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SUMMARY

The idea of vasodilator therapy for heart failure has been
toyed with for almost one hundred years, possibly more. In
the mid-twentieth century nitrates attained a definite role
in the management of acute pulmonary oedema. There is
little doubt that vasodilators can improve central
haemodynamics acutely. However, during the 1970’s
investigators started to apply physiological principles of
preload and afterload reduction to the management of
chronic heart failure. The results were largely
disappointing, either because tolerance occurred to the
vasodilator actions of the drugs, or because vasodilatation
is an ineffective mode of treatment for chronic heart
failure. When work on this thesis started disillusionment
was setting in regarding the efficacy of chronic

vasodilator therapy for patients with heart failure.

Although increases in plasma renin were first demonstrated
in heart failure almost 50 years ago, there are few studies
which have investigated the haemodynamic and metabolic
correlates of renin-angiotensin-aldosterone system
activation in detail. The present work indicates that
patients with heart failure have a depletion of total body
potassium and an excess of total body sodium when compared
to normal subjects or patients with mild untreated
hypertension. This depletion in potassium is not related to
a reduction in lean body mass. Within the group of patients
with heart failure elevated plasma concentrations of active
renin were associated with a lower arterial pressure, lower

serum concentrations of sodium and potassium and more
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marked depletion of total body potassium. Arterial pressure
appears to be an important determinant of renin secretion
in heart failure. Although the electrolyte disturbances are
probably largely a consequence of increased plasma
concentrations of renin and angiotensin II, mediated
through aldosterone and antidiuretic hormone, depletion of
serum sodium and potassium may further stimulate renin

secretion.

The renin-angiotensin, sympathetic and parasympathetic
nervous systems are closely integrated. Angiotensin II can
stimulate sympathetic activity in several ways, but can
also reduce parasympathetic activity. The present work
confirms that patients with heart failure have elevated
sympathetic activity at rest, but reduced parasympathetic
and sympathetic reflex activity as has been previously
shown. This thesis also shows that at maximal exertion
patients with heart failure have evidence of reduced
sympathetic activity compared to normal subjects, and that
this is related to the intensity rather than duration of

exercise.

In view of the disturbances in haemodynamic function,
autonomic activity and cellular metabolism in heart failure
it is not surprising to find a high frequency of
arrhythmias. These arrhythmias are directly related to
plasma concentrations of renin and noradrenaline, though
whether this is a causal relationship or by association
with the severity of ventricular dysfunction is

controversial. The present study found a poor relationship
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between the severity of ventricular dysfunction and the
frequency of arrhythmias in a group of patients with

generally poor ventricular function.

Using two double-blind cross-over studies the angiotensin-
converting enzyme inhibitors captopril and enalapril were
shown to improve symptoms and exercise performance over a
6-8 week period. The study on captopril constituted one of
the first ©placebo-controlled investigations in the
literature to establish the efficacy of angiotensin-
converting enzyme inhibitors in chronic heart failure. The
paper on enalapril established that this was a class
effect. These studies demonstrated that angiotensin-
converting enzyme inhibitors could correct hypokalaemia and
total body potassium depletion, but did not have a major
impact on serum or total body sodium. Angiotensin-
converting enzyme inhibitors also reduced plasma levels of
noradrenaline, suggesting reduced sympathetic activity, and
improved parasympathetic reflex responsiveness. Not
surprisingly angiotensin-converting enzyme inhibitors also

reduced the frequency of ventricular arrhythmias.

Studies were performed to investigate the effects of
angiotensin-converting enzyme inhibitors on renal function
in greater detail, and their interaction with frusemide.
These indicated that introduction of angiotensin-converting
enzyme inhibitor led to a reduced diuresis, plasma volume
expansion and a fall in serum sodium. Urinary potassium
losses were reduced and serum potassium unaltered in the

short term. Renal blood flow tended to increase and
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glomerular filtration rate to fall; these effects were
enhanced by concomitant administration of frusemide.
Studies on renal tubular function indicated increased
proximal tubular water and sodium reabsorption as the
likely cause for the reduced diuresis in response to
frusemide. Longer term studies indicate that angiotensin-
converting enzyme inhibitors cause a consistent fall in
glomerular filtration rate and increase in renal blood flow
while the filtration fraction is reduced towards normal.
Withdrawal of the angiotensin-converting enzyme inhibitor
leads to a rapid return of glomerular filtration to
baseline levels, but renal blood flow appears elevated for
some time after withdrawal, suggesting structural change in

the vasculature or prolonged tissue enzyme inhibition.

Heart failure and angina pectoris commonly co-exist but the
effects of angiotensin converting enzyme inhibitors had not
been studied previously in such patients. The present study
indicates that captopril may reduce the angina threshold.
The reduction in coronary perfusion pressure appears to
offset the potential beneficial effects on myocardial
oxygen consumption of the reduction in preload and
afterload. However, the frequency of ventricular

arrhythmias was also reduced in this study.

Finally an attempt was made to determine if angiotensin-
converting enzyme inhibitors had had a beneficial effect on
prognosis in patients with heart failure. This was an open
non-randomised evaluation. Computer modelling was used to

try and correct for differences in the distribution of
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adverse prognostic factors between those receiving an
angiotensin-converting enzyme inhibitor and those not. A
non-significant trend to improved prognosis in those
receiving captopril or enalapril was noted. However, there
was an excess of vascular deaths in the group treated with
an angiotensin-converting enzyme inhibitor, but small

numbers make these findings of uncertain significance.

Angiotensin-converting enzyme inhibitors are a new modality
for the treatment of chronic heart failure. The work
presented in this thesis has helped establish their
usefulness and limitations, and demonstrated that they are
more than mere vasodilator agents. The reason for their
efficacy remains to be established. Perhaps it is because
they induce haemodynamic tolerance infrequently. However,
correction of intra-cellular electrolyte disturbances and

autonomic dysfunction could be at least as important.
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PART ONE HISTORICAL INTRODUCTION

CHAPTER 1: HISTORICAL PERSPECTIVES

RENIN AND ANGIOTENSIN

The hormone renin was first discovered by Tigerstedt and
Bergman in 1898.' They showed that extracts of rabbit renal
cortex caused marked and prolonged increases in blood
pressure. Little further progress was made for 30 years.
In the 1930’s Goldblatt’s experiments? demonstrating that
renal artery constriction could 1lead to sustained -
hypertension stimulated a further search for a pressor
substance secreted by the kidney, which finally led to the

re-discovery of renin.3 However, it was soon realised that

renin was not inherently a vasoactive substance. Friedman*
found that in an isolated dog’s tail preparation renin did
not cause vasoconstriction directly and that an
intermediate substance must be responsible. Kohlstaedt et
al 3 and Munoz et al ¢ suggested that and subsequently
Braun-Menendez’ and Page and Helmer® showed that renin acted
as an enzyme to produce a substance that had a short-lived
but powerful vasoconstrictor effect. They called it
hypertensin or angiotonin but subsequently it became known
as angiotensin. It was around this time that Merril first
noted that there was an increased concentration of renin
8a

in the renal veins of patients with heart failure.

