1.90 3.3 3.37
Fru | 1.57 2.96 4,08 |1.30 2.44 330 [ 1.27 2.58 3.31
Pla | 0.66 122 1.43 | 0.62 1.21 1.50 | 0.76 1.08 1.18
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Figure 5:3 Fractional excretion of sodium in the first 48 hours (median values)
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screen 6h 12h 18h 24h 6h 12h 18h 48h
Day 1 Day 2
@ Torasemide Q© Frusemide @ Placebo

Fractional excretion of sodium (%)

Screen 6hr 12hr

median | mean | SD median | mean | SD [ median | mean | SD
Tor | 1.7 7.8 253 | 11.0 11.6 |79 | 159 19.8 |20.3
Fru | 1.7 3.7 5.6 11.3 15.0 |12.7 |20.2 214 | 16.2
Pla | 14 5.8 9.3 1.9 4.0 7.0 |[3.2 4.8 5.8

18hr 24hr Day2 6hr

median | mean | SD median | mean | SD median | mean | SD
Tor | 18.7 275 | 282 |18.0 27.5 | 37.6 17.7 23.3 |25.0
Fru | 18.2 22,7 | 157 | 183 229 | 163 20.9 21.8 | 15.2
Pla | 3.1 53 5.7 4.2 6.2 6.9 5.1 72 7.4

12hr 18hr 48hr

median | mean SD median | mean | SD median | mean | SD
Tor | 17.3 21.0 17.3 | 19.3 19.1 13.0 | 12.9 17.2 12.5
Fru | 19.7 18.5 11.0 |22.5 23.2 14.0 | 22.3 23.4 11.7
Pla | 4.7 6.8 7.6 4.4 7.2 7.8 2.6 59 6.4
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Figure 5:4 Actuarial survival for the three groups of study patients up to day 56
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Table 5:1 Exclusion criteria

Exclusion criteria

Patients with either pre or post renal failure.
Patients given a loop or osmotic diuretic within the preceding 12 hours.
Patients given frusemide >100mg (or equivalent loop diuretic) in the preceding 48 hours.

Administration of any investigational substance within 30 days preceding the first dose
of the study drug.

Women using inadequate contraception.

Women who were pregnant or lactating.
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Table 5:2 Serum and urine measurements

Urine Serum
Urine flow rate Creatinine
Creatinine Sodium
Sodium Potassium
Creatinine clearance Calcium
Fractional excretion of sodium Osmolality

C reactive protein

v glutamyl transferase
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Table 5:3 Demographic and clinical features

Torasemide Frusemide Placebo p
Age (years) 58.7+13.8 59.2+165 583+14.1 0977
Sex (%)
Male 53 50 63
Female 47 50 37 0.55*
Apache II score 19.6 +4.5 19.1+72 184+58 0.77
(Pre-study)
Creatinine clearance (ml/min) 1011 8+9 7+8 0.45%
Hourly urine volume (ml/hr) 24+ 18 32+45 20+ 16 0.32F

* chi-square test

* analysis of variance
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Table 5:4 Cause of acute renal failure

Cause of acute renal failure Number
Septic shock / sepsis 31
Infection 13
Abdominal aortic aneurysm surgery 14
Acute liver failure 5
Rhabdomyolysis / trauma 4
Haemolytic-uraemic syndrome 4
Aminoglycoside toxicity 2
Vasculitis 2
Other 17

5-21



Table 5:5 Outcome of acute renal failure at day 21

Torasemide (%)  Frusemide (%)  Placebo (%) P

Increase in urine flow 57 48 23 0.02*
Renal recovery 17 28 23 0.56*
Dialysis required 36 31 40 0.87*
Time to dialysis (days) 50+£5.0 54+5.7 28+1.2 0.35%
Duration of  dialysis 56+t4 13.4+£13.7 13.2+10.7 0.16"
(days)

Death by 21 days 47 41 37 0.73*
Alive day 56 30 38 43 0.70*

* chi-square test

* analysis of variance
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Table 5:6 Final outcome of patients requiring dialysis

Torasemide Frusemide Placebo (%)
(%) (%)
Dead 64 60 42
Alive 36 40 58

chi-square test, placebo versus frusemide or torasemide, p=0.52
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Table 5:7 Reason for stopping mannitol

Reason for stopping mannitol Number
Severe oliguria / anuria 27
Death before day 3 24
Hyperosmolality 15
Acute pulmonary oedema 1
Renal recovery 2
Withdrawn from study 2
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6 Study 2 - Intraplatelet Calcium Levels in Healthy
Volunteers and Patients with Acute Renal Failure
and Multi-Organ Failure

6:1 Introduction

Elevated free cytosolic calcium([Ca]f), found in cells injured by ischaemia has been proposed

as one of the mechanisms important in the pathogenesis of ischaemic cell injury.302-304
Schanne et al studied the viability of hepatocytes exposed to membrane active toxins. In the
presence of extracellular calcium all hepatocytes were killed in 1-6 hours but remained viable in
the absence of extracellular calcium.303  Snowdowne demonstrated a rise in intracellular
calcium levels in cultured monkey kidney cells after 1 hour of anoxia and substrate removal 282
High [Ca]f causes an uncoupling of mitochondrial oxidative phosphorylation resulting in
reduced ATP stores.94 Wilson et al showed that accumulation of intra-mitochondrial calcium
occurs following reperfusion of ischaemic renal tissue, and that there is a highly significant
correlation between raised mitochondrial calcium concentration and decreased mitochondrial
respiration.95 High [Ca]r also causes activation of phospholipases resulting in an alteration in
membrane permeability and membrane enzyme activity.98,305,306 Activation of intracellular

proteases in ARF in the presence of raised [Cal]s will convert xanthine dehydrogenase to
xanthine oxidase which in turn leads to the production of hydroxyl radicals and tissue
injury.104 In addition calcium has been shown to potentiate the oxygen free radical mediated

injury to mitochondria.112
Two clinical studies have shown that sepsis increases erythrocyte free cytosolic calcium and

lymphocyte free cytosolic calcium.283,284
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Loop diuretics have been shown to cause a significant decrease in [Ca]g in platelets from

patients with essential hypertension and in red blood cells from normal volunteers.307,308 The
authors do not speculate on the possible mechanism for this effect. In an experimental model of
ischaemic ARF loop diuretics prevented the rise in mitochondrial calcium normally seen in
oliguric ARF.309 If loop diuretics could be shown to reduce cytosolic calcium in the cells of
patients with ARF then the use of loop diuretics should theoretically attenuate renal tubule cell
injury and perhaps improve the clinical outcome.

Studying renal tubule cells in a clinical setting is not possible and a suitable alternative is
needed. White blood cells, red blood cells and platelets are easily accessible. I elected not to
use white blood cells as the cell population is not homogenous. Haemoglobin in red blood cells
interferes with the fluorescence of quin2, the fluorescent probe used to measure intracellular
calcium levels in my studies. Although non of the three cell lines considered bear any
resemblance to tubule epithelial cells, platelets do have some features in common with vascular
smooth muscle cells, namely a calcium dependent contraction-coupling mechanism and o).
adrenoceptor operated calcium channels.310.311 As with vascular smooth muscle angiotensin
II and vasopressin may also promote calcium influx.312 Thus platelets are a good model to
study in clinical ARF to assess the possible role of intracellular calcium in the initiation
(vascular) phase of ARF. It is possible that similar changes may occur in tubule epithelial cells,
contributing to cell death and the maintenance of ARF.

I therefore measured free intracellular calcium levels in platelets ([Ca];) in patients with ARF,
patients with multi-organ failure (MOF) but normal renal function, and in normal subjects.
Patients with ARF and normal subjects also had [Ca); levels measured after administration of

loop diuretic or placebo.
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6:2 Subjects and methods

6:2:1 Normal volunteers

16 healthy adult volunteers were entered into the study (10 males and 6 females). All subjects
had normal renal function, no history of acute or chronic illness and were not taking any
medication. The mean age of controls was 30 years (range 25 - 40). Informed written consent
was obtained.

On the first study day (control) at 1300 hours a 16G indwelling plastic cannula was inserted into
the forearm, the tourniquet removed, and 45 ml blood taken into sodium citrate for

measurement of [Ca]; in platelets. The following day (day 2) at 1000 hours an intravenous

injection of either frusemide 20mg/2ml, torasemide 10mg/2ml or placebo 2ml was given. The
study was double blind and neither the investigator nor the subject were aware of what was
being given. Three hours later a further 45 ml blood was taken into sodium citrate as before for

measurement of [Ca]j. During the second study day patients were encouraged to drink freely to
prevent dehydration. Estimation of [Ca]j took place immediately after venepuncture.

A one week wash out period was allowed and days 1 and 2 repeated one week and two weeks

later. Each subject therefore received each of the loop diuretics and placebo in a random order.

6:2:2 Acute renal failure patients

Seven patients with ARF participated in this study - 2 females and 5 males; mean age 60 years
(range 46 - 69). They were patients who were in the study described in chapter 5. 45ml of
blood was taken for intraplatelet calcium estimation as for the normal volunteers and patients
were started on frusemide, torasemide or placebo 3mg/kg over 1 hour every 6 hours, a
continuous IV infusion of low dose dopamine and 20g mannitol IV over 1 hour every six hours.
Five of the patients received loop diuretic. 24 hours later a further 45ml of blood was taken for

estimation of intraplatelet calcium.



6:2:3 Multi-organ failure patients

Five patients with multi-organ failure but normal renal function were entered into this part of
the study. The mean age was 50 years (range 32 - 64). A single sample of 45ml of blood was
taken for intraplatelet calcium estimation as above.

MOF patients were not given diuretic.

6:3 Laboratory methods

6:3:1 Measurement of intraplatelet calcium

[Ca]; was measured using a fluorescent probe - quin2 acetoxymethylester.313  Platelet rich

plasma (PRP) was prepared by collecting whole blood into 3.9% sodium citrate (9ml whole
blood/1ml sodium citrate), and centrifuging at 250 g for 5 min at room temperature. PRP was
incubated at 37°C for 30 min with quin2 (2ul quin2 were added to each ml PRP).
Ethyleneglycolbis(aminoethylether)tetra-acetate (EGTA; Smmol/l; Fluka) was added to bind to
any extracellular calcium, and PRP then centrifuged at 250 g for 10 min at room temperature.
The supernatant was removed and the pellet resuspended in platelet buffer titrated to pH 7.3 at
37°C (recipe for platelet buffer shown in Table 6:1). The buffer was calcium free to prevent

platelet aggregation during centrifugation. = The cells in the suspension were counted in a

Coulter Counter (Technicon g1 TH system). The concentration of cells was adjusted to 1.5-2 x
108/ml and the suspension was dispensed into 9 cuvettes and placed in a water bath at 37°C.
The first cuvette was placed into the spectrofluorometer and the background fluorescence was
measured with a Perkin-Elmer LS-3B spectrofluorometer at 339nm excitation and 492nm
emission.

20ul of 0.1M CacClp was then added to the cuvette (Figure 6:1:a). In health there should be no
change in the fluorescence signal since the added calcium should not leak across the plasma

membrane into the platelets (Figure 6:2).
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The cells were disrupted with 20ul of digitonin thereby releasing the intracellular quin2 which
then binds to the added calcium giving rise to the maximum fluorescence signal, Fy;qx (Figure
6:1:b). The quin2 is then fully saturated. 20ul of MnCl2 was added; manganese displaces
calcium from the quin2 and therefore gives rise to a very low signal, F;,i» (Figure 6:1:c).

The intraplatelet calcium concentration can then be calculated using the equation:

[Ca]; =115(F-Fin /Frnax.-F) 314

where 115 is the equilibrium dissociation constant in nmol/l, F the fluorescence of the intact cell
suspension, Fy;qy. the maximum fluorescence after the cells have been disrupted with digitonin

(20ul) and F 5, the minimum fluorescence obtained after addition of 20ul 2mmol/l MnClI3.

The procedure was repeated for cuvettes 2 and 3.

6:3:2 Effect of arginine vasopressin

Arginine vasopressin (AVP) stimulates influx of calcium from the suspension into the platelet
(mechanism 1, Figure 6:3), as well as a release of intracellular stores of calcium into the cytosol
(mechanism 2, Figure 6:3). As quin2 is only found inside the platelet, the fluorescence signal
obtained after addition of AVP gives an indication of total intracellular calcium (Figure 6:3).

In cuvettes 4, 5 and 6 the response of platelet [Ca]; to AVP (lumol/l) was measured in the
presence of Immol/l calcium (20ul of 0.1M CaClp added to the suspension). The maximum

fluorescence obtained was therefore due to influx of calcium from the suspension and release of

intracellular stores.

6:3:3 Effect of AVP and EGTA

The extracellular calcium concentration was then reduced to negligible concentrations in
cuvettes 7, 8 and 9 by adding 50ul of 200mM EGTA. In the presence of EGTA, there is no
calcium influx from the suspension into the cell and the fluorescence signal obtained when AVP

is added comes solely from release of intracellular stores into the cytosol (Figure 6:4).



6:4 Statistical analysis

Statistical analysis of intracellular calcium levels was performed using the Mann-Whitney U-
tests. Results are expressed as the median and 95% confidence interval for the absolute
difference between A minus B. Apache II scores were compared using students’ t-test.
Measures of relationship were calculated by Pearson’s correlation test. P values <0.05 were

taken to indicate statistical significance.

6:5 Results

6:5:1 Normal volunteers

Tables 6:2, 6:3 and 6:4 show the [Ca]j (measured as the level of fluorescence) obtained at the
start of the experiment (Table 6:2) and after the addition of AVP (Table 6:3) and then
AVP/EGTA (Table 6:4), pre and post loop diuretic or placebo. There was no significant
difference in the basal [Ca];j before or after loop diuretic or placebo (Table 6:2). The presence
of a negative value in the confidence interval means that although Basal A is greater than Basal
B, it is possible within the 95% confidence interval range that the absolute value of Basal B may
be greater than Basal A.

The addition of AVP in the presence of Immol/l extracellular calcium caused a rise in the
fluorescence signal as expected (Table 6:3). In the absence of extracellular calcium the rise in
fluorescence was much less - the signal coming solely from the intraplatelet stores of calcium
(Table 6:4).

There was no significant difference in the rise in [Ca]j after either AVP or AVP/EGTA in

normal subjects before or after loop diuretic.
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6:5:2 ARF patients
The baseline results before administration of loop diuretic are shown in Table 6:5.

Basal levels of [Ca]; were significantly higher in ARF subjects than normal volunteers (109nm
v 92.4nm, p=0.04). The rise in [Ca];j after the addition of AVP tended to be higher in control

subjects although it did not reach significance (584.8nm v 346nm, p=0.4); after the addition of
AVP/EGTA there was a smaller rise in the fluorescence signal obtained from the ARF group
compared to controls which was not statistically significant (116nm v 165.8nm, p=0.14).

Post diuretic there were no significant changes in basal levels of [Ca]j nor in the response to
AVP (Table 6:6).

The higher basal levels of [Ca]i in the ARF patients were compared with the APACHE II scores

but there was no correlation between the two.

6:5:3 MOF patients

To see whether the changes in the ARF patients were due to ARF or the presence of severe
illness a group of patients with multi-organ failure but normal renal function were compared
with the normal volunteers (Table 6:7). The APACHE 11 score in the MOF patients was
similar to the APACHE 11 score in the ARF patients (13.8 £ 6.9 v 17.7 £ 6.2 respectively,
p=0.36) indicating that the groups were comparable in terms of severity of illness. Basal [Ca]j
was higher in the MOF group than the normal volunteers, but not significantly so (105.9nm v
92.4nm, p=0.1). As for the ARF group the rise after AVP was less than that in normal
volunteers, significantly so this time (298.7nm v 584.8nm, p=0.04). The smaller rise after
AVP/EGTA compared to normal volunteers was not significant (128.8nm v 165.8nm, p=0.2),

(Table 6:7).
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6:5:4 Summary of findings

1. Basal [Ca];j was significantly higher in ARF patients than in normal volunteers.

2. Basal [Ca]; tended to be higher in patients with MOF than in normal volunteers, but the
difference was not statistically significant.

3. After AVP the rise in [Ca]; was higher in normal volunteers compared to ARF patients, but
not significantly so.

4. After AVP the rise in [Ca]j was significantly higher in normal volunteers compared to MOF
patients.

5. After the addition of AVP/EGTA there was a smaller rise in [Ca]; in ARF patients
compared to the normal volunteers that did not reach statistical significance.

6. Diuretics had no effect on the basal level of [Ca]j nor the response to AVP.

7. There is no correlation between [Ca]; and the APACHE II score in ARF.

6:6 Discussion
Normal volunteers

Platelets from normal volunteers behaved as expected with a rise in [Ca];j after AVP due to an

influx of calcium across the plasma membrane and release of intracellular stores of calcium into
the cytosol. The calcium then bound to free quin2 in the cytosol and caused a rise in the
fluorescence signal. In the presence of EGTA, and therefore in the absence of extracellular
calcium, the increase in the fluorescence signal was less, coming solely from released
intraplatelet stores of calcium. The magnitude of the difference suggests that in the presence of
AVP and extracellular calcium, most of the rise in intracellular calcium comes from the influx
of calcium across the plasma membrane rather than from the intracellular stores.

Volunteers in the control group were significantly younger than patients in the two study
populations. However, basal levels of [Ca];j in normal volunteers in this study are not different

from those found in normal subjects in a previous study looking at platelet cytosolic free
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calcium in essential hypertension where the age range of subject was 15 - 71 years.307 Age
itself probably has no effect on intraplatelet levels of calcium, although hypertension does.
None of my normal volunteers had hypertension. One patient in the ARF group and none of the
patients in the MOF group were hypertensive.

ARF and MOF patients

Basal levels of [Cal]j in the ARF patients were significantly higher than in controls. It is

possible that the small sample size could give rise to a Type I error. Although basal [Ca]i levels
were also higher in the MOF group this was not statistically significant. The rise after AVP
tended to be less in ARF and MOF compared to controls - perhaps because a greater percentage
of the quin2 in the cytosol was already bound to calcium. The smaller rise in [Ca]j after
EGTA/AVP would imply that the stores of calcium were depleted. It is unlikely that there was
not enough quin2 to bind to the calcium released from the stores after AVP/EGTA. This is
because in the presence of extracellular calcium and AVP without EGTA, there was enough
quin2 to bind to calcium released from stores and calcium from the extracellular fluid.

Depletion of intracellular stores of calcium may reflect alteration of membrane phospholipids in
very sick patients. The platelet cell membrane was clearly abnormally permeable to calcium as
the fluorescence signal rose after the addition of extracellular calcium (Figure 6:5) implying
transfer of calcium across the plasma membrane from the extracellular fluid to the cytosol.
Compare this with the unchanged signal obtained from platelets from a normal volunteer
(Figure 6:2). It is known that ischaemia alters the composition of plasma membrane
phosopholipid.98,305  Presumably in these sick patients, despite optimisation of oxygen
delivery, oxygen uptake and utilisation is impaired and cellular hypoxia results leading to
alteration of membrane phospholipids. This would allow efflux of intracellular stores of
calcium into the cytosol as well as influx of extracellular calcium. A reduction in Ca ATPase

activity due to reduced ATP levels would reduce calcium efflux from the cell.91
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Gram negative sepsis often results in MOF with ARF. Lipid A from the gram negative bacterial
cell wall is believed to be responsible for the cytotoxicity.315 Mayeux and Shah showed that
the cytotoxicity of lipid A in the renal tubular epithelial cell line LLC-PK| was mediated by a
rise in intracellular calcium that preceded cell death and that buffering of intracellular calcium
with quin2 was protective.316 Interestingly they showed that extracellular calcium was not
necessary for the rise in [Ca]; and that TMB-8 which inhibits release of intracellular stores of
calcium protected the LLC-PK cells from lipid A cytotoxicity. Their results suggest that in
endotoxaemia the release of intracellular calcium is important for the cytotoxic effect of lipid A.
Todd and co-workers demonstrated a significant rise in erythrocyte free cytosolic calcium
following endotoxin (84.523nm + 5.019 v 40.451nn + 2.923, p<0.001), and a similar rise
occurred in septic patients (septic 96.26lnm + 7.511 v non-septic 45.376nm £ 2.925,
p<0.001).284 However, others did not find an increase in lymphocyte free intracellular calcium
levels following endotoxin and tumour necrosis factor (TNF), although lymphocyte free
intracellular calcium levels were significantly higher (p<0.05) in septic patients (176nm + 12)
compared to non-septic head injured (110nm £ 11), cardiac surgical (112nm + 9) or healthy
controls (112nm + 5).283 This group did show that lysophosphatidylcholine (an endogenous
membrane lipid released during ischaemia) did significantly increase lymphocyte free
intracellular calcium in a dose dependent manner.

Intramitochondrial calcium levels have been shown to be raised after renal ischaemia.97,317
The rise in calcium may have been secondary to reduced ATP dependent efflux of calcium and
also increased permeability of the cell membrane to calcium.

In a clinical setting renal tubule cells cannot be studied directly and a suitable, easily accessible,
alternative model is needed. 1 therefore elected to study the effect that ARF has on the

concentration of intraplatelet calcium. As the renal medulla is susceptible to hypoxiad3 it is

6-10



unlikely that platelets would be hypoxic without the tubules also being affected, although the
reverse is not necessarily true.

Levels of intracellular calcium in patients with ARF have not been measured before, although
sepsis is associated with increased free erythrocyte calcium and lymphocyte free cytosolic
calcium.283,284 Presumably the effect of sepsis on intracellular calcium is also due to hypoxia.
It is possible that many cells, including renal tubule cells, are similarly affected by hypoxia.
Studies on isolated tubule suspensions show an early rise in permeability to calcium after
anoxia.317

I have shown that in ARF the basal levels of [Caj] are significantly higher than in normal
volunteers and that in MOF the basal [Caj] levels tend to be higher although the difference is
not statistically significant. 1 have also shown that the intracellular stores of calcium are
significantly reduced in MOF and tend to be low in ARF. The fluorescence signal obtained
after addition of calcium would suggest that the permeability of the platelet membrane is
abnormal and appears to allow leakage of added extracellular calcium into the cytosol. During
the post ischaemic reflow period calcium could leak back through the abnormal membrane into
the cytosol. In addition, abnormally permeable internal membranes would allow leakage of
stored calcium into the cytosol.

I hypothesised that this rise in intracellular calcium might be related to the severity of illness
and thus correlate with the APACHE II score, an objective scoring system used to stratify
patients according to prognosis. However, 1 could not show any correlation between the
APACHE II score and the intraplatelet calcium level in patients with ARF.

Loop diuretics had no effect on intraplatelet calcium levels in platelets from patients with ARF.
It is possible that the alteration in membrane structure due to phospholipase activity affects the

binding sites of drugs resulting in reduced drug action. Another possibility is that any lowering



effect of loop diuretics on [Ca]; may be overwhelmed by the leakage of calcium into the cytosol
from the extracellular fluid and internal calcium stores resulting in a net rise in [Cal;.

The loop diuretics were not given until after the hypoxic or nephrotoxic insult. Had they been
given prior to the renal insult one could speculate that the results may have been quite different.

However, in a clinical setting this is usually not possible.

6:7 Conclusion

In summary, abnormally permeable cell membranes may allow an influx of calcium during the
post ischaemic reflow period in ARF. Mitochondria buffer the calcium at the expense of
oxidative phosphorylation and ATP production, thus reducing the efficiency of the Ca ATPase
extrusion mechanism. I have shown that [Ca]; is high in platelets from patients with ARF,
possibly due to an influx of calcium from the extracellular space across the damaged cell
membrane, and also release of intracellular stores of calcium. The administration of loop
diuretics have been shown to prevent the rise in mitochondrial calcium concentration in animal

models of ARF.309 [ could not detect this response to loop diuretics in patients with ARF.



Figure 6:1 Quin2 / calcium interaction
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Figure 6:1 (continued) Quin2 / calcium interaction
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Figure 6:2 Fluorescence signal from platelets from a healthy volunteer
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Figure 6:3 Effect of AVP
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Figure 6:4 Effect of AVP and EGTA
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Figure 6:5 Fluorescence signal from platelets from a patient with ARF
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Table 6:1 Recipe for platelet buffer

per 500ml distilled

water
NaCl 140 mM 4.092¢g
KCl 1ImM 0.0374¢g
MgCl; 1mM 0.5ml
Glucose 10mM 0.902¢g
HEPES 20mM 2.384¢g

Titrated to pH 7.3 with KOH 1M
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Table 6:2 Basal levels of [Ca]; (control group)

Basal A BasalB 95% confidence interval p

Placebo 84.4 75.8 -11.4,21.6 0.4
Torasemide 103.3 82.4 -1.3,33.6 0.07
Frusemide 84.4 92 -24.1, 15.6 0.6

A - pre diuretic / placebo
B - post diuretic / placebo
All units are nm.
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Table 6:3 Response to AVP (control group)

AVPA AVPB 95% confidence p
interval
Placebo 428.5 625.7 -450.5, 118.1 0.5
Torasemide  666.8 520.0 -38.9, 69.3 0.5
Frusemide 613.2 630.0 -337.2,230.8 0.7

A - pre diuretic / placebo
B - post diuretic / placebo

All units are nm.
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Table 6:4 Response to AVP/EGTA (control group)

EGTAA EGTAB 95% confidence interval p

Placebo 172.0 174.1 -47.4,41.1 1.0
Torasemide 176.0 172.0 -57.3,38.4 0.9
Frusemide 160.8 176.8 -57.8,32.9 0.7

A - pre diuretic / placebo
B - post diuretic / placebo

All units are nm.
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Table 6:5 ARF patients v controls (before loop diuretic)

ARF Control 95% confidence interval p
Basal  109.0 92.4 -62.8, 1.0 0.04

AVP 3460 58438 -358,510 0.4

EGTA 1160  165.8 -349,111.3 0.1

All units are nm.
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Table 6:6 ARF patients - pre and post diuretic

A B 95% confidence interval p
Basal 109.0 166.0 -167.0,47.0 0.4
AVP 346.0 289.0 -157.9,747.0 0.8

A - pre diuretic
B - post diuretic

All units are nm.
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Table 6:7 MOF patients

MOF Control 95% confidence P
interval
Basal 105.7 92.4 -55.5,6.2 0.1
AVP 298.7 584.8 9.4, 639.4 0.04
EGTA 12838 165.8 -155.2, 89.0 0.2

All units are nm.
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7 Study 3 - Resting Energy Expenditure and the
APACHE Il Score in Patients with Acute Renal
Failure

7:1 Introduction

7:1:1 APACHE II score

The APACHE 1I score is an objective scoring system used to stratify patients according to
prognosis.248 The score is compiled from various physiological measurements including
vital signs, laboratory investigations, Glasgow Coma Scale score and in addition points are
given for significant chronic health problems and age. The higher the final score the greater
the risk of hospital death.

By providing a measure of disease severity it is useful in clinical trials to determine whether

control and treatment groups are similar. It also acts as a marker of physiological stress.

7:1:2 Resting energy expenditure and the respiratory quotient

REE is the energy expended by an awake, alert subject at rest in the post absorptive
state.249 This value has been shown to be approximately 10% higher than the true basal
energy expenditure (BEE) as measured in deep sleep.248a249 Several factors - BSA, sex,
age, diet, sleep, breathing, exercise and disease have been shown to influence the
REE.248,249,251,253-255

Resting energy expenditure accounts for 75-90% of total energy expenditure; diet induced
thermogenesis, shivering and non-shivering thermogenesis and exercise make up the
rest.244,251

Resting energy expenditure (REE) may be measured at any time of the day as long as the

measurement conditions outlined in the methods section are adhered to.



The Harris-Benedict equation was reported to predict BEE, but the conditions of the original
test imply that the results are more akin to the REE.259,294-296 Therefore, REE can be
predicted using the Harris-Benedict equation (HBREE).259 The ratio of REE measured
using indirect calorimetry to the predicted REE (REE/HBREE) can be used to determine
whether patients are hypermetabolic (ratio >110%), normometabolic (ratio >90%, <110%)
or hypometabolic (ratio <90%).251 1t is not known if the hypometabolic response is an
energy efficient response carrying a better prognosis or if it carries a worse prognosis as a
‘harbinger of adverse events to come’.251 It has been suggested that the difference in
mortality between different types of ARF is due to differences in metabolic status.277

The respiratory quotient (RQ) reflects net substrate oxidation at the time of measurement
and is derived from measurement of VO7 and VCO». It is the ratio of CO2 produced to O3
consumed. The normal value is 0.7 - 1.0; values >1.0 are due to non steady state
hyperventilation (which should settle) or a continuous infusion of parenteral nutrition in
excess of energy requirements resulting in net lipogenesis. A RQ <0.7 occurs during
starvation and ketosis.

The APACHE 1I score is a valid marker of physiological stress. REE has been shown to
correlate with severity of illness, but its measurement is time consuming.264 If the
APACHE II score and REE both reflect physiological stress, it may be simpler to use the
APACHE 1I score as part of a predictive equation to estimate REE. [ examined the
relationship between REE and the APACHE II score to determine whether or not the

APACHE II score could be used in this way.

7:2 Subjects and methods
7:2:1 Subjects
Twenty patients were enrolled into the study (Appendix 3). There were 7 males and 13

females, average age 60.7 years (range 24 - 80). All had acute renal failure with a serum
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creatinine >180umol/l. Five were ventilated. All ventilated patients had an inspired oxygen
concentration (FiO2) <0.6; patients requiring an FiO7 >0.6 were not included due to
inaccurate measurement of VO at higher FiO7 levels. All non ventilated patients had a

good oxygen saturation (>95%) breathing air.

7:2:2 Measurement of REE and RQ

All measurements were performed at the patients’ bedside using an open system indirect
calorimeter, DELTATRACTM MBM-100. Measurements were performed at the time of
referral to the renal unit or ICU (measurement 1) and again after at least 48hours
(measurement 2).

The calorimeter was calibrated before each period of metabolic monitoring. Pressure
calibration was done using actual barometric pressure at the time of the test. Following this
gas calibration was performed using separate bottles of Oy and CO»>, as opposed to a
mixture of both gases. All equipment coming into contact with patients’ skin, expired air
and secretions was either disposed of or sterilised after use.