Later, it was shown that if renin was incubated with plasma



in the absence of chloride ions, a decapeptide was formed,
which was named angiotensin I.° Chloride ions activated a
dipeptidyl carboxypeptidase, which subsequently became
known as the angiotensin-converting enzyme, that removed 2
amino acids from the C-terminal to produce angiotensin II,
the most powerful component of the renin-angiotensin
cascade.!%'.12 The story was completed by the identification
of a large alpha-globulin protein synthesised in the liver

which was called the renin substrate or angiotensinogen.®

Originally, the plasma was thought to be the main site of
formation of angiotensin II, but subsequently the kidney
and lung were found to be major sites of conversion.¥ It
is now realised that many, if not all, tissues have the
ability to convert angiotensin I to angiotensin II. The
converting enzyme appears to be bound to the vascular
endothelium of many tissues, and is probably the major

source of plasma converting enzyme.'

Angiotensin II is extracted across the kidney, the limbs,
and the splanchnic circulation, though the proportions due
to receptor binding and metabolism are unknown.
Aminopeptidase enzymes are largely responsible for
angiotensin II degradation. One heptapeptide fragment,

angiotensin III, may retain some biological activity.'!’



ALDOSTERONE

As early as 1941, Raab reported that the blood level of
adrencortical hormones was elevated in heart failure'® while
in patients with heart failure the concentration of sodium

was noted to be lower in faeces, sweat and saliva.'??

In 1950, Deming and Leutscher®® noted that urine extracts
from patients with congestive cardiac failure contained a
substance with potent sodium-retaining activity which they
identified as an adrenal steroid. This was later isolated

and characterised as aldosterone.24%

ANGIOTENSIN-CONVERTING ENZYME INHIBITORS

Though it has been possible to interfere with the effects
of angiotensin II by the use of "inactive" structural
analogues for 30 years, progress in understanding the
consequences of such an intervention was hampered by the
need for intravenous infusions and the partial agonist
activity of the analogues.??’ Ferreira in 1965 discovered
a bradykinin-potentiating factor in the venom of the

2  1ater the venom

Brazilian pit viper, Bothrops jararaca.
was also shown to inhibit the angiotensin-converting
enzyme.? Isolation, purification, sequencing and synthesis
led to the first potent specific angiotensin-converting
(ACE) inhibitor; teprotide.®®  Unfortunately, this was
inactive orally, but a programme of drug development

subsequently led to the discovery of captopril. The number

of ACE inhibitors now given to man runs into two figures.



All these compounds depend in part for their activity on
the formation of ligands with the tightly-bound zinc ion of

' However, it appears that these compounds do

the enzyme.3
not have the ability to chelate free zinc ions or to remove

the ion from metaloproteins.

RENIN INHIBITORS

Renin’s only known effect is to catalyse the production of
angiotensin I from its precursor3, This 1is the
rate-controlling step in the production of angiotensin II.3?
In contrast, the angiotensin-converting enzyme has a number
of other substrates including bradykinin, enkephalin and
perhaps neurotensin and substance P.3 Inhibition of
angiotensin-converting enzyme is therefore less specific.
Also, the angiotensin-converting enzyme is not the
rate-limiting step in the production of angiotensin 1II,
therefore almost complete inhibition is needed to reduce
plasma levels of angiotensin II. Moreover, other enzymes
~such as cathepsin G and tonin may act upon angiotensin I
to produce angiotensin II.3:36 However, despite some

3" no renin inhibitor is

promising work in normal volunteers,
generally available for study in patients with heart

failure at present.



SUMMARY

Development of orally effective ACE inhibitors has
permitted a much better understanding of the role of the
renin-angiotensin-aldosterone system in heart failure. The
introduction of new inhibitors of renin and angiotensin II
receptor antagonists will help to elucidate more precisely
which action(s) of the ACE (angiotensin-converting enzyme
inhibitors) is (are) most important in mediating their

beneficial as well as adverse effects.



CHAPTER 2: PHYSIOLOGICAL CONTROL OF THE COMPONENTS OF THE

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

A) RENIN

Renin is first synthesised as a high molecular weight
protein, preprorenin. This 1is metabolised to inactive
prorenin (molecular weight 55,000 Daltons), which may then,
in certain tissues, be converted to active renin (molecular
weight 44,000 Daltons).3® Many tissues have the capacity to
process this into the active compound (eg;human chorionic

cells) .®

Circulating renin originates largely from the kidney where
it is synthesised and stored in the juxtaglomerular cells

of the afferent glomerular arteriole of the kidney.40"%2

Five basic mechanisms controlling renin release have been

described. They are:

1) an intrarenal baroreceptor

2) the amount of sodium (or possibly chloride) ion sensed
by the macula densa segment of the distal tubule

3) the sympathetic innervation of the kidney and
humorally released catecholamines

4) hormonai factors, including angiotensin II,
prostaglandins and atrial natriuretic peptide

5) plasma potassium and calcium.



Intrarenal Baroreceptors

That renin could be released by a reduction in renal
perfusion pressure was first alluded to by Kohlstaedt et al
in 1940, though this was originally attributed to a
reduction in pulse pressure rather than mean perfusion
pressure. Tobian et al in 1959 were the first to suggest
the existence of an intrarenal baroreceptor that increased
renin secretion in response to a reduction in mean
perfusion pressure,* which was later confirmed by Skinner
et al.*” Tobian also noted that juxtaglomerular cell
granulation decreased with an increase in renal perfusion

pressure.*

Renin release in response to hypotension was found still to
occur, despite removal of the influence of the macula
densa, sympathetic nerves and adrenal hormones.:*’ But
papaverine, which blocks renal auto-regulation at the
afferent arteriole, was shown to prevent
haemorrhage-induced renin secretion from denervated,
non-filtering kidneys in anaesthetised dogs, suggesting a

role for the afferent arteriole in renin secretion.8

The theory formulated was that high renal perfusion
pressure or afferent renal arteriolar vasodilatation would
stretch the vascular wall, 1leading to stretch of the
juxtaglomerular cells located in the media of the afferent

arteriole* and that this would lead to a decrease in renin



release. Howevér, several investigators noted that
experimental models of renal (and systemic) hypotension led
to renal vasodilatation, sufficient to maintain blood flow,
concurrent with increased renal renin secretion.’%®' This
renal auto-regulation in response to hypotension still
occurred in the presence of renal vasoconstriction produced
by intrarenal infusion of angiotensin II, or noradrenaline
or an increase in sympathetic nerve discharge.’?5® In the

light of these experiments, Vander®*

proposed that a
decrease in transmural pressure, a decrease in intramural
tension, or a reduction in intravascular pressure was the
stimulus to renin secretion. Kaloyanides et al demonstrated
that clamping the ureter, a manoeuvre that increases renal
interstitial pressure, caused a rise in renin secretion
that could be reversed by increasing the renal perfusion
pressure.®® This supports the notion that transmural
pressure gradients rather than changes 1in afferent
arteriolar diameter regulate renin release. Of note,
maximal renin secretion appeared to occur at the time of
maximal afferent arteriolar vasodilatation, whether induced
by ureteric occlusion or hypotension.?® However, other
experiments */ showed that at a fixed perfusion pressure and
at an assumed constant interstitial pressure,
vasodilatation with papaverine reduces renin secretion and
vasoconstriction with phenylephrine increases it. This

suggests that changes in afferent arteriolar radius may

after all be important in the release of renin.