For patients not on a ventilator measurements of REE were made using a canopy. All
canopy measurements were performed on patients able to breath room air. A hose (A)
connected the canopy to the flow generator inlet (B) on the DELTRATRACTM (Figure
7:1). The outlet of the canopy (C) was placed close to the mouth of the patient. Sampling
of inspired air was done through the inspiratory sample line (D) placed at the air inlet (E) of
the canopy where pure ambient air was sampled. The plastic sheet (F) surrounding the
canopy was folded under the pillow so that the air inlet was the only entrance for air.
Patients were not allowed to fall asleep as this would result in a falsely low measurement.
Talking was not allowed as this would cause a rise in the CO3 concentration in the canopy
and prevent equilibration. Figure 7:2 is a photograph of the indirect calorimeter (canopy

mode) in use on a patient.



For patients who were ventilator dependent a disposable 22mm tube (A) connected the
expiratory outlet of the ventilator (B) to the mixing chamber inlet (C) of the calorimeter
(Figure 7:3). A 22mm stainless steel adapter (D) attached to the inspiratory sample line (E)
was inserted in the inspiratory tubing of the ventilator at the outlet of the humidifier. The
sampling port for inspired gas was at least 50cm from the patient’s Y piece to avoid
contamination with expired air.

For both ventilator and canopy measurements results were displayed at one minute intervals.
The length of the test varied and was determined by how long it took to achieve a steady

state and obtain five consecutive artefact free readings.

7:2:3 Measurement conditions 262

1. Patients must have rested in the supine position for at least thirty minutes prior to
measurement of REE.

2. To avoid the transient rise in REE in the post absorptive state, measurements were made
at least four hours after any oral intake or on patients receiving a constant rate infusion of
parenteral nutrition.

3. Measurements were made in a thermoneutral environment.

4. Patients were asked not to perform any voluntary movements during the measurements.

5. Any sources of supplemental oxygen were turned off during routine room air
measurements.

6. The sampling system was checked for leaks.

7. The data used to calculate REE and RQ were taken from a period of equilibration ie a
period of five or more consecutive one minute data points with a standard deviation for

both VO3 and VCO3 of <5% of the respective mean.
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7:2:4 Calculations
The REE is calculated using the Weir formula318
REE = [3.941(VO3) + 1.106(VCO3)]1.44 - 2.17(UN)
UN = 24 hour urine nitrogen excretion.
However, the difference between this and the abbreviated Weir formula318
REE = [3.9(VO)) + 1.1(VCO2)]1.44
is less than 2% and therefore the abbreviated Weir formula was used to calculate REE.

The RQ was calculated as follows

RO =VCO2/V0O

7:2:5 Statistical analysis
Measures of relationship were calculated by Pearson’s correlation test. Mortality as a
variable was compared using chi-squared analysis. APACHE II scores were compared

using students’ t-test. P values of <0.05 were taken to indicate statistical significance.

7:3 Results

The mean APACHE II score of the group was 16 + 5.8. The causes of ARF are outlined in
Table 7:1. Patients had been in hospital for a mean of 3.75 days (range 2 hours - 24 days)
before referral. However, some patients had been convalescing after elective surgery before
deteriorating. All patients were referred within three days of becoming acutely unwell and

developing acute renal failure.

7:3:1 Measurement 1
Three patients (15%) had a RQ <0.7 implying starvation and/or ketosis. Five patients (25%)
had a measured REE that was > 10% below the predicted REE and were therefore

hypometabolic. 60% were initially hypermetabolic and 15% normometabolic.
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There was no correlation between the initial measurement of REE and APACHE 1I score
(Table 7:2). I adjusted the measured REE for size by dividing REE by BSA but still could
not show any correlation between the adjusted REE and the APACHE II score. Nor could I
show any correlation between measured REE and a number of other variables (Table 7:2).
Table 7:3 shows the relationship between independent variables and the percentage
difference in measured REE from predicted, ie 100% - (REE/HBREE)%. The measured

REE ranged from 35% below to 64% above the predicted value.

7:3:2 Measurement 2

Repeat testing after 2 days showed 54% to be hypometabolic, 23% normometabolic and
23% were hypermetabolic. ~ Once again there was no correlation between REE
(measurement 2) and the initial APACHE II score. Nor was there any correlation between
the APACHE II score and the percentage difference in measured REE from predicted. This
time the measured REE ranged from 57% below to 21% above the predicted value The
percentage difference in measured REE from predicted was significantly lower after 2 days
in the renal unit or ICU (10.8% v -8.2%, p=0.03, admission v after at least 2 days

respectively), and as noted above 54% of patients were now hypometabolic.

7:3:3 Hypometabolic v hypermetabolic

Patients were divided into two groups based on their initial REE (hypometabolic and
hypermetabolic) and the drugs being prescribed at the time of testing were compared. The
hypometabolic group were not taking more sedating medication than the hypermetabolic
group, although those patients who were most hypermetabolic were receiving pressor
agents. The APACHE II scores in the hypermetabolic and hypometabolic groups were 16.6

+ 6 and 14.4 £ 6.4 respectively (p=0.5).



Mortality between the three groups (hypometabolic, normometabolic and hypermetabolic)

was compared and no difference was found (p=0.96).

7:4 Discussion

7:4:1 Results of study

I compared the APACHE II score at the time of referral to the renal unit or ICU with the
REE measured at the time of referral and again after a minimum of two days and could not
show any correlation between the two. In 1987 Swinamer et al measured REE in ten
mechanically ventilated ICU patients and showed that the degree to which REE exceeded
predicted EE correlated significantly with the admission APACHE II score (r=0.64,
p<0.02).268 The metabolic studies were performed 7+4 days after admission to ICU. I
could not confirm this finding in our group of patients either on admission or several days
after admission. When I excluded any patient who did not have metabolic measurements
and an APACHE II score calculated within 24 hours of admission I still could not show any
correlation between the two variables.

Swinamer et al published a second study examining the relationship between the APACHE
I score and REE in 112 mechanically ventilated, critically ill patients and could not show
any correlation between the APACHE II score and the REE measured within 48 hours.321
This time they did not compare the APACHE II score with the percentage difference
between measured EE and predicted EE.

After I had started this work a second group showed a statistically significant correlation
(r=0.2, p<0.001) between the APACHE II score and the measured EE in seventy critically
ill patients.322 They adjusted the measured EE to obtain the REE by eliminating the effects
of fever and diet induced thermogenesis and the REE was still significantly related to the
APACHE 1I score (r=0.18, p<0.001). Further adjustment of true REE to take account of

size by dividing true REE by BSA resulted in an even greater correlation with the APACHE
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11 score (r2=0.23, p<0.001). I also adjusted the measured REE for size by dividing REE by
BSA but could not show any correlation between the adjusted REE and the APACHE II
score (p=0.6).

In this study the difference in measured REE from predicted on admission was significantly
different to the percentage difference after at least 2 days in the renal unit or ICU (10.8% v -
8.2% respectively, p=0.03) and more patients were hypometabolic (25% v 54%, initial
measurement v after at least 2 days respectively). After the initial measurement of REE
several of the patients were being sedated which very likely contributed to the
hypometabolic response. There was no difference in severity of illness at presentation
between the hypometabolic and hypermetabolic groups and, in this study, there was no
difference in mortality between the two groups.

As mentioned before most disease states increase REE and in general the more severe the
injury the greater the metabolic response.267 There appears to be a physiological plateau of
energy expenditure (EE) reached in response to injury that is approximately twice the REE.
Further insults do not cause a rise in REE because respiratory and circulatory responses are
already maximal 270,323 However, not all patients develop the hypermetabolic
response.264,319.324 Some are normometabolic and up to 15 - 20% are hypometabolic.
Some authors have attributed hypometabolism to the oxygen debt of anaerobic
metabolism.325 Others suggest that a decrease in VO3 and EE may be the earliest event

preceding cardiac instability.326

7:4:2 Potential sources of error

There are many potential sources of error when measuring REE by indirect calorimetry.
First, any change in the concentration of inspired oxygen will affect the REE.264
Particular attention therefore, must be paid to ensuring that there are no air leaks around the

canopy. Ventilators cannot be relied upon to deliver a stable FiO2, particularly at high Oy



concentrations. Therefore, indirect calorimetry cannot be used on any ventilated patient
requiring an FiOp >60%.

Second, there was a huge variability in the percentage difference in measured REE from
predicted. This highlights the heterogeneous nature of a group of critically ill patients.
Swinamer also showed a marked variability in the percentage difference between measured
EE and predicted EE (measured 34 + 19% above predicted, range -11% to 82%).321 In
their study patients with low values tended to sleep most of the time, while those with
higher values were undergoing stressful procedures. Thus, the physical state of the patient
has a significant impact on the REE, emphasising that the measurements must be performed
on an awake patient in the resting state.

Third, Weissman et al monitored critically ill patients in ITU for a twenty-four hour period
and showed that EE ranged from -10% to 23% around a “steady state REE”.324 REE
measured on different days showed a variability of 15%, and the more critically ill the
patient the greater the variability - REE 46% (range 37% - 56%) in the more severely ill
patients compared to 12% (range 4% - 18%) in the less ill patients in ICU. My two
measurements were carried out at the same time of day and under the same measurement

conditions in order to minimise variability.

7:5 Conclusion

More severely ill patients have been shown to have a higher APACHE II score and some
have a rise in REE. However, some patients may be normometabolic and 15 - 20% may
even be hypometabolic.270

I could not show any correlation between the APACHE II score calculated at the time of
referral and the REE measured at the time of referral and again after at least 2 days. This
may have been because, despite being severely ill, a large number of the patients (25%)

were hypometabolic. There was no significant difference in severity of illness between the



hypometabolic and hypermetabolic groups nor was there any difference in mortality.
Whether or not a hypometabolic responds heralds a better prognosis is not clear, although
these results would suggest that this is not so. The second time REE was measured 54% of
patients were hypometabolic, mainly due to the effect of drugs. The APACHE II score was
not repeated at this time.

Indirect calorimetry is an accurate way of measuring energy expenditure in the critically ill
patient, and as such is a marker of physiological stress. The APACHE II scoring system
accurately determines severity of disease. The lack of correlation with the REE means that
the APACHE II score cannot be used as part of a formula to predict energy expenditure.

Serial measurements of REE using indirect calorimetry are required.



Figure 7:1 Canopy measurements of REE




Figure 7:2 Patient demonstrating use of the indirect calorimeter (canopy mode)
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Figure 7:3 Ventilator dependent measurements of REE
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Table 7:1 Cause of acute renal failure

Cause of acute renal failure Number
Infection / septic shock 9
Post abdominal aortic aneurysm surgery 3
Nephrotoxins 2
HUS /TTP 2
Rhabdomyolysis 1
Scleroderma crisis 1
Goodpasture’s syndrome 1
Acute liver failure (alcohol) 1
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Table 7:2 Relationship between measured REE and independent variables

Variable r Value p Value
APACHE II score 0.09 0.7
Cardiac output 0.4 0.08
Temperature 0.4 0.07
Respiratory rate -0.103 0.7
MAP 0.03 0.9




Table 7:3 Relationship between the ‘percentage the measured REE differed
from predicted’ and independent variables

Variable r Value p Value
APACHE II score 0.2 0.4
Cardiac output 0.14 0.6
Temperature 0.46 0.04
Respiratory rate -0.02 0.9
MAP -0.09 0.7
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8 Summary and Conclusions

‘Acute renal failure is the result not of a specific sort of altered
kidney that can be given a name but of the formation of various

structural functional lesions in several million nephrons’.

Jean Oliver (1951)12

8:1 Pathogenesis of ischaemic acute renal failure

The pathogenesis of ischaemic acute renal failure is extremely complex. A number of
factors contribute to the development and progression of ARF namely decreased renal blood
flow,4] intratubular obstruction,41:42 backleak of filtrate,4! and vascular congestion.43=49
Less clear are the roles played by prostaglandins,78-80 free radicals!08 and calcium.95

To perform their function of absorption and secretion the renal tubules require an adequate
supply of oxygen. The anatomy of the nephron predisposes the medullary thick ascending
limb (mTAL) to hypoxia. The vessels and tubules of the medulla are arranged in a hairpin
loop manner which allows the exchange of solutes between the descending and ascending
limbs leading to efficient concentration of urine. Active transport of sodium in the mTAL
creates an osmotic gradient and is a high energy requiring process. Oxygen also diffuses
from the arterial to the venous branches of the vasa recta and therefore the oxygen supply to
the deeper parts of the medulla is reduced. In addition there is limited blood flow through
the medullary vessels to prevent washout of the solute gradients. Thus a limited blood
supply and a high oxygen requirement make the mTAL particularly susceptible to hypoxia
and ‘..medullary hypoxia is the unavoidable price we pay for the ability to concentrate our

urine’.53



Several groups have shown that the medullary pOj is low and is in fact close to the pO2
below which mitochondrial respiration is threatened. 92,327,328  One way of protecting the
kidney would be to reduce the energy required by the mTAL by modifying active

transpon.285’287

8:2 Physiology of loop diuretic action

Loop diuretics are powerful diuretics which act mainly on the loop of Henle to prevent
sodium and water reabsorption. Some also prevent sodium reabsorption in the proximal
tubule. The distal tubules have a limited ability to reabsorb sodium and water and therefore
are not able to counteract the diuresis and natriuresis caused by the loop diuretic. Their
diuretic effect is due to their ability to bind to and inhibit the NaTK*2CI- transporter in the
thick ascending limb (Figure 2:1) resulting in a fall in transcellular Na transport.179 Brezis
et al (1984) have shown that modifying transport activity with frusemide attenuates damage
to the mTAL.287 44 + 2% of mTALs in kidneys perfused with glucose were severely
damaged compared to 7 + 2% in kidneys also perfused with frusemide (p<0.001).
Acetazolamide, which exerts its diuretic action on the proximal tubule, had no protective
effect on the mTAL.

More recently the same group have measured the medullary PO; in rat kidneys perfused
with frusemide and shown that inhibition of active transport with frusemide increased
medullary POj from 16+4mmHg to 35+4mmHg (p<0.0005) without affecting cortical
PO,.286 This effect was thought to be due to decreased tubule oxygen consumption as
medullary blood flow (measured by laser-Doppler probe) was significantly reduced by
frusemide (-28 = 6% from baseline, p<0.0001). These effects were reproduced by
ethacrynic acid and bumetamide. Acetazolamide on the other hand, had no effect on
medullary PO7 but increased cortical POy by a selective reduction in proximal tubule

metabolism. Cortical blood flow was not affected by acetazolamide. Loop diuretics,



therefore, increase medullary oxygen availability. Epstein et al showed an increase in the
oxidative state of cytochrome aa3 after the addition of loop diuretic to perfusate.329

The beneficial effect of loop diuretics on medullary PO7 led me to wonder if loop diuretics
might attenuate ARF by reducing tubular reabsorptive work and thus, in theory, make more

ATP available for regeneration.

8:3 Study 1 - effect of loop diuretics in ARF

Clinical studies of loop diuretics in ARF have been limited by bad study design and poor
control groups. The outcome of these studies is shown in Table 8:1. The results are
inconclusive, although all authors agree that a large enough dose of diuretic will increase
urine output to some extent in the majority of patients.

[ carried out a double blind, randomly allocated, placebo controlled, prospective study to
examine the effect of loop diuretics in ARF. This study did not show any beneficial effect
on mortality, need for dialysis or duration of dialysis. Patients given a loop diuretic had a
significant diuresis and natriuresis compared to patients given placebo (Figures 5:1 and 5:2).
Those patients who became non-oliguric in the first 24 hours, either spontaneously (placebo
group) or pharmacologically induced (diuretic group), had a significantly lower mortality
compared to those who remained oliguric (43% v 69% respectively, p=0.001). However,
they were less ill (APACHE II score 17.2 +£ 5.9 v 20.6 + 5.5, p=0.008) and had less severe
renal failure at entry into the study (creatinine clearance 14 £ 11ml v 4 £ 4ml, p<0.0001).

I conclude that loop diuretics can indeed cause a diuresis in ARF which may help with fluid
balance. However, they do not affect the natural history of the disease and are not indicated

as definitive treatment.



8:4 Study 2 - intraplatelet calcium in ARF

Elevated free cytosolic calcium has been proposed as the final common pathway of
ischaemic cell death.303 It has been shown that intra-mitochondrial calcium rises following
reperfusion after experimental renal ischaemia, and that there is a significant correlation
between raised mitochondrial calcium concentration and decreased mitochondrial
respiration.94 Uncoupling of mitochondrial respiration results in reduced ATP stores.94
Kramer et al showed that in an experimental model of ischaemic ARF, loop diuretics
prevented the rise in mitochondrial calcium normally seen in oliguric ARF.309  Loop
diuretics have been shown to decrease red cell [Ca];j in normal volunteers and patients with
essential hypertension.283,307 T hypothesised that a similar effect might occur in platelets
from patients with ARF who had been given loop diuretic, with the potential therefore for
less severe cell injury and a more favourable outcome.

Basal levels of [Ca]; were significantly higher in ARF patients than control subjects (109nm
v 92.4nm, p=0.04). In the presence of Immol/l calcium and AVP, which stimulates influx
of calcium from the suspension and release of intracellular stores of calcium into the
cytosol, the rise in the fluorescence signal tended to be higher in the control group, although
it did not reach statistical significance (584.8nm v 346nm, p=0.4). In the presence of
EGTA, which binds to any extracellular calcium, AVP caused a smaller rise in the
fluorescence signal in ARF patients compared to controls which again did not reach
statistical significance (116nm v 166nm, p=0.14). In this experiment the increased signal is
due solely to the release of intraplatelet stores of calcium and combined with the results
from the studies with AVP and 1mmol/l calcium suggests that intraplatelet stores of calcium
are low in patients with ARF. This would not be surprising as ischaemia is known to alter
the composition of plasma membrane phospholipid.98.305 In critically ill patients impaired

uptake and utilisation of oxygen would cause cellular hypoxia resulting in altered membrane
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composition which in turn would allow influx of extracellular calcium and efflux of
intracellular stores of calcium into the cell cytosol, resulting in high [Ca]; and low
intracellular stores. The study results tend to suggest that this is occurring. In addition the
fluorescence signal obtained from the ARF patients showed that the platelet membranes
were abnormally permeable to calcium (Figure 6:5).

The addition of loop diuretics had no effect on [Ca]; in patients with ARF. One possible
explanation for this is that alteration of cell membrane composition due to ischaemia may
alter drug binding sites so rendering them ineffective, unless given in a prophylactic manner
before the renal insult.

Since a rise in intracellular calcium is associated with illness,283,284 | wondered if there
might be a correlation between the severity of illness reflected in the APACHE II score and
the intraplatelet calcium level. However, I could not show any significant correlation

between the [Ca]j and the APACHE II score in ARF patients

8:5 Study 3 - resting energy expenditure and APACHE II score
Resting energy expenditure is affected by a number of factors as outlined in chapter 7. In
particular most disease states increase REE and in general the more severe the injury the
greater the metabolic response.266 However, some patients are normometabolic and 15 -
20% are hypometabolic.264 It has been suggested that the hypometabolic response may be
an energy efficient response carrying a better prognosis.264

The APACHE II score is a scoring system which can be used to stratify acutely ill patients
according to severity of illness, and the more ill the patient the higher the APACHE II
score.281 As the REE has also been shown to correlate with severity of illness | compared
the APACHE II score with the REE measured by indirect calorimetry in 20 patients with
ARF and a mean APACHE II score of 16 £+ 5.8. I could not show any correlation between

the REE and APACHE II score measured on admission, even when the measured REE was



adjusted for size by dividing REE by BSA. This may have been because 25% of the
patients were hypometabolic at the time of the first measurement of REE. There was no
significant difference in severity of illness between the hypometabolic and hypermetabolic
group (APACHE II score 144 + 6.4 and 16.6 + 6 respectively, p=0.5), and the
hypometabolic response did not seem to portend a better prognosis as mortality was not
improved (40% v 50%, p=0.8, hypometabolic v hypermetabolic).

The REE measurement was repeated after at least 2 days (mean 5 days, range 2 - 11days)
and 54% of patients were noted to be hypometabolic. This was thought mainly to be due to
the administration of sedative drugs which are known to reduce REE.

Indirect calorimetry is an accurate way of measuring energy expenditure in critically ill
patients and is thus is a marker of physiological stress. The lack of any correlation with the
APACHE II score means that the APACHE II score should not be used as part of a formula
to predict energy expenditure. Serial measurements of REE using indirect calorimetry are

required.

8:6 Conclusion

The nature of the pathogenesis of ARF provides many points for targeting therapeutic
intervention; manipulation of renal haemodynamics, prevention of intratubular obstruction,
prevention of tubule epithelial cell injury and restoration of tubule epithelial integrity.330
Loop diuretics have the potential to preserve tissue ATP by suppressing resorptive work,
preventing and reversing intratubule obstruction, increasing renal blood flow and, according
to some, reducing intracellular calcium levels. Their role in the management of ARF has
been unclear mainly due to the poor design of previous studies. My work provides
conclusive evidence that loop diuretics have no beneficial effect on the natural history of
ARF. This is confirmed at a cellular level where I was unable to detect any change in

cytosolic calcium concentration. Loop diuretics are thus are unable to reverse one of the
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effects of hypoxia that ultimately leads to cell death. Despite this they may still have a role
to play in ARF as they cause a significant increase in urine flow rate in some patients, which
in turn may make management of fluid balance easier.

As a result of these findings the routine use of loop diuretics in ARF is no longer standard
practice in the Royal Infirmary, Glasgow and Stobhill Hospital, Glasgow.

A rise in intracellular calcium is associated with illness and therefore might be expected to
correlate with the severity of illness and outcome as measured by the APACHE II
score.283,284 [ could not demonstrate any correlation between the APACHE II score and
[Cal]; in patients with ARF.

Similarly REE is affected by illness266 and it is possible that those patients with a higher
REE have a worse prognosis. Once again I could not demonstrate any correlation between

the APACHE II score and REE in patients with ARF.
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Table 8:1 QOutcome of clinical diuretic studies in acute renal failure

Less Shorter period Lower Increased urine
Author Year  dialysis of mortality output
renal
insufficiency
Cantarovich et 1973 Yes No No Yes
al187
Minuth et all84 1976 - No No Yes
Brown et al 190 1980 No No No Yes
Kleinknecht et al 1975 No No No Yes
185
Cantarovich et 1971 Yes Yes No Yes
al186
Borirakchanyavat 1978 No No - Yes
et al192

3-8



Bibliography

11,

14.

15.

16.

Suzuki T.  Zur Morphologie der Nievensekretin unter physiologieschen und
pathologischen bedingungen. Jena, Fischer 1912.

Frankenthal L. Virchows Arch 222:332-345, 1916.
Minami S. Virchows Arch 245:247-267,1923.

Dunn JS, Gillespie M, Niven JSF. Renal lesions in two cases of crush syndrome. Lancet
2:549-552,1941.

Bywaters EGL. Crush injuries with impairment of renal function. Brit Med J 1:427-
432,1941.

Beal D, Bywaters EGL, Belsley RHR, Miles JAR. A case of crush injury with renal
failure. Brit Med J 1:432-434.1941.

Bywaters EGL. Crushing injury. Brit Med J 2:643-646,1942.
Bywaters EGL. Ischaemic muscle necrosis. Crushing injury, traumatic edema, the crush
syndrome, traumatic anuria, compression syndrome: a type of injury seen in air raid

casualties following burial beneath debris. JAMA 124:1103-1109,1944.

Bywaters EGL, Dible JH. The renal lesion in traumatic anuria. J Path and Bact 54:111-
120,1942.

. Lucke B. Lower nephron nephrosis. The renal lesions of the crush syndrome of burns,

transfusions and other conditions affecting the lower segments of the nephrons. Military
Surgeon 99:371-396,1946.

Darmady EM. Renal anoxia and the traumatic uraemic syndrome. Brit J Surg 34:262-
271,1947.

. Oliver J, MacDowall M, Tracey A. The pathogenesis of acute renal failure associated

with traumatic and toxic injury. Renal ischaemia, nephrotoxic damage and ischemuric
episode. J Clin Invest 30:1307-1438,1951.

. Richards AN. Direct observations of change in function of the renal tubule caused by

certain poisons. Tr A Am Physicians 44:64-67,1929.
Barratt JOW, Yorke W. Ann Trop Med 3:1-259,1909.

Baker SL, Dodds EC. Obstruction of the renal tubules during excretion of haemoglobin.
Brit J Exp Path 6:247-260,1925.

Morrison JE. Obstructed renal tubules in myelomatosis and in crush injuries. J Path
Bact 53:403-418,1941.



17. Corcoran AC, Page IH. Post traumatic renal injury. Summary of experimental
observations. Arch Surg 51:93-98,1945.

18. Corcoran AC, Page IH. Genesis of crush syndrome. J Lab Clin Med 30:351-352,1945.
19. Tomb JW. Anuria and anoxia. J Trop Med (Hyg) 45:125,1942.

20. Barnes JM ,Trueta J. Arterial spasm; experimental studies. BritJ Surg 30:74-79,1942.
21. Cournand A. Studies of circulation in clinical shock. Surgery 12:964-995,1953.

22. Lausen HD, Bradley SE, Cournand A. Renal circulation in shock. J Clin Invest 23:381-
402,1944

23. Scarff RW, Keele CA. The effects of temporary occlusion of the renal circulation in the
rabbit. B J Exp Path 25:4:147-149,1943.

24. Maegraith BG, Havard RE, Parsons DS. Renal syndrome of wide distribution induced
possibly by renal anoxia. Lancet 2:293-296,1945.

25. Maegraith BG, Findlay GM. Oliguria in Blackwater fever. Lancet 2:403-404,1944.

26. Smith HW. The kidney. Structure and Function in Health and Disease. Oxford
University Press. 1951.

27. Strauss MB. Acute renal insufficiency due to lower nephron nephrosis. New Eng J Med
239:693-700, 1948.

28. Abeshouse BS. Renal Decapsulation. Review of literature and report of 10 cases. J
Urol 53:27-84,1945.

29. Peters JT. Oliguria and anuria due to increased intrarenal pressure. Ann Int Med 221-
236,1945.

30. Styron CW, Leadbetter WF. Treatment of anuria. New Engl J Med 230:721-728,1944.

31. Culpepper WS, Findlay T. Renal decapsulation for oliguria and anuria. Am J Med Sci
214:100-108,1947.

32. M€Gowan JM, Autry DH. Reflex anuria. Its treatment by procaine sympathetic block.
Am J Surg 76:205-210,1948.

33. Porritt AE, Debenham RK, Ross CC. BLA Surgery. Brit Med J (Sept):376-382,1945.

34. Hicks MH, Crutchfield AJ, Wood JE. Intestinal lavage in the K™ intoxication of lower
nephron nephrosis. Am J Med 9:57-62, 1950.

35. Abott WE, Shea P. Treatment of temporary renal insufficiency (uremia) by peritoneal
lavage. Am JM Sci 211:312-319,1946.



36. Seligman AM, Frank HA, Fine J. Treatment of experimental uremia by means of
peritoneal irrigation. J Clin Inv 25:211-219,1946.

37. Bull GM, Joekes AM, Lowe KG. Conservative treatment of anuraemic uraemia. Lancet
2:229-234,1949.

38. Kolff WJ. The Artificial Kidney. JH Kok Kampen (Holland), 1946.

39. Donohoe JF, Venkatachalam MA, Bernard DB, Levinsky NG. Tubular leakage and
obstruction in acute ischaemic renal failure. Kidney Int 13:208-222, 1978.

40. Venkatachalam MA, Bernard DB, Donohoe JF, Levinsky NG. Ischaemic damage and
repair in the rat proximal tubule: Differences among the Sy, Sp, and S3 segments.
Kidney Int 14:31-49, 1978.

41. Arendshorst WJ, Finn WF, Gottschalk CW, Lucus HK. Micropuncture study of acute
renal failure following temporary renal ischaemia in the rat. Kidney Int 10:S100-
S$105,1976.

42. Tanner GA, Sophasan S. Kidney pressures after temporary artery occlusion in the rat.
Am J Physiol 230:1173-1181, 1976.

43, Tanner GA, Steinhausen M. Tubular obstruction in ischaemia induced acute renal
failure in the rat. Kidney Int 10:S65-S73,1976.

44. Finn WEF, Chevalier RL. Recovery from postischemic acute renal failure in the rat.
Kidney Int 16:113-123,1979.

45. Donohoe JF, Venkatachalam MA, Bernard DB, Levinsky NG. Tubular leakage and
obstruction after renal ischaemia. Structure - functional correlation. Kidney Int 13:208-
222,1978.

46. Tanner GA, Sloan KL, Sophasan S. Effects of renal artery occlusion on kidney function
in the rat. Kidney Int 4:377-389,1973.

47. Torhorst J, De Rougemont D, Brunner FB, Thiel G. Morphology of the renal medulla in
ischaemic acute renal failure in the rat. Nephron 31:296-300,1982.

48. Mason J, Torhurst J, Welsch J. Role of the medullary perfusion defect in the
pathogenesis of ischaemic renal failure. Kidney Int 26:283-293,1984.

49. Freg NS, DiBona DR, Guertler B, Leaf A. Ischaemic renal injury. Kidney Int 10(supp
6):S17-S25,1976.

50. Thiel G, De Rougement D, Kriz W, Mason J, Torhurst J, Wolgast M. The role of
reduced medullary perfusion in the genesis of acute ischaemic renal failure. Nephron

31:321-323,1982.

51. Karlberg L. Acta Univ Upsalla 00:381,1981.



52,

53.

54.

55.

56.

5.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Leichtweiss HP, Lubbers DW, Weiss CH, Baumgarth H, Reschke W. The oxygen
supply of the rat kidney: Measurement of intrarenal PO,. Pfleugars Arch 309:328-
349,1969.

Brezis M, Rosen SN, Epstein FH. The pathological implications of medullary hypoxia.
Am J Kidney Dis 13(3)253-258,1989.

Shanley PF, Johnson GC. Adenine nucleotides, transport activity and hypoxic necrosis
in the thick ascending limb of Henle. Kidney Int 36:823-830,1989.

Mason J, Welsch J, Torhurst J. The contribution of vascular obstruction to the
functional defect that follows renal ischaemia. Kidney Int 31:65-71,1987.