Initial reports of an effect of indomethacin on
auto-regulation have not been confirmed.®®>° However, renin
release in response to hypotension within the
auto-reqgulatory range is inhibited by indomethacin,
suggesting an important role for prostaglandin- mediated
renin release.®® Renin release in response to more profound

hypotension is not inhibited by indomethacin.

A rise 1in interstitial pressure induced by ureteric
occlusion also induces prostaglandin E, production, while
indomethacin can prevent the assdciated renal

vasodilatation and renin release.%':62

Autonomic Nervous System

In 1952, De Muylder identified nerves travelling to the
afferent renal arterioles and the juxtaglomerular cells.®
These were later identified as sympathetic in origin.%¢ a
cholinergic nerve supply to the kidney is more
controversial.% vander first noted that stimulation of
renal nerves could release renin.®” It was later
demonstrated that this could be blocked.by'propranolol.68 It
was not cleaf whether these effects were due to changes in
afferent arteriolar tone, changes in sodium content at the
macula densa or direct. However, using the non-filtering,
papaverine-treated kidney, it was shown that renin release
occurred independent of changes in haemodynamics and sodium
metabolism.“’Alpha—adrenergic inhibition in contrast caused

an increase in renin secretion by haemodynamic mechanisms.®



The afferent signals and central control of renal
sympathetic nervous activity have also been intensively
investigated. Studies on the brainstem in dogs and cats
suggest that the sympathetic nervous system has a "tonic"
stimulatory effect on renal renin secretion.”?! Renal
sympathetic nervous activity has been shown to be inversely

related to carotid sinus pressure,’®”, and a reduction in

carotid sinus pressure may lead to a rise in renin.”
Vagally-innervated cardiopulmonary receptors have also been
identified that inhibit renin release.” Interpretation of
early studies showing an inverse relationship between
changes in atrial pressure and renin release are hampered
by a lack of knowledge of atrial natriuretic peptide, but
76,77

suggest a neural component mediated by vagal afferents.

It thus appears that:

1) cardiopulmonary receptors with vagal afferent
pathways tonically inhibit renal release and can
respond to a decrease in central blood volume that

does not activate baroreceptors.

2) these reflexes may be modified by tonic inhibition

from carotid baroreceptors.?®7?

3) the efferent 1limb of these reflexes is via

sympathetic innervation.”:&
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Circulating Catecholamines

Infusion of both noradrenéline and adrenaline may stimulate
renin release,%® though intravenous infusions of
noradrenaline may actually reduce renin as a result of the
increase in arterial pressure. The stimulation of renin
secretion persists in the non-filtering kidney model, even
when papaverine is used to reverse rehal vasoconstriction.®
Propranolol but not alpha-adrenergic receptor blockade
prevents renin release by sympathetic stimuli® and renin
release appears to be predominantly mediated through the
beta-1 receptor.®% stimulation of alpha receptors may
cause renal vasoconstriction and indirectly induce renin
release.% However, others have found that alpha-adrenergic

87,88 while

stimulation may inhibit renin release,
alpha-adrenergic receptor antagonists may increase

circulating renin.® Low dose infusions of noradrenaline in
one experiment were found to inhibit renin release while
higher doses stimulated renin secretion.?” This could be due
to stimulation of pre-synaptic alpha-receptors which reduce
noradrenaline and hence renin release, while at higher
doses post-synaptic beta, receptors are stimulated.?!.%
In-vitro studies confirm that beta-adrenergic stimuli lead
to renin secretion, but an effect mediated through

alpha-receptors is controversial.%:%

95-98 which can

Dopamine also stimulates renal renin release,
be blocked by haloperidol but not propranolol. However,

changes in renal blood flow may override this effect.
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Parasympathetic Nervous System

Acetylcholinesterase-containing fibres have been identified

within the kidney,? but renal sympathetic nerves have been

66

shown to contain acetylcholinesterase. Atropine can

prevent the increase in renal plasma flow, urine volume,
and sodium and potassium excretion caused by

acetylcholine.'®” However, no change in renal renin secretion

101

has been noted with infusions of acetylcholine or when

incubated with rat renal slices in-vitro.1%?

The Macula Densa and Sodium Metabolism

The macula densa region of the distal tubule, at the
boundary of the ascending limb of the loop of Henle and the
distal tubule, is in close contact with the juxtaglomerular
cells of the afferent arteriole.'®™' This intimate
relationship has suggested that renin may in some way

control individual nephron glomerular filtration rate.'®

In 1963, Brown et al noted that sodium depletion could
cause renin release in man.'% Sodium deprivation leads to
an increase in proximal tubular sodium reabsorption'%”:1% and
a decrease in the sodium 1load (the product of sodium
concentration and tubular flow rate) to the macula densa.
Osmotic diuretics, by restoring the distal tubular sodium
load, can override the effects of hypotension on renal

renin release.'” vVolume expansion by hypotonic saline

12



results in a reduced fractional excretion of sodium and an
increase in renin, which can be reversed if isotonic saline
is infused into the renal artery but only in the kidney
ipsi-lateral to the infusion,'’? indicating that the filtered
sodium load or the sodium concentration at the afferent
arteriole 1is important in controlling renin. In
micropuncture studies in fats, diuresis induced by saline
or mannitol has been shown to suppress renin secretion and
increase the distal tubular sodium load, but the distal
tubular sodium concentration was increased by saline and
reduced by mannitol, indicating that sodium load rather
than concentration may be more important.'"' sStudies with
non-filtering kidneys have suggested that hypertonic saline
does not suppress renin release by non-tubular mechanisms, 12
and some studies on rat renal cortical slices have failed
to show an increase in renin release if osmolality is kept
constant,'”® though others have noted an increase in renin
release with increasing sodium concentration in the

perfusate. 14113

In the intact kidney, increased plasma osmolality and
oncotic pressure may both increase plasma renin, though the
mechanisms may be different. The former may alter
juxtaglomerular cell volume'’ and the latter glomerulo-
tubular balance to reduce the delivery of sodium to the

distal tubule.'V

Volume expansion alone does not appear to reverse the

13



activation of the renin-angiotensin system caused by sodium
depletion.’®'® galine suppression of renin release is due
primarily to increased tubular sodium transport, rather

than volume expansion.

However, Kotchen has suggested that the chloride ion rather
than sodium may be more important in renal renin control,'?
at least in the rat, though this could not be confirmed in

dogs.nz

Potassium

Potassium chloride infused into the renal artery suppresses
renin secretion, with an increase 1in potassium ion
concentration as small as 0.5 mmol/1,'® but this also caused
increased sodium excretion. This effect is not seen in
non-filtering kidneys.''? Potassium also does not appear to

3 pietary potassium

increase renin secretion in-vitro.’
depletion in dogs has been shown to cause hypokalaemia and
stimulate plasma renin in the absence of a change in plasma
sodium.' others have reported similar results and an
increase in renal prostaglandin synthesis.'?® A high dietary
potassium has also been shown to block the rise in renin
associated with sodium depletion in rats.'? However, studies
with potassium bicarbonate rather than chloride have not
reproduced these results,‘”'perhaps because the increase in
potassium is attenuated by the alkalosis. Potassium given
with lactate or sulphate as the anion does appear to

suppress renin.'?
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Dietary potassium supplementation also reduces plasma renin

12 and in patients

in salt-deprived normal human subjects
with hypertension on a normal sodium diet,'® generally
accompanied by increases in plasma potassium. However, an
acute infusion of potassium to achieve similar in creases
in plasma potassium does not suppress renin in
sodium-deplete subjects, although it does appear to enhance
the ability of sodium repletion to suppress renin.™0131,
Others have suggested that adrenal steroids may be
necessary for the effects of potassium on renin secretion, 32

but as potassium loading induces a marked natriuresis in

Addisonian patients,' it is difficult to test in man.

Calcium

Calcium can inhibit sodium reabsorption,’ alter blood
pressure'® and catecholamine release.'® Therefore, it is
difficult to assess the role of calcium on renin release.
In-vitro, calcium suppresses renin secretion, while the
suppression of renin by angiotensin II does not occur in
the absence of calcium®™, in contrast to sympathetically-
mediated renin release.'™ Acute and chronic hypocalcaemia
does not appear to affect plasma renin in man,'™ though
intravenous injections of calcium chloride can reduce
renin." vVerapamil infused intrarenally reduces renin
release in the intact kidney; the reverse is seen in the
papaverine-treated, non-filtering kidney,' suggesting that
haemodynamic effects reverse an inhibitory effect of

verapamil.
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Magnesium

Magnesium chloride infused into the renal arteries of dogs
causes renin release.'? However, the intravenous infusion
of magnesium sulphate to salt-deplete human subjects did
not alter plasma renin.™® In-vitro experiments have also

failed to show an effect of magnesium on renin release. '

Angiotensin II

Vandel and Geelhoed' first demonstrated that angiotensin
II could suppress renin secretion in the absence of a
change in renal perfusion pressure in dogs. DeChamplain
subsequently noted that subpressor doses of angiotensin II

could suppress renin in normal and hypertensive humans.'

There are two mechanisms by which angiotensin II can reduce
renin. Firstly, a "short" feedback loop, by a direct effect

on the juxtaglomerular cells'“

and, secondly, by a "long"
loop through stimulation of aldosterone and volume
expansion. The direct effects appear calcium-dependent, at
least in part.’ Angiotensin II powerfully reduces the
effects of sympa thetic activation and frusemide on renin

147,148 peducing angiotensin II formation by

secretion.
inhibiting the converting enzyme leads to a prompt rise in

renin.
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Anti-diuretic Hormone
Anti-diuretic hormone (ADH) suppresses renin secretion in
animal models,™ even in non-filtering kidneys.'™® Plasma

1 and can be

renin is elevated in diabetes insipidus"
suppressed by infusions of ADH in both normal subjects and
patients. 33 However, these effects are probably mediated

through indirect effects on plasma volume.

Prostaglandins

Early studies in dogs and man failed to show consistent
effects of prostaglandins of the E series on renin
release™ " and in-vitro studies failed to show a direct

1% However, 1later in-vitro

effect on renin production.
studies on prostacyclin did show direct stimulation of
renin.™® subsequent studies in dogs showed that renin was
also released by prostaglandin E™ and that this was not
mediated by the sympathetic nervous system or the macula

159 Moreover, indomethacin administered to the

densa.
salt-deplete, renally denervated, dog model induced a fall
in renal blood flow, glomerular filtration rate and renin
secretion.' Prostacyclin has also been shown to stimulate
renin release in intact animal models and man.'®"/'2 other
may inhibit renin

prostaglandins like prostaglandin F, ..

release in-vitro.'$

An alternative mechanism by which prostaglandins could
stimulate renin release is by elevating renal interstitial

pressure. 164165
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Atrial Natriuretic Peptide

Atrial natriuretic peptide is directly related to atrial
pressure (or perhaps transmural tension), and serves as a
further mechanism 1linking atrial pressures to renin
secretion.':'% The direct effect of atrial natriuretic
peptide is to inhibit the release of renin, 68170
aldosterone,' "  and  anti-diuretic  hormone.'”?  The
associated natriuresis, by increasing the distal tubular

sodium load, should also favour renin suppression by an

effect on the macula densa.

However, some clinical studies have failed to demonstrate
an effect of atrial natriuretic peptide on renin release.
Vasodilatation, hypotension and a relative reduction in
plasma volume might stimulate renin, while increased
transudate of solutes into the renal parenchyma could raise

tissue pressures, resulting in renin stimulation.