Burke TJ, Cronin RE, Duchin KL, Peterson LN, Schrier RW. Ischaemic and tubule
destruction during acute renal failure in dogs: mannitol in protection. Am J Physiol
238(4):F305-F324,1980.

Cronin RE, de Torrent A, Miller PD, Bulger RE, Burke TJ, Schrier RW. Pathogenic
mechanisms in early norepinepherine-induced acute renal failure: functional and
histological correlates of protection. Kidney Int 14:115-125,1978.

Mason J. The pathophysiology of ischaemic acute renal failure. Renal Physiology.
Basel G. 129-147,1986.

Arendshorst WJ, Finn WF, Gottschalk CW. Pathogenesis of acute renal failure
following temporary renal ischemia in the rat. Circ Res 37:558-568,1975.

Daugherty TM, Ueki IF, Mercer PF, Brenner BM. Dynamics of glomerular
ultrafiltration in the rat. V Response to ischemic injury. J Clin Invest 53:105-116,1974.

Flores J, DiBona DR, Beck CH, Leaf A. The role of cell swelling in ischaemic renal
damage and the protective effect of hypertonic solute. J Clin Invest 51:118-126,1972.

Weber PC, Held E, Uhlich E, Eiger JOC. Reaction constants of renin in juxtaglomerular
apparatus and plasma renin activity after renal ischaemia and haemorrhage. Kidney Int
7:331-341,1975.

Tu WH. Plasma renin activity in acute tubular necrosis and other renal disease
associated with hypertension. Circ 31:686-695,1965.

Kokot F, Kuska J. Plasma renin activity in acute renal insufficiency. Nephron 6:115-
127,1969.

Ishikawa I, Hollenberg NK. Pharmacologic interruption of the renin-angiotensin system
in myeohaemoglobinuric acute renal failure. Kidney Int 10:S183-S190,1976.

Mason J, Kain H, Shiigai T, Welsch J. The early phase of experimental acute renal
failure. V. The influence of suppressing the renin-angiotensin system. Pfleugers Arch
380:233-243,1979.



67.

68.

69.

70.

Tl

72.

73.

74.

75.

76.

7.

78.

79;

80.

81.

Mason J. Tubuloglomerular feedback in the early stages of experimental acute renal
failure. Kidney Int 10:S106-S114,1976.

Adams PL, Adams FF, Bell PD, Navar GL. Impaired renal blood flow autoregulation in
ischaemic acute renal failure. Kidney Int 18:68-76,1980.

Matthys E, Patton, MK, Osgood RW, Venkatachalam MA, Stein JH. Alterations in
vascular function and morphology in acute ischaemic renal failure. Kidney Int 23:717-
724,1983.

Conger JD, Robinette JB, Hammond WS. Differences in vascular reactivity in models
of ischaemic acute renal failure. Kidney Int 39:1087-1097,1991.

Robinette JB, Conger JD. Angiotensin and thromboxane in the enhanced renal
adrenergic nerve sensitivity of acute renal failure. J Clin Invest 86:1532-1539,1990.

Zimmermann BG, Gisslen J. Pattern of renal vasoconstriction and transmitter release
during sympathetic stimulation in the presence of angiotensin and cocaine. J Parmacol
Exp Ther 163:320-329,1968.

Jackson EK, Uderman HD, Herzner WA, Brach RA. Attenuation of noradrenergic
neurotransmission by the thromboxane synthetase inhibitor UK38,485. Life Sci 35:221-
228,1984.

DiBona GF, Swain LL. The renin - angiotensin system in acute renal failure in the rat.
Lab Invest 25:528-532,1971.

Conger JD, Robinette JB, Schrier RW. Smooth muscle calcium and endothelin derived
relaxing factor in the abnormal vascular response of acute renal failure. J Clin Invest
82:532-537,1988.

Takeda K, Meyer-Lehnert H, Kim J et al. AVP-induced Ca influxes and contraction of
rat glomerular mesangial cells. Am J Physiol 255:F142-F150,1988.

Lifschitz MD. Prostaglandins and renal blood flow: In vivo studies. Kidney Int 19:781-
785,1981.

Dunham EW, Zimmerman BG. Release of prostaglandin like material from dog kidney
during nerve stimulation. Am J Physiol 219:1279-1285,1970.

Finn WF, Arendshorst WJ. Effect of prostaglandin synthetase inhibitors on renal blood
flow in the rat. Am J Physiol 231:1541-1545,1976.

Kaloyanides GJ, Ahrens RE, Shepherd JA, DiBona GF. Inhibition of prostaglandin Ep
secretion. Failure to abolish autoregulation in the isolated dog kidney. Circ Res 38:67-
73,1976.

Schnermann J, Schubert G, Hermle M, Herbste R, Stowe NT, Yarimizu S, Weber PC.
The effect of inhibition of prostaglandin synthesis on tubuloglomerular feedback in the
rat kidney. Pflugers Arch 379:269-279,1979.



82.

83.

84.

85.

86.

87.

88.

89.

90.

1.

92,

93,

94,

95.

96.

Oken DE. Hypothesis. Role of prostaglandins in the pathogenesis of acute renal failure.
Lancet 1:1319-1322,1975.

Baylis C, Dean WM, Brenner BM. Effects of some vasodilator drugs on transcapillary
fluid exchange in the renal cortex. Am J Physiol 230:1148-1158,1976.

Feigan LP, Chapnick BM, Flemming JE, Kadonitz PJ. Prostaglandins: Renal vascular
responses to bradykinin, histamine and nitroglycerine. Am J Physiol 234:H496-
H502,1978.

Moncada S, Vane JR. Arachidonic metabolites and the interactions between platelets
and blood vessel walls. N Engl J] Med 300(20):1142-1147,1979.

Brezis M, Rosen S, Stoff JS, Spokes K, Silva P, Epstein FH. Inhibition of prostaglandin
synthesis in the rat kidney perfused with and without erythrocytes. Implications for
analgesic nephropathy. Mineral Electrolyte Metab 12:326-332,1986.

Casey KF, Machiedo GW, Lyons MJ et al. Alteration of postischaemic renal pathology
by prostaglandin infusion. J Surg Res 29:1-10,1980.

Johnston PA, Bernard DW, Perrin NS, Levinsky NG. Prostaglandins mediate the
vasodilatory effect of mannitol in the hypoperfused rat kidney. J Clin Invest 68:127-133,
1981.

Schar N, Ichikawa I, Brenner BM. Mechanisms of action of various hormones and
vasoactive substances on glomerular ultrafiltration in the rat. Kidney Int 20:442-
451,1981.

Gerber JG, Olson RD, Nies AS. Interrelationship between prostaglandin and renin
release. Kidney Int 19:816-821,1981.

Humes HD. Regulation of intracellular calcium. Semin Nephrol 4:117-133,1984.

Schieppati A, Schrier RW. Cellular calcium in the pathogenesis of ischemic acute renal
failure. Contrb Nephrol. Basel, Karger, 77:123-131,1990.

Bygrave FL. Mitochondrial calcium transport. Curr Top Bioeng 6:259-319,1977.

Wilson DR, Arnold PE, Burke TJ, Schrier RW. Mitochondrial calcium accumulation
and respiration in ischaemic acute renal failure in the rat. Kidney Int 25:519-526,1984.

Arnold PE, Lumlertgul D, Burke TJ, Schrier RW. In vitro versus in vivo mitochondrial
calcium loading in ischaemic acute renal failure. Am J Physiol 248 (Renal Fluid
Electrolyte Physiol 17):F845-F850,1985.

Rossi CS, Lehininger AL. Stoichiometry of respiratory stimulation, accumulation of
calcium, phosphate and oxidative phosphorylation in rat liver mitochondria. J Biol
Chem 239:3971-3986,1964.



97. Arnold PE, Van Putten VJ, Lumlertgul D, Burke TJ, Schrier RW. Adenine nucleotide
metabolism and mitochondrial calcium transport following renal ischaemia. Am J
Physiol 256: F357-F363,1986.

98. Matthys E, Patel Y, Kreisberg J, Stewart JH, Venkatachalam M. Lipid alterations
induced by renal ischaemia. Pathogenic factor in membrane damage. Kidney Int
26:153-161,1984.

99. MCLaughlin CW. Control of sodium, potassium water content and utilisation of oxygen
in rat liver slices, studied by affecting cell membrane permeability with calcium and
active transport with ouabain. Biochim, Biophys Acta 323:285-296,1973.

100. Taub M, Saier MH Jr. Regulation of 22Na transport by calcium in an established
kidney epithelial cell line. J Biol Chem 254:11440-11444,1979.

101. Chien KR, Sherman SC, Mittnacht S Jr, Farber JL. Microsomal membrane structure

and function subsequent to activation of an endogenous phospholipase. Arch Biochem
Biophys 205:614-622,1980.

102. Roy RS, M€ Cord JM.  Superoxide and ischaemia: conversion of xanthine
dehydrogenase to xanthine oxidase. In: Greenwald R, Cohen G, eds: Oxygen radicals
and their scavenger systems. Vol 2. Cellular and molecular aspects. New York.
Elsevier Science:145-153,1983.

103. Engerson TD, MC®Kelvey G, Rhyne DB, Boggio EB, Snyder SJ, Jones HP. Conversion
of xanthine dehydrogenase to oxidase in ischaemic rat tissues. J Clin Invest 79, 1564-
1570,1987.

104. M€Cord JM. Oxygen-derived free radicals in postischemic tissue injury. New Eng J
Med 312(3):159-163,1985.

105. Singal PK, Kapur N, Dhillon KS, Beanish RE, Dhalla NS. Role of free radicals in
catecholamine - induced cardiomyopathy. Can J Physiol Pharmacol 60:1390-1397,1982.

106. Ratych RE, Chuknyiska RS, Bulkley GB. The primary localisation of free radical
generation after anoxia / reoxygenation in isolated endothelial cells. Surgery 102:122-
131,1987.

107. Sommers HM, Jennings RB. Experimental acute myocardial infarction: Histological
and histochemical studies of early myocardial infarctions induced by temporary or
permanent occlusion of coronary arteries. Lab Invest 13:1491-1503,1964.

108. Galat JA, Robinson AV, Rhodes RS. Oxygen free radical mediated renal dysfunction.
J Surg Res 46:520-526,1989.

109. Breda MA, Hall TS, Stuart RS, Baumgartner WA, Barkon AM, Brown JD, Hutchins
GM, Reitz BA. Twenty four hour lung preservation by hypothermia and leukocyte
depletion. Heart Trans 4:325-329,1985.



110. Grisham MB, Hernandez LA, Granger DN. Xanthine oxidase and neutrophil
inflammation in intestinal ischaemia. Am J Physiol 251:G567-G574,1986.

111. Andreoli SP, MCAteer J. Reactive oxygen molecule mediated injury in endothelium
and renal tubule epithelial cells in vitro. Kidney Int 38:785-794,1990.

112. Malis CD, Bonventre JV. Mechanism of calcium potentiation of oxygen free radicals
in injury to renal mitochondria. A model for postischaemic and toxic mitochondrial
damage. J Biol Chem 261:14201-14208,1986.

113. Paller MS, Hoidal JR, Ferris TF. Oxygen free radicals in ischaemic acute renal failure
in the rat. J Clin Invest 74:1156-1164,1984.

114, Hansson R, Gustafsson B, Jonsson O, Lundstam S, Pettersson S, Scherston T,
Waldenstrom J. Effect of xanthine oxidase inhibition on renal circulation after
ischaemia. Transplantation Proc XIV 1:51-58,1982.

115. Hansson R, Jonsson O, Lundstam S, Pettersson S, Scherston T, Waldenstrom J. Effects
of free radical scavengers on renal circulation after ischaemia in the rabbit. Clin Sci
65:605-610,1983.

116. Jain SK, Shohet SB. Calcium potentiates the peroxidation of erythrocyte membrane
lipids. Biochim Biophys Acta 642:46-54,1981.

117. Vladimirov YA, Chenev BI, Suslova TB Cheremisina ZP. Lipid peroxidation in
mitochondrial membranes. Adv lipid Res 17:173-249,1980.

118. Green DE, Fleischer S. The role of lipids in mitochondrial electron transfer and
oxidative phosphorylation. Biochim, Biophys Acta 70:554-582,1963.

119. Cunningham CC, George DT. The relationship between bovine heart mitochondria
triphosphatase, lipophilic compounds and oligomycin. J Biol Chem 250:2036-
2044,1975.

120. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, Yazaki Y,
Goto K, Masaki T. A novel potent vasoconstrictor peptide produced by vascular
endothelial cells. Nature 322:411-415,1988.

121. Kohan DE. Endothelins in the kidney: physiology and pathophysiology. Am J Kidney
Dis 22(4):493-510,1993.

122. SakuraiT, Yanagisawa M, Masaki T. Molecular characterisation of endothelin
receptors. Trends Pharmacol Sci 13:103-108,1992.

123. Marsden PA, Dorfman DM, Collins T, Brenner BM, Orkin SH, Ballermann BlJ.
Regulated expression of endothelin-1 in glomerular capillary endothelial cells. Am J
Physiol 261:F117-F125,1991.



124. Sakamoto H, Sasaki S, Hirata Y, Imai T, Ando K, Ida T, Sakurai T, Yanagisawa M,
Masaki T, Marumo F. Production of endothelin-1 by rat cultured mesangial cells.
Biochem Biophys Res Commun 169:462-468,1990.

125. Cybulsky AV, Stewart DJ, Cybulsky MI. Glomerular epithelial cells produce
endothelin-1. J Am Soc Nephrol 3(7):1398-1404,1993.

126. Ohta K, Hirata Y, Imai T, Kanno K, Emori T, Shichiri M, Marumo F. Cytokine-
induced release of endothelin-1 from porcine renal epithelial cell line. Biochem Biophys
Res Commun 169:578-584,1990

127. Marsen TA, Schramek H, Dunn MJ. Renal actions of endothelin: linking cellular
signaling pathways to kidney disease. Kidney Int 45(2):336-344,1994.

128. Fogo A, Hellings SE, Inagami T, Kon V. Endothelin receptor antagonism is protective
in in vivo acute cyclosporine toxicity. Kidney Int 42:770-774,1992.

129. Ito H, Hirata Y, Adachi S, Tanaka M, Tsujini M, Koike A, Nogami A, Marumo F,
Hiroe M. Endothelin -1 is an autocrine / paracrine factor in the mechanism of
angiotensin II induced hypertrophy in cultured rat cardio-myocytes. J Clin Invest
92(1):398-403,1993.

130. Guarda E Katawa LC, Myers PR, Tyagi SC, Weber KT. Effects of endothelins on
collagen turnover in cardiac fibroblasts. Cardiovasc Res 27(12):2130-2134,1993.

131, Warner S, de Nucci G, Vane JR. Rat endothelin is a vasodilator in the isolated perfused
mesentery of the rat. Eur J Pharmacol 159(3):325-326,1989.

132. Hirata Y, Emori T, Eguchi S Kanno K, Imai T, Onta K, Marumo F. Endothelin
receptor subtype b mediated synthesis of nitric oxide by cultured bovine endothelial
cells. J Clin Invest 91(4):1367-1373,1993.

133. Pollock DA, Opgenorth TJ. Evidence for endothelin induced renal vasoconstriction
independent of ETA receptor activation. J Physiol (Lond) 264:R222-R226,1993.