Ccardiac Glycosides

Digoxin is widely prescribed in heart failure. Several

173 and

studies have reported that it may reduce plasma renin
inhibit renal renin release by frusemide.'” The mechanism
is obscure but Thames suggested that acetylstrophanthidin
caused a reflex reduction in renal sympathétic activity via
vagal afferents.'” However, others have suggested that

glycosides may alter the intracellular sodium content of

the macula densa,'”® thereby inhibiting renin release.
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DIURETICS

"Loop'" diuretics

Loop diuretics inhibit the active co-transport of chloride
in the thick ascending limb of the loop of Henle; sodium
reabsorption appears to follow the ionic gradient
passively.'7 18 This effect may also occur at the macula
densa.'® These agents also cause in increase in renal blood
flow, specifically to the renal cortex, and can override
renal auto-regulation.'® 18 The haemodynamic effects appear

to be prostaglandin-mediated.'8.18

Frusemide increases plasma renin in man,'®:'® though the
mechanism is disputed. Reduction in plasma volume may
increase renin, but when the frusemide-induced volume loss
is replaced, plasma renin still rises.'®: others have
shown a bi-phasic release of renin by frusemide, the late,
but not the early, in crease can be prevented by fluid
replacement.'"! In animal studies, the early rise in renin
is not blocked by propranolol or enhanced by
aminophylline,' but the late increase may be reduced by
sympathetic denervation and propranolol.''%  However, in
studies of unilateral renal sympathetic denervation, the
stimulatory effect of small (0.5 mg/kg), but not large (6
mg/kg), intravenous doses of frusemide on renin was reduced
in the denervated kidney.'" The effects of the smaller dose
could be mediated by venodilatation de-activating cardiac
vagal afferents and increasing renal sympathetic activity, %

while larger doses had a direct renal effect. In man,
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propranolol and metoprolol can both inhibit the
diuretic-induced increase in renin.'%'% But, renin release
under these circumstances may be accompanied by and due to
a concomitant increase in sympathetic activity.'”® Fru semide
causes renél vasodilatation which could activate intrarenal
baroreceptors. In non-filtering kidneys, renal
vasodilatation with papaverine blocks the effects of
frusemide on renin secretion,'” though renin release still
occurs through macula densa mechanisms in filtering
kidneys. Prostaglandins probably mediate frusemide-induced
vasodilatation and also play a role in frusemide-stimulated
renin release.?%:'% Frusemide releases renin from rat renal
cortical slices but this does not appear to be inhibited by
indomethacin.?*22 1n man, the natriuresis, hypotension,
increase in renal blood flow, and increase in renin release
caused by frusemide, may all be attenuated by
indomethacin.?%:2% fThe early response is most profoundly
affected,?” while the later, volumé—dependent, response is
partially attenuated, perhaps because of the impaired
diuresis.

Frusemide causes a rise in plasma arachidonic acid,?%
inhibits the conversion of prostaglandin E, to prostaglandin
F 28 and also probably enhances prostacyclin

2alpha

production.?® However, 1loop diuretics increase renal
intracapsular pressure, which may also stimulate pros-
taglandin production, though this can also be an effect of

the prostaglandins themselves.
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The increase in renin after frusemide is limited by the

144

"negative feedback" of angiotensin II. Angiotensin-

converting enzyme inhibitors will release renin from this.

Osmotic diuretics
Osmotic diuretics appear to have a tri-phasic effect on
renin release. Initial activation may be due to changes in

209 yrenin suppression then

juxtaglomerular cell volume;
occurs, probably as the sodium load increases at the macula

densa,?'® then renin rises as the plasma volume contracts.

Thiazide diuretiecs

Prolonged treatment with thiazide diuretics leads to an

211 which may be attenuated by

increase in plasma renin,
propranolol and atenolol.?'?2B This is probably an effect of

sodium and volume depletion.

Potassium-sparing diuretics

214

Amiloride increases plasma renin, as does

spironolactone,?”® despite increasing plasma potassium.
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B) ANGIOTENSINOGEN

Otherwise known as renin substrate, it is a heterogeneously
glycosylated alpha,-globulin, with a molecular weight
betweeﬁ 60,000-65,000 Daltons.? It is synthesised in the
liver,?"” but more recent studies have indicated that mRNA
is expressed in a variety of tissues,?®?" gsuggesting that
local angiotensin production may take place. Alterations in
plasma angiotensinogen as well as renin concentrations may
affect the rate of angiotensin I formation.??® This reaction
is the rate-limiting step in angiotensin II produgtion.
Pregnancy and oral contraceptives may elevate, and
nephrotic syndrome depress, substrate concentrations.??!-2%
Angiotensin II also stimulates increased hepatic synthesis
of its own precursor, while other angiotensinogen fragments
may inhibit production.?:2%¢ gevere parenchymal liver

disease may reduce angiotensinogen production.?%

C) ANGIOTENSIN I

Angiotensin I is largely devoid of activity, and it is
always difficult to be sure that preparations are
uncontaminated by some angiotensin II. Intrinsic effects on
prostaglandins and adrenal catecholamines have been
postulated.?”:?28 1evels on the arterial side of the
circulation are considerably lower than in the pulmonary
artery due to conversion to angiotensin II in the pulmonary

circulation.?
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D) ANGIOTENSIN-CONVERTING ENZYME

This is identical to kininase II which degrades bradykinin
but is not particularly specific for either. It can also
hydrolyse enkephalins and the beta-chain of insulin. It is
present in plasma but also widely distributed in the lungs,
kidney and other tissues, largely bound to the

endothelium. 230,231

The angiotensin-converting enzyme is present in excess and

is not the rate-limiting step in angiotensin II production.

E) ANGIOTENSIN II

This 1is the major active component of +the renin-
angiotensin cascade, and it has diverse effects. It has a
half-life in the circulation of less than one minute.?? It
is largely degraded by enzymatic processes during transit
through the <capillary bed, and more slowly by
angiotensinases in the circulation.®3#* The effects of
angiotensin II are generally considered to be mediated by
a single receptor subtype, but in some tissues at least

there is evidence for heterogeneity.235:236

Effects on blood pressure
Immediate Pressor Effect
Angiotensin II has very powerful direct arterial
constricting effects.®’ This effect is receptor- mediated,
and can be antagonised by saralasin, though it should be

recognised that saralasin has partial agonist activity.28:2%°

23



Sustained high dosage results in tachyphylaxis.?? The
pressor effect is diminished by sodium depletion.?' This may
also represent receptor down-regulation, but could be due
to a reduction in plasma volume, or a reduction in smooth

muscle responsiveness,?242:243

Slow Pressor Effect

If angiotensin II is infused over many days at doses which
are initially subpressor, blood pressure will gradually
rise.?426 Phis may be due to decreased vascular compliance,
sympathetic activation, resetting of  ©baroreceptors,
enhanced aldosterone secretion, and sodium retention.2?721,
It is difficult to reproduce this with other pressor

agents.?%

Venoconstriction

A direct effect of angiotensin II on 1limb veins is
controversial, but only probably occurs at high
concentrations which produce rapid tolerance.®# %6 However,
it has been shown that local infusions of angiotensin II
may facilitate reflex neurogenic venoconstriction that
appear to be mediated through sympathetic presynaptic
mechanisms.?2:2%7 Interestingly, although the direct

venoconstrictor effects undergo rapid tachyphylaxis,?*

reflex venoconstriction does not appear to do so.?7
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stimulation of Aldosterone Secretion

Angiotensin II increases plasma levels of aldosterone??:2>?

by increasing adrenal secretion®’ and possibly by decreasing
hepatic blood flow and hence aldosterone degradation.'261
However, a number 6f factors help modulate the stimulatory
effects of angiotensin 1II, including dopamine and
potassium.?%22 1In contrast to its pressor effects, sodium
depletion enhances the ability of angiotensin II to
stimulate aldosterone secretion, possibly by upregulating
receptors.?3°%6 puyring prolonged infusions, tolerance may
appear, but this may be indirect due to potassium

9

depletion®® and is incomplete.

Inhibition of Corticotrophin Secretion

At high doses, infusion of angiotensin II can cause a rise
in ACTH,%® though the reverse has also been noted.?° When
administered into the cerebral ventricle it stimulates
corticotrophin release, an effect also noted when applied
to cultured anterior pituitary cells.?%?" This may be part
of a physiological local control system or be mediated

through anti-diuretic hormone.?"!

Stimulation of Anti-diuretic Hormone Secretion

Concentrations of angiotensin II that are found in many
patients with heart failure are capable of stimulating the
production of anti-diuretic hormone. 272:273 The
paraventricular nucleus contains a high quantity of

angiotensin II receptors?” and excitation at this 1level
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appears responsible for anti-diuretic hormone release.?”

Central injections of angiotensin II can also stimulate

oxytocin release.?”

Sympathetic Transmission

There 1is evidence that angiotensin II may enhance
sympathetic activity, both centrally and by peripheral pre-
and post-synaptic mechanisms. Angiotensin II can produce a
pressor response mediated through the area prostrema or
periventricular nuclei (depending on species) which can be
blocked by beta-adrenergic antagonists.?”7"280 molerance does
not develop to this pressor response and the effects may be

seen with low dose carotid intra-arterial infusions.28!

Acting on peripheral sympathetic fibres, angiotensin II may
enhance tyrosine hydroxylase activity and hence

noradrenaline synthesis.?®? Angiotensin II may also enhance

noradrenaline release at sympathetic nerve terminals?2®3.28

and reduce re-uptake,?’ thereby increasing the concentration
of noradrenaline in the synaptic junction. Angiotensin II

may also ©potentiate the post-synaptic effects of

287

noradrenaline. However, responses to sympathetic

stimulation are increased to a much greater degree than the

responses to exogeneously administered noradrenaline.287.288

Angiotensin II may also release catecholamines from the

adrenal medulla. 289,29
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Parasympathetic Transmission

Angiotensin II has been shown to reduce vagal tone in
animal experiments and in man, while captopril appears to
enhance parasympathetic reflexes.®'"?° This is centrally

mediated.?%

Central Nervous System

Angiotensin II is not thought to cross the blood-brain
barrier. However, some periventricular nuclei (eg, the
subfornical organ, organum vasculosum laminae terminalis)
and area postrema lie outside this and are thus susceptible
to circulating angiotensin II.%7.2%® a1l the components of
the renin-angiotensin system, including angiotensin II
receptors, are present within the brain itself.®’ centrally

administered angiotensin II also has a pressor effect.3®

Direct Myocardial Effects

Direct postive inotropic effects of angiotensin II on the
myocardium have been shown in both animal experiments and
in man.3913% If the increase in blood pressure is prevented,
there is also evidence of a direct chronotropic effect.3%:
305 mhe inotropic effect appears to be a calcium-mediated

305

phenomenon. However, the inotropic and chronotropic

effects of angiotensin II are normally obscured by the

304 Tn animal

responses to the increased arterial pressure.
models angiotensin II administered to produce high
"physiological" circulating levels may also induce focal

myocardial cell necrosis. 306,307
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Effects on the Renal Circulation

Angiotensin II causes preferential constriction at the
efferent arteriole, thus maintaining glomerular hydrostatic
pressure, despite a reduction in the renal perfusion
pressure during hypotension.3®3'" Increases in afferent
arteriolar tone with angiotensin may occur in intact
animals, but probably represent auto-regulation in response

3" Angiotensin II may

to the rise in perfusion pressure.
also cause a change in the intrarenal distribution of blood
flow, diverting blood away from the outer cortical nephrons

to the juxtamedullary nephrons.3"?

Glomerular Effects

Apart from hydrostatic pressure, glomerular filtration
depends on the area available for filtration and the
hydraulic conductivity of the glomerular wall. The product
of the latter two is the ultrafiltration coefficient.
Agents which reduce ultrafiltration coefficient cause
glomerular contraction but have not been shown to alter
glomerular ultrastructure.3®:3%  Therefore, it has been
assumed that changes in glomerular surface area are of more
importance. Mesangial cells contain contractile
myofilaments and possess receptors for angiotensin 1II,
stimulation of which does appear to cause contraction.33-37
Similar properties may exist in glomerular endothelial

cells.3?0 Angiotensin may therefore reduce glomerular

filtration rate by causing mesangial cell contraction and
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an increase in ultrafiltration coefficient. This will have
the opposite effect on glomerular filtration rate to the

effects of angiotensin II on the efferent arteriole.

Intrarenal Distribution of Blood Flow

It remains unclear what the importance of angiotensin II is
to the distribution of intrarenal blood flow, although
circumstantial evidence abounds. Firstly, superficial
cortical nephrons contain more renin than the
juxtamedullary®?' However, this gradient may be lost during
sodium depletion and low renal perfusion pressure,322:33
There 1is evidence that angiotensin II preferentially

4 Sodium deprivation in

constricts cortical vessels.3?
animals, which activates the renin- angiotensin systemn,
diverts blood to the deeper, juxtamedullary nephrons.3?® In
human heart failure, there is evidence of reduced cortical

2% In rats

blood flow, which can be reversed by frusemide.3
and hypertensive man, there is some evidence that it can
also be reversed by captopril.3¥?.328 Thys, angiotensin II
diverts blood to the juxtamedullary nephrons which direct
blood to the vasa vasorum of the long loops of Henle that
reach down into the renal medulla. These changes in
intrarenal blood flow may contribute to sodium retention in

heart failure.3?

Proximal Renal Tubule

Sodium is actively reabsorbed at this site by a variety of

mechanisms. Sodium is exchanged for potassium at or near
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the basement membrane, which leads to an electrochemical
gradient for sodium reabsorption from the tubular lumen.
This 1is greatly enhanced by a number of co- and
329,330

counter-transport systems with other ions and solutes.

Water follows the osmotic gradient freely.