134. Firth JD, Ratcliffe PJ. Organ distribution of the three rat endothelin messenger RNAs
and the effects of ischemia on renal gene expression. J Clin Invest 90:1023-1031,1992.

135. Nambi P, Pullen M, Jugus M, Gellai M. Rat kidney endothelin receptors in ischemia-
induced acute renal failure. J Pharmacol Exp Ther 264(1):345-348,1993.

136. Goligorsky MS, Stein JH. Integration of emerging new concepts in the management of
acute renal failure. Contemporary Issues in Nephrology. Volume 30 - Acute Renal
Failure. Churchill Livingstone pg 339,1995.

137. Springer T. Adhesion receptors of the immune system. Nature 346:425,1990.

138. Brady HR. Leukocyte adhesion molecules and kidney diseases. Kidney Int 45(5):1285-
1300,1994.



139. Springer TA. Traffic signals for lymphocyte recirculation and leukocyte emigration:
the multistep paradigm. Cell 76(2):301-314,1994.

140. Wuthrich RP. Intercellular adhesion molecules and vascular cell adhesion molecule-1
and the kidney. J Am Soc Nephrol 3:1201-1211,1992.

141. Faulk RJ, Guss GR. Tubular expression of intercellular adhesion molecule-1 during
renal allograft rejection. Transplantation 48:226,1989.

142. Shreeniwas R, Koga S, Karakurum M, Pinsky D, Kaiser E, Brett J, Wolitzsky BA,
Norton C, Plocinski J, Benjamin W. Hypoxia-mediated induction of endothelial cell
interleukin-1c. J Clin Invest 90:2333-2339,1992,

143. Schlondorff D, Goldwasser P, Neuwirth R, Satriano JA, Clay KL. Production of
platelet-activating factor in glomeruli and cultured glomerular mesangial cells. Am J
Physiol 250:F1123-F1127,1986.

144. Scherf H, Nies AS, Schwertschlag U, Hughes M, Gerber JG. Haemodynamic effects of
platelet activating factor in the dog kidney in vivo. Hypertension 8:737-741,1986.

145. Humphrey DM, McMannus LM, Satouchi K, Hanahan DJ, Pinckard RN. Vasoactive
properties of acetyl glyceryl ether phosphorylcholine and analogues. Lab Invest 46:422-
427,1982.

146. Badr KF, DeBoer DK, Takahashi K, Harris RC, Fogo A, Jacobson HR. Glomerular
responses to platelet-activating factor in the rat: role of thromboxane A2. Am J Physiol
256:F35-F43,1989.

147. Olivera A, Caramelo C, Arriba G, Lamas S, Rodriguez-Puyol D, Schrier RW,
Rodriguez-Barbero A, Lopez Novoa JM. Effect of atrial natriuretic factor and calcium
antagonists on platelet activating factor-induced contraction and calcium mobilisation in
rat mesangial cells. J Cardiovasc Pharmacol 24:388-393,1994.

148. Yoo J, Schlondorff D, Neurgarten J. Thromboxane mediates the renal haemodynamic
effect of platelet activating factor. J Pharmacol Exp Ther 253:743-748,1990.

149. Stork JE, Shen TY, Dunn MJ. Stimulation of prostaglandin E2 and thromboxane B2
production in cultured rat mesangial cells by platelet activating factor: inhibition by a
specific receptor antagonist. Kidney Int 27:267A,1985.

150. Braquet P, Rola-Pleszczynski M. Platelet-activating factor and cellular immune
responses. Immunol Today 8:345-352,1987.

151. Morris CR, Alexander EA, Burns FJ, Levinsky NG. Restoration and maintenance of
glomerular filtration by mannitol during hypoperfusion of the kidney. J Clin Invest 51:
1555-1564,1972.

152. Flores J, DiBona DR, Beck CH, Leaf A. The role of cell swelling in ischaemic renal
damage and the protective effect of hypertonic solute. J Clin Invest 51:118-126,1972.



153. Hellberg O, Bayati A, Kallskog O, Wolgast M. Red cell trapping after ischaemia and
long term kidney damage. Influence of haematocrit. Kidney Int 37:1240-1247,1990.

154. Schrier RW, Arnold PE, Gordon JA, Burke TJ. Protection of mitochondrial function by
mannitol in ischaemic acute renal failure. Am J Physiol 247:F365-F369,1984.

155. Mohaupt M, Kramer HJ. Acute ischaemic renal failure, review of experimental studies
on pathophysiology and potential protective interventions. Renal failure 11:4:177-185,
1990.

156. Selkurt EE. Changes in renal clearance following complete ischaemia of the kidney.
Am J Physiol 144:395-403,1945.

157. Burke TJ, Cronin RE, Duchin KL, Peterson LN, Schrier RW. Ischaemia and tubule
destruction during acute renal failure in dogs, mannitol in protection. Am J Physiol
238(4):F305-F324,1980.

158. Barry KG, Cohen A, LeBlanc P. Mannitolisation I. The prevention and therapy of
oliguria associated with cross clamping of the abdominal aorta. Surgery 50:335-340,
1961.

159. Barry KG, Cohen A, Knochel JP, Whelan TJ, Beisel WR, Vargas CA, LeBlanc PC.
Mannitol infusion II. The prevention of acute functional renal failure during resection of
an aneurysm of the abdominal aorta. New Eng J Med 264:967-971,1961.

160. Beall AC, Holman MR, Morris GC, De Bakey M. Mannitol induced osmotic diuresis
during vascular surgery. Renal haemodynamic effects. Arch Surg 86: 4-42,1963.

161. Powers SR, Boba A, Hostnik W, Stein A. Prevention of postoperative acute renal
failure with mannitol in 100 cases. Surgery 35:15-23,1964.

162. Berman LB, Smith LL, Chisholm GD, Weston RE. Mannitol and renal function in
cardiovascular surgery. Arch Surg 88:239-243,1964.

163. Etheredge EE, Levitin H, Nakamura K, Glen WWL. Effect of mannitol on renal
function during open heart surgery. Ann Surg 161: 53-62, 1965.

164. Yeboah ED, Petrie A, Pead JL. Acute renal failure and open heart surgery. Brit Med J
1: 415-418,1972.

165. Rigden SP, Dillon MJ, Kind PRN, de Laval M, Stork J, Barratt TM. The beneficial
effect of mannitol on postoperative renal function in children undergoing
cardiopulmonary bypass surgery. Clin Nephrol 21:148-151,1984.

166. Clairmont P, von Harberer H. Ueber aurie nach Gallenstein Operationen. Milt
Grenzgeb Med Chir 22:159-172,1911.

167. Dawson JL. The incidence of postoperative renal failure in obstructive jaundice. BrJ
Surg 52:663-665,1965.



168. Armstrong CP, Dixon JM, Taylor TV, Davies GC. Surgical experience in deeply
jaundiced patients with bile duct obstruction. BrJ Surg 71:234-248,1984.

169. Williams RD, Elliot DW, Zollinger RW. The effect of hypotension in obstructive
jaundice. Arch Surg 81:335-340,1960.

170. Dawson JL. Post-operative renal function in obstructive jaundice: effect of a mannitol
diuresis. Brit Med J 1:82-86,1965.

171. Gubern JM, Sancho JJ, Simo J, Sitges-Serra A. A randomised trial on the effect of

mannitol on postoperative renal function in patients with obstructive jaundice. Surgery
103:39-44,1988.

172. Wilson DR, Thiel G, Arce ML, Oken DE. Glycerol induced haemoglobinuric acute
renal failure in the rat I1I. Micropuncture study of the effects of mannitol and isotonic
saline on individual nephron function. Nephron 4:337-355, 1967.

173. Ron D, Taitelman U, Michaelson M, Bar-Joseph G, Burzstein S, Better OS. Prevention
of acute renal failure in traumatic rhabdomyolysis. Arch Int Med 144:277-280,1984.

174. Barry KG, Malloy JP. Oliguric renal failure. Evaluation and therapy by the intravenous
infusion of mannitol. JAMA 179:510-513, 1962.

175. Eliahou HE. Mannitol therapy in oliguria of acute onset. Brit Med J 1:807-809,1964.

176. Luke RG, Linton AL, Briggs JD, Kennedy AC. Mannitol therapy in acute renal failure.
Lancet 1:980-982,1965.

177. Luke RG, Briggs JD, Allison MEM, Kennedy AC. Factors determining response to
mannitol in acute renal failure. Am J Med Sci 259:168-174,1970.

178. Valdes ME, Landau SE, Shah DM, Newall JC, Scovill WA, Stratton H, Rhodes GR,
Powers SR Jr. Increased glomerular filtration rate following mannitol administration in
man. J Surg Res 26:473-477,1979.

179. Steinmetz PR, Koeppen BM. Cellular mechanism of diuretic action along the nephron.
Hosp Pract 19:125-134,1984.

180. Wright FS, Schnermann J. Interference with the feedback control of glomerular
filtration rate by furosemide, triflocin and cyanide. J Clin Invest 53:1695-1708,1974.

181. Ludens JH, Hook JB, Brody MJ, Williamson HE. Enhancement of renal blood flow by
furosemide. J Pharmacol Exp Ther 163:456-460,1968.

182. Wright JT, Corder CN, Taylor R. Studies on rat kidney 15-hydroxyprostaglandin
dehydrogenase. Biochem Pharmacol 25:1669-1673,1976.

183. Patak RV, Mookherjee BK, Bentzel CJ, Hysert PE, Babej M, Lee JB. Antagonism of
the effect of furosemide by indomethacin in normal and hypertensive man.
Prostaglandins 10: 649-659,1975.



184, Minuth AN, Terrell JB, Suki WN. Acute renal failure, a study of the course and
prognosis of 104 patients and of the role of furosemide. Am J Med Sci 271:317-324,
1976.

185. Kleinknecht D, Ganeval D, Gonzalez-Duque LA, Fermanian J. Furosemide in acute
oliguric renal failure. A controlled trial. Nephron 17:51-58,1976.

186. Cantarovich F, Locatelli A, Fernandez JC, Perez-Lordeo J, Cristhot J. Frusemide in
high doses in the treatment of acute renal failure. Postgrad Med J 47 (suppl):13-17,1971.

187. Cantarovich F, Galli C, Benedetti L, Chene C, Castro L, Correa C, Perez-Loredo J,
Fernandez JC, Locatelli A, Tizado J. High dose frusemide in established acute renal
failure. Brit Med J 4:449-450,1973.

188. Singh NC, Kissoon N, Mofada S, Bennett M, Bohn DJ. Comparison of continuous v
intermittent furosemide administration in post operative paediatric cardiac patients. Crit
Care Med 20:17-21,1992.

189. Sullivan JF, Kreisberger C, Mittal AK. Use of frusemide in the oliguria of acute and
chronic renal failure. Postgrad Med J 47 (suppl):26-28,1971.

190. Brown CB, Ogg CS, Cameron JS. High dose frusemide in acute renal failure: a
controlled trial. Clin Nephrol 15:90-96,1981.

191. Anderson RJ, Linas SL, Berns AS, Henrich WL, Miller TR, Gabow PA, Schrier RW:
Non oliguric acute renal failure. New Engl ] Med 296:1134-1138,1977.

192. Borirakchanyavat V, Vongsthongsri M, Sitprija V: Furosemide and acute renal failure.
Postgrad Med J 54:30-32,1978.

193. McDonald RH, Goldberg LI, McNay J, Tuttle EP. Effects of dopamine in man:
augmentation of sodium excretion, glomerular filtration rate and renal plasma flow. J
Clin Invest 43:1116-1124,964.

194. Polsen RJ, Park GR, Lindop MIJ, Farmen JV, Calne RY, Williams R. The prevention of
renal impairment in patients undergoing orthotopic liver grafting by infusion of low dose
dopamine. Anaesthesia 42:15-19,1987.

195. Salem MG, Crooke JW, Mclaughlin GA, Middle JG, Taylor WH. The effect of
dopamine on renal function during aortic cross clamping. Ann R Coll Surg Eng 71:9-12,
1988.

196. Schwartz LB, Bissell MG, Murphy M, Gewertz BL. Renal effects of dopamine in
vascular surgical patients. J Vasc Surg 8:367-374,1988.

197. Flancbaum L, Choban P, Dasta J. Quantitative effect of low dose dopamine (DA) on
urine output (UO) in oliguric SICU patients (Pts). Crit Care Med 20: S21,1992.

198. Parker S, Graziano CC, Isaacs M, Howland WS, Kahn RC. Dopamine administration
in oliguria and oliguric renal failure. Crit Care Med 9:630-632, 981.



199. Henderson IS, Beattie TJ, Kennedy AC. Dopamine hydrochloride in oliguric states.
Lancet ii: 827-828,1980.

200. Lindner A. Synergism of dopamine and furosemide in diuretic resistant oliguric acute
renal failure. Nephron 33:121-126,1983.

201. Graziani G, Cantaluppi A, Casati S, Citterio A, Scalamogna A, Aroldi A, Silenzio R,
Brancaccio D, Ponticelli C. Dopamine and frusemide in oliguric acute renal failure.
Nephron 37:39-42,1984.

202. Pollock DM, Opgenorth TJ. Beneficial effect of the atrial natriuretic factor analog
A68828 on recovery from ischemic acute renal failure. Renal Failure 14:141-146,1992.

203. Conger JD, Falk SA, Hammond WS. Atrial natriuretic peptide and dopamine in
established acute renal failure in the rat. Kidney Int 40:21-29,1991.

204. Schafferhans K, Heidbreder E, Grimm D, Heidland A. Norepinephrine induced acute
renal failure: beneficial effects of atrial natriuretic factor. Nephron 44:240-244,1986.

205. Shaw SC, Weidmann P, Hodler Jurg, Zimmermann A, Paternostro A. Atrial natriuretic
peptide protects against acute ischemic renal failure in the rat. J Clin Invest 80:1232-
1237,1987.

206. Nakamoto M, Shapiro J, Shanley P, Chan L, Schrier RW. In vitro and in vivo
protective effect of Atriopeptin III on ischemic acute renal failure. J Clin Invest 80:698-
705,1987.

207. Gotz R, Bausewein K, Heidbreder E, Geiger H. Acute renal failure in the intensive care
unit. Are there any benefits of atrial natriuretic factor in dopamine/furosemide resistant
acute renal failure? (Abstract) Kidney Int 35: 282,1989.

208. Rahmen SN, Kim GE, Mathews AS, Goldbury CA, Allgren R, Schrier RW, Conger JD.
Effects of atrial natriuretic peptide in clinical acute renal failure. Kidney International
45:1731-1738,1994.

209. Sands JM, Neylan JF, Mitch WE. Atrial natriuretic factor does not improve the
outcome of cadeveric renal transplantation. J Am Soc Nephrol 1:1082-1086,1991.

210. Smits P, Huysmans F, Hoitsma A, Tan A, Koene R. The effect of A-human atrial
natriuretic peptide on the incidence of acute renal failure in cadaveric kidney
transplantation. Transplant Int 2:73-77,1989.

211. Burke TJ, Arnold PE, Gordon JA, Bulger RE, Dobyan DC, Schrier RW. Protective
effect of intrarenal calcium membrane blockers before or after renal ischaemia.
Functional, morphological and mitochondrial studies. J Clin Invest 74:1830-
1841,1984.