Angiotensin II causes the resistance at the efferent
arteriole to increase, which produces a rise in glomerular
filtration fraction. The oncotic pressure of plasma
reaching the vasa vasora at the proximal tubule increases
and the hydrostatic pressure falls. These peritubular
capillary forces were 1long thought to contribute to
proximal tubular reabsorption. However, both angiotensin II
and sympathetic activation can lead to proximal tubular
reabsorption in the absence of changes in oncotic or
hydraulic pressure.33'33 In- vitro experiments also suggest
that noradrenaline and angiotensin II can stimulate
proximal tubular sodium reabsorption directly.34:3%
However, at high concentrations angiotensin II may inhibit

proximal tubular sodium reabsorption.332.336

Distal Tubule

The major effect of angiotensin II is mediated through
aldosterone, which stimulates active sodium transport in
exchange for sodium and potassium.3 Aldosterone stimulates
the-production of a protein which mediates its effects on
ion exchange. This leads to several hours delay in onset

and offset of its effects.338
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Stimulation of Drinking

Angiotensin II stimulates drinking in animals, an effect
which is seen most powerfully when administered directly to
the central nervous system.267:269:339.340 mhere is some evidence

341,342 Central

that this may also be true in man.
administration of angiotensin II has also been reported to

stimulate salt appetite.33

Internal Distribution of Electrolytes

Angiotensin II increases the infux of sodium into smooth
muscle cells in exchange for potassium.3%:3% This may effect

smooth muscle tone and vascular resistance.

Prostaglandins

Angiotensin II may stimulate the renal production of
prostaglandins of the E series.3%3%7 This effect of

angiotensin II may be organ-specific since it has been

48

shown not to occur at other sites.3 The renal release of

prostacyclin and prostaglandin E, tend to occur in

situations which also provoke renin release,3%3' and their

production leads to afferent arteriolar vasodilatation.3%?

Indomethacin can attenuate the renal vasodilator effects of

353,354 gsome studies have

converting enzyme inhibition
suggested that converting enzyme inhibitors may actually
stimulate prostaglandin synthesis, though this may be a

bradykinin-dependent pathway.3*%:3%¢
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Renin
Angiotensin II appears to directly inhibit renin production

(vide supra).

Biochemical Mediation of the Effects of Angiotensin II

Occupation the angiotensih II receptor stimulates the
hydrolysis of the phosphatidylinositol 4,5-biphosphate and
inhibits the production of cyclic AMP (adenosine
monophosphate) .373% In turn this increases intracellular

free calcium, enhancing contraction.®°

Angiotensin II as a Growth Factor

Angiotensin II has recently been implicated as a proto-
oncogene. Thus, angiotensin II may induce hypertrophy of

cardiac and vascular myocytes.3¢0:36!

Tissue Renin-Angiotensin Systems

The capacity to produce renin and angiotensinogen is of
course present in the DNA of all cells. Messenger RNA for
renin and angiotensinogen has been found in many tissues,
indicating 1likely 1local synthesis, 2363  though a
physiological action is not clearly established. Cells also
appear to have the ability to take up components of the
system from other cells and the circulation. Loéally
synthesised angiotensin II may have effects on the cell in
which it was synthesised (autocrine effect) or on adjacent

cells (paracrine effect). However, nephrectomy causes a
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rapid disappearance of renin activity from vascular
tissues, suggesting that local synthesis of renin is of
lesser importance,3* though plasma inactive renin is little

affected.

F) ALDOSTERONE

Aldosterone secretion is stimulated by angiotensin 1II,
corticotrophin and a fall in plasma potassium,28-266, 365-3¢8
Aldosterone secretion is inhibited by atrial natriuretic

peptide and dopamine,23%:370 the

apparent degree of
inhibition increasing as angiotensin II stimulation
increases. This competitive action does not seem to be
mediated through angiotensin II receptors. Sodium depletion
and potassium loading enhance the sensitivity of
aldosterone secretion to angiotensin II,®%%° wyhile

aldosterone secretion may be controlled, at least in part,

by locally formed angiotensin II.3"

A 25% increase in plasma aldosterone may occur with an
infusion of as 1little as 10 mmol potassium,3® an amount
which does not alter plasma potassium concentration.
Aldosterone also varies as the dietary intake of
potassium.3® The effects of potassium on aldosterone
secretion probably out-weigh those of angiotensin II.3
Dietary sodium restriction stimulates renin-angiotensin
activity, and thereby aldosterone. Only large changes in
plasma sodium concentration appear to affect aldosterone

secretion directly.3"
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Corticotrophin is a powerful aldosterone secretagogue but
tachyphylaxis to its effects occur within 6 hours . 368
Anti-diuretic hormone has also been observed to stimulate
aldosterone secretion, at least in-vitro, through
stimulation of V, receptors, though again tachyphylaxis is
seen.3? The granulosa cells are richly innervated, and
beta-receptor stimulation could also enhance steroid

synthesis.3"

Atrial natriuretic peptide inhibits aldosterone secretion
in response to the above stimuli in animals and in-vitro.
In man, infusions of atrial natriuretic peptide also cause
aAfall in aldosterone, but this may not be observed if

baseline levels are low.3

Dopamine probably inhibits aldosterone secretion through D-

262,375

2-receptors. Bromocripitine can attenuate

frusemide-induced aldosterone release, while metoclopramide

raises plasma levels of aldosterone.37:377

Actions

Aldosterone stimulates sodium uptake and potassium loss in
the renal tubule, and the salivary and sweat glands3’® The
site of action is the distal tubule and collecting duct,
where sodium uptake is coupled to potassium and hydrogen

378

ion excretion. With continued administration, normal

subjects will eventually "escape" from the sodium-retaining
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effects of aldosterone. This is largely due to a reduction
in proximal tubular reabsorption and may be an effect of
atrial natriuretic peptide.3”” Patients with heart failure
do not "escape" from the sodium-retaining effects of

aldosterone.38

SUMMARY

There are therefore many reasons for +the renin-
angiotensin-aldosterone system to be stimulated in patients
with heart failure. Many of the actions of angiotensin II
and aldosterone could be deleterious. However, angiotensin
IT and aldosterone may have a central role in supporting
the blood pressure in heart failure while angiotensin II
may help maintain glomerular filtration rate. Therefore,
interference with these systems cannot automatically be

assumed to be beneficial.
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CHAPTER 3: ANIMAL MODELS OF NEUROENDOCRINE ACTIVATION IN
HEART FAILURE

Probably the first "model" investigating neuroendocrine
activation in heart failure was in man, when an increased
concentration of renin was noted in renal vein blood of

patients with chronic heart failure.3®

Few studies of neuroendocrine function exist on animals
with heart failure due to left ventricular damage, and thus
it is difficult to equate animal models with human disease.
Ertl and others have suggested that ACE inhibitors improve
ventricular function and reduce ventricular arrhythmias
after myocardial infarction in animal models, though some
have speculated that this may be a specific property of the
captopril molecule rather than an effect of ACE inhibition.
382,383,384 mhe effects of ACE inhibitors on survival have also
been studied in rats with left ventricular dysfunction due

385

to myocardial infarction. However, the neuroendocrine

effects of such cardiac insults have been studied only

38,387 and do not generally

rarely, and often indirectly,
provide sufficient information to understand, in detail,

neuroendocrine activation under such circumstances.