212. Malis CD, Cheung JY, Leaf AL, Bonventre JV. Effects of verapamil in models of
ischaemic acute renal failure in the rat. Am J Physiol 245:F735-F742,1983.



213. Goldberg JD, Schrier RW. Effect of calcium membrane blockers on in vivo
vasoconstrictor properties of noradrenalin, angiotensin Il and vasopressin. Miner
Electrol Metab 10:178-183,1984,

214. Meyer-Lehnot H, Takeda K, Schrier RW. Effects of AVP on Ca Kinetics and cell
contraction in cultured vasscular smooth muscle cells.  (Abstract) Clin Res
34:482A,1986.

215. Takeda K, Kim J, Schrier R. Effect of Angiotensin II on Ca kinetics and cell
contraction in cultured rat mesangial (MS) cells. (Abstract) Kidney Int 29:424,1986.

216. Takeda K, Meyer-Lehnot H, Kim JK, Schrier RW. Effect of AVP on 43Ca efflux and
cell contraction in cultured rat mesangiol (MS) cells. (Abstract) Clin Res
34(1):85A,1986.

217. Bonventre JV, Skorecki KL, Kreisberg JI, Cheung JY. Vasopressin increases cytosolic
free calcium concentration in glomerular mesangial cells. Am J Physiol 251:F94-
F102,1986.

218. Burnier M, Van Putten V, Wilson P, Burke T Schrier RW. Benefiaial effects of
verapamil (V) and Nifedipine (N) on calcium influx and cell viability in anoxic renal
cortical proximal tubules (CPT). Miner Electrol Metab 11:390-391,1985.

219. Shapiro JI, Cheung C, Habashi A, Schrier RW, Chan L. The effect of verapamil on
renal function after warm and cold ischaemia in the isolated perfused rat kidney.
Transplantation 40: 496-600,1986.

220. Mills S, Chan L, Schwertschlag U, Shapiro JI, Schrier RW. Protective effect of
emopamil on renal function following warm and cold ischaemia. Transplantation
43:928-930,1987.

221. Duggan KA, MacDonald GJ, Charlesworth JA, Pussel BA. Verapamil prevents post-
transplant oliguric renal failure. Clin Nephrol 24:289-291,1985.

222. Neumayer H-H, Wagner K. Prevention of delayed graft function in cadaver kidneys
and transplants by diltiazem. Outcome of two prospective, randomised clinical trials. J
Cardiov Pharmacol 10:S170-S177,1987.

223. Frei U, Margreiter R, Harms A, Bosmuller C, Neumann KH, Viebahn R, Gubernatis G,
Wonigeit K, Pichlmayer R. Pre-op graft reperfusion with a calcium antagonist improves
initial function. Preliminary results of a prospective randomised trial in 110 kidney
recipients. Transplant Proc 19:3539-3541,1987.

224, Osias MB, Seigal NJ, Chaudry 1 Lytton B, Baue A. Post-ischaemic renal failure:
Accelerated recovery with adenosine triphosphate-magnesium chloride infusion. Arch
Surg 112:729-731,1977.

225. Seigal NJ, Glazier WB, Chaudry IH, Gaudio KM, Lytton B, Baue AE, Kashgarian M.
Enhanced recovery from acute renal failure by the postischaemic infusion of adenosine
nucleotides and magnesium chloride in rats. Kidney Int 17:338-349,1980.



226. Chaudry IH, Sayeed MM, Baue AE. The effect of adenosine triphosphate-magnesium
chloride administartion in shock. Surgery 75:220-227,1974.

227. Schulte-Wissermann, Straub E, Funke PJ. Influence of L-thyroxine upon enzymatic
activity in the renal tubular epithelium of the rat under normal conditions and in mercury
induced lesions. Virch Arch (Cell Pathol) 23:175-184,1977.

228. Straub E. Effects of L-thyroxine treatment in acute renal failure. Respir Exp Med
168:81-84,1986.

229. Levy M. The effect of glucagon on glomerular filtration rate in dogs during reduction
of blood flow. Can J Physiol Pharmacol 53:660-668,1975.

230. Tomita K, Ujiie K, Nakasishi T, Tomura s, Matsuda O, Ando K, Schochibi M, Hirata
Y, Marumo F. Plasma endothelin levels in patients with acute renal failure. N Eng J
Med 321:1127,1989.

231. Lopez-Farre A, Gomez-Garre D, Bernabeu F, Lopez-Novoa JM. A role for endothelin
in the maintenance of post-ischaemic renal failure in the rat. J Physiol 444:513-
522,1991.

232. Gellai M, Jugus M, Fletcher T, DeWolf R, Nambi P. Reversal of post ischaemic acute
renal failure with a selective endothelin A receptor antagonist in the rat. J Clin Invest
93:900-906,1994.

233. Kelly KJ, Williams WW, Colvin RB, Bonventre JV. Antibody to intercellular adhesion
molecule 1 protects the kidney against ischaemic injury. Proc Natl Acad Sci USA
91:812-816,1994.

234. Guan Z, Miller SB, Greenwold JE. Zaprinest accelerates recovery from established
acute renal failure in the rat. Kidney International 47:1569-1575,1995.

235. Feller SM, Gagelmann M, Forssmann WG. Urodilatin: A newly described member of
the ANP family. Trends Pharm Sci 10:93-94,1989.

236. Saxenhofer H, Fitzgibbon WR, Paul RV. Urodilatin: binding properties and stimulation
of cGMP generation in rat kidney cells. Am J Physiol 264:F267-F273,1993.

237. Saxenhofer H, Raselli A, Weidmann P, Forssmann G, Bub A, Ferrari P, Shaw S.
Urodilatin, a natriuretic factor from the kidneys, can modify renal and cardiovascular
function in man. Am J Physiol 259:F832-F838,1990.

238. Shaw S, Weidmann P, Zimmermann A. Urodilatin, not nitroprusside, combined with
dopamine reverses ischaemic acute renal failure. Kidney Int 42:1153-1159,1992.

239. Wiebe K, Meyer M, Wahlers T, Zenker D, Mohr F, Schultze F, Michels P, Forssmann
WG. Urodilatin reverses acute oliguric renal failure following cardiac surgery. Abstract,
International Congress of Nephrology, Madrid, 1995.



240. Lopez Farre A, Bernabeu F, Gomez Garre D, Ramon Y, Cajal S, Braquet P, Lopez
Novoa JM. Platelet activating factor antagonist treatment protects against post ischaemic
acute renal failure in rats. J Pharmacol Exp Ther 253:328-333,1990.

241. Torras J, Bordalba JR, Seron D, Moliner R, Carrera M, Valles J, Martinez-Castelao A,
Alsina J, Grino JM. Protective effect of the PAF antagonist BN 52021 in an
experimental warm ischaemia model. Transplant Int 6:236-238,1993.

242. Pirotzki E, Collies P, Guilmard C, Schaeverbeke J, Mencia-Huerta JM, Braquet P.
Protection of platelet activating factor induced acute renal failure by BN 52021. Brit J
Exp Pathol 69:291-299,1988.

243, Gailit J, Colflesh J, Rabiner I, Simone J, Goligorsky MS. Redistribution and
dysfunction of integrins in cultured renal epithelial cells exposed to oxidative stress. Am
J Physiol 33:F149-F157,1993.

244. Noiri E, Gailit J, Sheth D, Magazine H, Gurrath M, Muller G, Kessler H, Goligorsky
MS. Cyclic RGD peptides ameliorate ischaemic acute renal failure in rats. Kidney Int
46:1050-1058,1994.

245. Humes DH, Cielinski DA, Coimbra TM, Messana JM, Galvano C. Epidermal growth
factor enhances renal tubule cell regeneration and repair and accelerates the recovery of
renal function in post ischaemic acute renal failure. J Clin Invest 84:1757-1761,1989.

246. Norman J, Tsau YK, Bacay A, Fine LG. Epidermal growth factor accelerates
functional recovery from ischaemic ATN in the rat: role of the epidermal growth factor
receptor. Clin Sci 78:445-450,1990.

247. Matejka GL, Jannische E. IGF-I binding and IGF-I mRNA expression in the post
ischaemic regenerating rat kidney. Kidney Int 42:1113-1123,1992.

248. Ding H, Kopple JD, Cohen A, Hirschberg R. Recombinant human insulin like growth
factor accelerates recovery and reduces catabolism in rats with ischaemic acute renal
failure. J Clin Invest 91:2281-2287,1993.

249. Miller SB, Martin DR, Kissane J, Hammerman MR. Rat models for clinical use of
insulin-like growth factor I in acute renal failure. Am J Physiol 266: F949-F956,1994.

250. Cantley LG, Barros EG, Gandhi M, Rauchman M, Nigam SK. Regulation of
mitogenesis, motogenesis and tubulogenesis by hepatocyte growth factor in renal
collecting duct cells. Am J Physiol 267:F271-F280,1994.

251. Igawa T, Matsumoto K, Kanda S, Saito Y, Nakamura T. Hepatocyte growth factor may
function as a renotropic factor for regeneration in rats with acute renal injury. Am J
Physiol 265:F61-F69,1993.

252. Miller SB, Martin DR, Kissane J, Hammerman MR. Hepatocyte growth factor
accelerates recovery from acute ischaemic renal injury in rats. Am J Physiol 266:F129-
F134,1994.



253. Wagener OE, Lieske JC, Toback GF. Molecular and cell biology of acute renal failure:
new therapeutic strategies. New Horizons 3(4):635-649,1995.

254. Abboud HE, Poptic E, DiCorleto P. Production of platelet-derived growth factor like
protein by rat mesangial cells in culture. J Clin Invest 80:675-683,1987.

255. Clark R, Martenson D, Rablan R. Recovery from acute ischaemic renal failure is
accelerated by des (1-3) insulin like growth factor-I in the rat. Clin Sci 86:709-714,1994.

256. Boothby WM, Sandiford I. Laboratory manual of the technique of basal metabolic rate
determinations. Philadelphia: Saunders:24,1920.

257. Elwyn DH, Kinney JM, Askanazi J. Energy expenditure in surgical patients. Surg
Clin North Am 61:3:545-556,1981.

258. Danforth E, Horton ES, O’Connell M, Simms EA, Burger AG, Ingbar SH, Braverman
L, Vagenakis AG. Dietary induced alterations in thyroid hormone metabolism during
overnutrition. J Clin Invest 64:1336-1347,1979.

259. Aulick LH, Wilmore DW, Mason AD, Pruitt BA Jr. Influence of the burn wound on
peripheral circulation in thermally injured patients. Am J Physiol 233:H520-H526,1977.

260. Newsholme EA. The control of fuel utilisation by muscle during exercise and
starvation. Diabetes (Suppl 1),28:1-7,1979.

261. Owen OE. Resting metabolic requirements of men and women. Mayo Clin Proc
63:503-510,1988.

262. Feurer I, Mullen JL. Bedside measurement of resting energy expenditure and
respiratory quotient via indirect calorimetry. Nutr Clin Pract 1:43-49, 1986.

263. Askanazi J, Carpentier YA, Elwyn DH, Nordenstrom J, Jeevandam M, Rosenbaum SH,
Gump FE, Kinney JM. Influence of total parenteral nutrition on fuel utilisation in injury
and sepsis. Ann Surg 199:40-46,1980.

264. McClave SA, Snider HL. Use of indirect calorimetry in clinical nutrition. Nutr Clin
Pract 7:207-221,1992.

265. Heymsfield SB, Casper K, Funfa J. Physiologic response and clinical implications of
nutrition support. Am J Cardiol 60:75G-81G,1987.

266. Weissman C, Kemper M, Elwyn DH, Askanazi J, Hyman Al, Kinney JM. The energy
expenditure of the mechanically ventilated critically ill patient - an analysis. Chest
89:254-259,1986.

267. Cerra FB. Hypermetabolism, organ failure and metabolic support. Surgery 101:1-
14,1987.

268. Swinamer DL, Phang PT, Jones RL, Grace M, King EG. Twenty-four hour energy
expenditure in critically ill patients. Crit Care Med 15:7:637-643,1987.



269. Weissman C, Kemper M, Damask MC, Askanasi J, Hyman A, Kinney JM. Effect of
routine intensive care interactions on metabolic rate. Chest 86:6:815-818,1984.

270. Wilmore DW, Long JM, Mason RD. Catecholamines: Mediators of the
hypermetabolic response to thermal injury. Ann Surg 180:653-669,1974.

271. Van Lanschot JJB, Feenstra BWA, Vermeij CG, Bruining HA. Calculation versus
measurement of total energy expenditure. Crit Care Med 14:981-985,1986.

272. Harris JA, Benedict TG. Biometric studies of basal metabolism in man. Carnegie
institute of Washington, Publication No 279,1919.

273. Butkus DE. Persistent high mortality in acute renal failure. Are we asking the right
questions? Arch Intern Med 143:209-212,1883.

274. Kennedy AC, Burton JA, Luke RG, Briggs JD, Lindsay RM, Allison ME, Edward N,
Dargie HJ. Factors affecting the prognosis in acute renal failure. A survey of 251cases.
Quarterly J Med 42:73-86,1973.

275. Cameron JS. Acute renal failure in the intensive care unit today. Intensive Care Med
12:64-70,1986.

276. Teschner M, Heidland A. Hypercatabolism in acute renal failure - mechanisms and
therapeutical approaches. Blood Purif 7:16-27,1989.

277. Kopple JD, Feinstein EI. Current problems in amino acid therapy for acute renal
failure. Proc Eur Dial Transplant Assoc 19:129-140,1982.

278. Bouffard Y, Viale JP, Anat G, Delafosse B, Guillaume C, Motin J. Energy expenditure
in the acute renal failure patient mechanically ventilated. Int Care Med 13:401-
404,1987.

279. Braun U, Berger C, Kunze C, Martell J, Schwarzkopf J, Trapp V, Kramer P. Daily
energy and nitrogen balance in acute catabolic renal failure. In: Continuous arterio-
venous haemofiltration. International conference on CAVH, Aachen, Karger, Basel
p219,1984

280. Miller RL, Taylor WR, Gentry W, Day AT, Gazzanigi AB. Indirect calorimetry in post
operative patients with acute renal failure. Ann Surg 49:494-499,1983.

281. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of
disease classification system. Crit Care Med 13: 818-829,1985.

282. Snowdowne KW, Freudenrich CC, Borle AB. The effects of anoxia on cytosolic free
calcium, calcium fluxes, and cellular ATP levels in cultured kidney cells. J Biol Chem
260:11619-11626,1985.

283. Zaloga GP, Washburn D, Black KW, Prielipp R. Human sepsis increases lymphocyte
intracellular calcium. Crit Care Med 21(2):196-202,1993.



284. Todd CJ, Mollitt DL. Effect of sepsis on erythrocyte intracellular calcium homeostasis.
Crit Care Med (Abstract) April:S48,1992.

285. Shilliday IR, Quinn KJ, Koehler W, Simpson K, Allison MEM. Loop diuretics in the
management of acute renal failure: a prospective, double-blind, placebo-controlled,
randomised study. Nephrol Dial Transplant 12:2592-2596,1997.

286. Brezis M, Agman Y, Epstein FH. Determinants of intrarenal oxygenation. 1. Effects of
diuretics. Am J Phsiol 267:F1059-F1068,1994.

287. Brezis M, Rosen S, Silva P, Epstein FH. Transport activity modifies thick ascending
limb damage in the isolated perfused kidney. Kidney Int 25:65-72,1984.

288. Dorwart WV, Chalmers L. Comparison of methods for calculating serum osmolality
from chemical concentrations, and the prognostic value of such calculations. Clin Chem
21(2):190-194,1975.

289. Klutsch K, Grolwendt J, Haecker W. Single dose comparison of torasemide and
furosemide in patients with advanced renal failure. Drug Research 38(1):200-204,1988.

290. Ghys A, Denef J, Delarge J, Georges A, Delarge J, Willems J. Drug Research
35(10):1527-1531,1985.

291. Martin SJ, Danziger LH. Continuous infusions of loop diuretics in the critically ill: a
review of the literature. Crit Care Med 22: 1323 - 1329,1994.

292. Rudy DW et al. Loop diuretics for chronic renal insufficiency: a continuous infusion is
more efficacious than bolus therapy. Ann Int Med 115:360-366,1991.

293. Copeland JG, Campbell DW, Plachetka JP, Salomon NW, Larson DF. Diuresis with
continuous infusion of furosemide after cardiac surgery. Am J Surg 146:796,1983.

294. Breslow M, Miller C, Parker S, Walman A, Traystman R. Effect of vasopressors on
organ blood flow during endotoxin shock in pigs. Am J Physiol 252:H291-H300,1987.

295. Baldwin L, Henderson A, Hickman P. Effect of postoperative low-dose dopamine on
renal function after elective major vascular surgery. Ann Int Med 120:744-747,1994.

296. Duke GJ, Brierdis JH, Weaver RA. Renal support in critically ill patients: low-dose
dopamine or low-dose dobutamine? Crit Care Med 22(12):1919-1925,1994.

297. Segal JM, Phang TP, Walley KR. Low dose dopamine hastens onset of gut ischaemia
in a porcine model of haemorrhagic shock. J Appl Physiol 73(3):1159-1164,1992.

298. Scannell G, Waxman K, Annas C, Tominga G. Tissue oximetry in haemorrhagic shock
and resuscitation: gastric but not rectal submucosal pO2 correlates with gut translocation.
Crit Care Med 22:A187,1994.

299. Chertow GM, Lazarus JM, Sayegh MH, Allgren RL. Is the administration of dopamine
associated with adverse outcomes in severe acute renal failure? JASN 6:3:460,1995.



300. Heyman S, Fuchs S, Brezis M. The role of medullary ischaemia in acute renal failure.
New Horizons 3:4:597-607,1995.

301. Hellberg O, Nygren A, Hansell P, Fasching A. Post-ischaemic administration of
mannitol enhances erythrocyte trapping in outer medullary vasculature in the rat kidney.
Renal Physiol Biochem 13:328-332,1990.

302. Cheung J, Bonventre J, Makis C, Leaf A. Calcium and ischaemic injury. New Eng J
Med 314:1670-1676,1986.

303. Schanne FA, Kane AB, Young EE, Farber JL. Calcium dependence of toxic cell death:
A final common pathway. Science 206:700-702,1979.

304. Farber JL. The role of calcium in cell death. Life Sci 29:1289-1295,1981.

305. Chien KR, Abrams J, Serroni A, Martin ST, Farber JL. Accelerated phospholipase
degradation and associated membrane dysfunction in irreversible ischaemic liver cell
injury. J Biol Chem 253:4809-4817,1978.

306. Coleman R. membrane bound enzymes and membrane ultrastructure. Biochem
Biophys Acta 300:1-30,1973.

307. Eme P, Boli P, Burgisser E, Buhler F. Correlation of platelet calcium with blood
pressure. New Eng J Med 310:1084-1088;1984.

308. Spieker C, Zidek W, Vetter H. Acute effects of torasemide on the renin-activity and on
intracellular electrolytes in hypertensive patients. Progress in Pharm Clin Pharm
8(1):221-225,1990.

309. Kramer HJ. Renal function and metabolic studies on the role of preventive measures in
experimental acute ischaemic renal failure. Clin Exp Dial Apheresi 7:77-99,1983.

310. Neiderman R, Pollard TD. Human platelet myosin. II. In vitro assembly and structure
of myosin filaments. J Cell Biol 67:72-92,1975.

311. Erne P, Buhler FR, Affolter H, Burgisser E. Excitatory and inhibitory modulation of
intracellular free calcium in human platelets by hormones and drugs. Eur J Pharmacol
91:331-332,1983.

312. Exton JH. Mechanisms involved in alpha-adrenergic effects of catecholamines. In:
Kunos G ed. Adrenoceptors and catecholamine action. New York: John Wiley,117-
29,1981.

313. Tsien RY, Pozzan T, Rink TJ. Calcium homeostasis in intact lymphocytes:
cytoplasmic free calcium monitored with a new intracellularly trapped fluorescent
indicator. J Cell Biol 94:325-334,1982.

314. Dominiczak AF, Morton JT, Murray G, Semple PF. Platelet free calcium in essential
hypertension response to vasopressin. Clin Sci 77:183-188;1989.



315. Morrison DC, Ryan JL. Endotoxins and disease mechanisms. Ann Rev Med 38:417-
432,1987.

316. Mayeux PR, Shah SV. Intracellular calcium mediates the cytotoxicity of lipid A in
LLC-PK cells. J Pharm and Exp Ther 226(1):47-51;1993.

317. Schieppati A, Van Putten V, Burke TJ, Schrier RW. Anoxia increases calcium (Ca)
influx in rat nephron segments. (Abs) Kidney Int 27:237,1985.

318. Weir JB de V. New methods for calculating metabolic rate with special reference to
protein metabolism. J Physiol (Lond) 109:1-9,1949.

319. Makk LJ, McClave SA, Creech PW, Johnson DR, Short AF, Whitlow NL, Priddy FS,
Sexton LK, Simpson P. Clinical application of the metabolic cart to the delivery of total
parenteral nutrition. Crit Care Med 18:1320-1327,1990.

320. Daly JM, Heymsfield SB, Head CA, Harvey LP, Nixon DW, Katzeff H, Grossman GD.
Human energy requirements: overestimation by widely used prediction equation. J Clin
Nutr 42:1170-1174,1985.

321. Swinamer DL, Grace MG, Hamilton SM, Jones RL, Roberts P, King EG. Predictive
equation for assessing energy expenditure in mechanically ventilated critically ill
patients. Crit Care Med 18:6:657-661,1990.

322. Brown PE, McClave SA, Hoy NW, Short AF, Sexton LK, Meyer KL. The acute
physiology and chronic health evaluation II classification system is a valid marker for
physiologic stress in the critically ill patient. Crit Care Med 21:3:363-367,1993.

323. Cunningham JJ. Factors contributing to increased energy expenditure in thermal
injury; a review of studies employing indirect calorimetry. JPEN 14:649-656,1990.

324. Wiessman C, Kemper M, Askanazi J, Hyman A, Kinney JM. Resting metabolic rate of
the critically ill patient: measured versus predicted. J Anesthesiol 64:673-679,1986.

325. Williams RR, Fuenning CR. Circulatory indirect calorimetry in the critically ill. JPEN
15:509-512,1991.

326. Smithies MN, Royston B, Makita Koshi, Konieczko K, Nunn JF. Comparison of
oxygen consumption and measurements: Indirect calorimetry versus the reversed Fick
method. Crit Care Med 19:1401-1406,1991.

327. Aukland K, Krog J. Renal oxygen tension. Nature 188:671,1960.

328. Baumgartl H, Leichtweiss HP, Lubbers DW. The oxygen supply of the dog kidney:
Measurements of intrarenal PO7. Microvasc Res 4:247-257,1992.

329. Epstein FH, Balaban RS, Ross BD. Redox state of cytochrome aaj3 in isolated perfused
rat kidney. Am J Physiol 243:F356-F363,1982.



330. Goligorsky MS, Stein JH. Integration of emerging new concepts in the management of
acute renal failure. Contemporary Issues in Nephrology. Volume 30 - Acute Renal
Failure. Churchill Livingstone pg 477,1995.



Appendix 1- Screening Data

Torasemide group

Patient | Urine vol | Creatinine | APACHE 11
(ml/hr) clearance score
(ml/min)
1 65 18.7 I
3 43 9.8 14
8 35 13.6 16
12 26 4.7 25
13 0 0.0 22
15 36 7.5 14
20 53 50.6 18
21 19 13.2 32
28 7 16.0 16
29 7 17.0 17
36 6 23.0 23
38 15 2.4 18
42 28 11.5 20
48 0 0.0 19
49 42.5 1.7 18
51 31 5.1 24
55 10.5 3.0 25
57 5 3.4 23
61 36 12.5 18
63 375 23.8 15
68 45 14.7 19
70 50 10.7 15
73 55 10.1 20
74 8 12.4 23
80 15 4.8 27
83 0 0.0 24
86 37.5 284 20
87 42.5 24.1 18
91 0 0.0 18
95 325 4.1 14




Appendix 1 (continued)

Frusemide group

Patient | Urine vol | Creatinine | APACHE II
(ml/hr) clearance score
(ml/min)
2 12 3.4 16
6 21 23 14
7 75 10.6 12
11 8 4.2 26
16 45 28.5 8
18 43.5 16.5 19
19 17 4.65 19
22 7 1.1 7
25 82 54 18
30 17.5 4.6 13
34 115 279 38
35 4 0.7 13
37 17 3.9 37
39 192 10.6 11
46 13.5 15.6 18
47 5 0.8 23
50 70 9.7 12
52 5 2.8 23
59 21.5 21.3 17
60 10 3.7 18
62 3 0.2 -
64 28 5.0 13
67 12.5 2.3 13
76 0 0.0 19
78 39 37.6 22
79 0 0.0 27
82 5 1.3 25
89 25 12.9 21
90 32.5 230 20
92 0 0.0 27
93 0 0.0 25
97 175 10.2 18




Appendix 1 (continued)

Placebo group
Patient | Urine vol | Creatinine | APACHE II
(ml/hr) clearance score
(ml/min)

4 13.5 1.0 14
5 15 0.6 14
9 0 0.0 25
10 10 3.0 32
14 22.5 9.5 14
17 13 2.4 23
23 175 18.2 21
24 1.9 3.2 -

26 32.5 33 14
27 26.5 1.3 23
31 52.5 3.0 -

32 22.5 243 -

40 22 1.2 11
41 52.5 1.6 15
43 7:5 3.0 19
44 25 25.1 15
53 5 1.0 23
54 15.5 - -

56 19 - 9
58 0 0.0 17
66 21 11.3 11
69 30 7.6 20
72 0 0.0 15
75 70 29.0 18
81 24.5 13.1 24
84 10.5 10.4 10
88 19 14.2 19
94 7 3.4 27
96 6 3.0 24
98 14.5 49 21




Appendix 2 - Outcome at day 21

Torasemide group

Patient | Outcome | Time to Duration of Time to renal Urine output at
dialysis dialysis (days) | recovery (days) | 24 hours (ml/hr)
(days)

1 Alive 4 2 11 104
3 Alive - - 2 285
8 Alive - - 1 353
12 Dead - - - -
13 Dead - - - 0
15 Dead 16 4 - 287
20 Alive - - 1 300
21 Dead - - - -
28 Dead - - - 56
29 Dead - - - -
36 Alive 10 15 18 3
38 Dead 1 4 - 59
42 Dead 2 8 B 96
48 Dead 1 4 - 0
49 Dead 4 3 - 41
51 Dead % - - 45
55 Dead - - - -
57 Dead - - - -
61 Dead 3 2 7 212
63 Alive - - 2 395
68 Dead - - - 427
70 Alive 11 3 - 197
73 Dead - - - 267
77 Dead - - - 32
80 Dead 2 3 - 33
83 Dead - - - 0
86 Dead - - - 76
87 Dead - - - 48
91 Alive 1 10 17 5
95 Alive - - 3 47




Appendix 2 (continued)

Frusemide group

Patient Outcome Time to Duration of Time to renal Urine output at
dialysis dialysis (days) | recovery (days) | 24 hours (ml/hr)
(days)

2 Dead 3 DD - 67
6 Alive-DD 3 DD - 133
7 Alive - - 1 450
11 Dead - - - 777
16 Alive - - 1 -
18 Alive 14 DD - 231
19 Alive - - 4 75
22 Alive 16 DD - 7
25 Alive - - 2 260
30 Alive - - 1 207
34 Dead - - - 202
35 Alive - - 3 5
37 Dead - - - 8
39 Alive - - 2 170
46 Dead - - - 25
47 Dead 1 3 - 12
50 Alive - - - 131
52 Dead - - - 3
59 Dead - - 2 175
60 Dead - - - -
62 Dead - - - -
64 Alive - - - 130
67 Alive 6 11 18 23
76 Dead 18 DD - 0
78 Dead - - - 156
79 Dead - - - 12
82 Dead - - - 0
89 Alive 2 5 10 0
90 Dead - - 4 300
92 Dead 1 3 - 0
93 Dead 1 DD - 0
97 Dead - - 2 148

DD - dialysis dependent




Appendix 2 (continued)

Placebo group
Patient Outcome Time to Duration of Time to renal Urine output at
dialysis dialysis (days) | recovery (days) | 24 hours (ml/hr)
(days)

4 Dead - - 2 322
5 Alive - - 6 54.8
9 Dead - - - -
10 Dead - - - -
14 Alive - - 2 207
17 Dead - - - 1
23 Dead - - - 160
24 Dead - - - -
26 Alive 2 DD - 33
27 Alive - - 5 35
31 Alive-DD 1 DD - 9
32 Alive 2 2 4 52
40 Alive-DD 5 DD - 54
41 Alive - - 5 79
43 Dead 4 12 - 7
4 Alive - - 2 105
53 Dead-DD 2 DD - 50
54 Dead - - - -
56 Alive 3 3 7 43
58 Dead - - - 0
66 Alive 3 12 17 18
69 Alive 3 12 19 23
72 Alive 4 DD - 0
75 Alive - - 3 107
81 Dead - - - 25
84 Alive - - - 33
88 Alive 2 15 19 25
94 Dead - - - -
96 Dead - - - 0
98 Dead 2 2 - 19

DD - dialysis dependent




Appendix 3

Patients enrolled in study 3 (chapter 7)

Patient Cause of ARF APACHE II score Ventilated
1 Scleroderma crisis 11 No
2 Bronchopneumonia, respiratory failure 16 No
3 Aminoglycoside nephrotoxicity 18 No
4 Perforated oesophagus 14 No
5 Infection 14 No
6 Aminoglycoside nephrotoxicity 12 No
7 Septic shock 32 Yes
8 Acute liver failure (alcohol) 25 No
9 Bacterial pneumonia 14 No
10 Fungal infection of Hickmann line 8 No
11 Post aortic-bifemoral graft (elective) 23 Yes
12 Thrombotic thrombocytopenic purpura 19 No
13 Post aortic-bifemoral graft (emergency) 19 Yes
14 Septic shock 14 Yes
15 Gallstone pancreatitis 17 No
16 Shigella infection 13 No

27 Post aortic-bifemoral graft (elective) 13 Yes
18 Haemolytic uraemic syndrome 11 No
19 Goodpastures syndrome 11 No
20 Rhabdomyolysis 15 No