A low cardiac output has been induced in animal models by
vena caval constriction, but in this model atrial pressure
is reduced, unlike common forms of human disease. Pulmonary
banding and tricuspid avulsion results in a low cardiac

output and raised right atrial pressure, but the left
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atrium and ventricle are only secondarily affected. High
output failure has been induced by arteriovenous fistulae,
but again these models do not closely parallel the common
human condition. Riegger developed an interesting dog model
of heart failure by rapid ventricular pacing, but, again,
this is not an accurate simulation of common human forms of
heart failure. Nonetheless, valuable insights and analogies
may be drawn from these less representative models from

which we have a large amount of data.

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

31 and angiotensin II3® were

Despite the fact that renin
shown to be elevated in early studies of patients with
heart failure, early animal studies failed to show a
consistent increase in renin or aldosterone, despite marked
sodium retention.33% Transient increases in renin and
aldosterone were noted after tricuspid avulsion or vena
cava constriction, which were dismissed by some and studied

by others. 389,392

When normal humans and dogs are administered aldosterone,
they retain water only transiently.3%:3% after retaining
sodium for a few days they ‘"escape" from the
sodium-retaining properties of the steroid. In a series of
experiments, Davis et al, using a low cardiac output (vena
cava constriction) dog model, showed that dogs with heart
failure did not undergo "escape" from a

mineralocorticoid.3:3% fThis had previously been shown in
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man®’ This was not due to increased renal vein pressure and
was unaffected by hypophysectomy, adrenalectomy and renal
denervation. Davis was also able to induce the same effect

£3%® and

in a high output model with an arteriovenous shun
showed that sodium retention varied according to the
administered dose of steroid and noted de Wardener’s
suggestion that a natriuretic factor may be at play.3% we
now know that this model of heart failure, by reducing
atrial stretch, may well reduce secretion of atrial
natriuretic peptide, thus enhancing the sodium-retaining
effects of aldosterone. An increase in atrial natriuretic
peptide may well have been the much sought after mechanism

of the "escape" phenomenon.*%

In dogs with an arteriovenous fistula, which usually only
develop features of heart failure when given additional
aldosterone, it was noted that angiotensin II could induce
further secretion of aldosterone, heart failure and
ascites.?” This could be prevented by adrenalectomy. These
investigators also noted a reduced pressor response to
angiotensin II, though whether this was due to contraction
of plasma volume, prior receptor occupation or
down-regulation, or a fall in cardiac output, was not

investigated.

Despite Davis’ claims that an effective excess of
aldosterone was necessary for the production of the signs

of congestive heart failure, this was not confirmed by the
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advent of specific aldosterone antagonists. In human
studies, spironolactone was found to elicit a diuresis in
only 40% of patients. Moreover, the diuresis had a poor

relationship to the measured level of aldosterone.*%?

Additional studies of inferior and superior vena cava
constriction around this time demonstrated that the rise in
renal venous pressure was not the cause of sodium
retention, but did show that sodium retention could be

blocked by hexamethonium or phenoxybenzamine.%403:404

In one of the most elegant experiments to date, Watkins et
al showed that heart failure induced either by inferior
vena cava or pulmonary artery constriction was followed by
a fall in arterial pressure, intense activation of renin
and aldosterone and marked sodium retention.*%®® After one or
two days, plasma voiume expansion became obvious, arterial
pressure rose, urinary sodium returned to control, and
activity of the renin-angiotensin-aldosterone system waned,
at least in dogs subjected to moderate constriction.
Initially, single doses of an ACE inhibitor produced
further marked falls in arterial pressure. If these dogs
received further single doses of an ACE inhibitor on
subsequent days the resultant fall in pressure diminished
progressively and was lost after 10 days. At this time,

renin had returned to normal.

In dogs subjected to more severe constriction, the fall in
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arterial pressure was greater, activation of renin and
aldosterone persisted, sodium retention was progressive and
plasma volume was not expanded. Prolonged treatment with an
ACE inhibitor prevented the rise in aldosterone, but
exacerbated the fall in arterial pressure, did not reverse
sodium retention and prevented mildly affected dogs from
regaining haemodynamic equilibrium. A similar important
role for angiotensin II in maintaining blood pressure under
these circumstances has been suggested from studies with

saralasin.

In the studies by Watkins et al, they also noted that the
major cause of water "retention" was increased consumption.
They attributed this to a dipsqgenic effect of angiotensin
II, though they did not comment if thirst was affected in
the dogs treated with an ACE inhibitor. Sodium retention,
rather than angiotensin II, could have accounted for the
increase in thirst. They also noted that the increase in
renin was greater in dogs put into heart failure by vena
cava constriction compared to pulmonary artery
constriction. Though this could be explained by low atrial
pressure stimulating vagal afferents and hence increased
sympathetic outflow to the kidney, an increase in atrial
natriuretic peptide with right atrial distension leading to

inhibition of renin release is equally plausible.

In contrast to the above, Freeman et al, using a similar

animal model, noted that ACE inhibition resulted in a
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suppression of aldosterone and a natriuresis.*% However, the
data are not so inconsistent on more detailed examination.
Only those dogs that had a well maintained arterial
pressure and glomerular filtration rate during
angiotensin-converting enzyme inhibition had a marked
natriuresis. Sodium retention occurred in those dogs where
arterial pressure fell to any great extent after an ACE

inhibitor.

Riegger et al have used rapid ventricular pacing as a model
of heart failure.*” In this model, induction of heart
failure 1is accompanied by activation of the renin-
angiotensin-aldosterone and sympathetic nervous systems,
and anti-diuretic hormone (ADH). Levels of ADH were
inappropriately elevated in relation to plasma osmolality.
In a subsequent series of experiments, inhibiting each of
these systems using captopril, prazosin or an anti-diuretic
hormone ( V,) receptor antagonist, they showed that the
latter had 1little effect on the elevated peripheral
vascular resistance of heart failure.*®:4% prazosin had a
transitory effect only which may have been reversed by
activation of renin. Only captopril produced sustained
beneficial haemodynamic effects. They also suggested that
captopril prevented fluid retention. However, the effects
of ACE inhibition on sodium excretion in animal models is
highly variable. One explanation may be variations in
sodium loading. It has been shown in rats that ACE

inhibitors actually induce sodium retention in salt-deplete
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animals and the reverse in sodium- loaded.*'® Animals with
heart failure may be more 1likely to behave as
sodium-deplete, or, expressed in another way, have
increased renal sodium avidity. Studies with renin
inhibitors suggest that they too may have beneficial
haemodynamic effects in heart failure but also fail to

increase sodium excretion.*!

Activation of the renin-angiotensin system may precipitate
worsening heart failure and hence further activation of
neuroendocrine systems in at least 2 ways. Firstly, the
increase in vascular tone may cause a further increase in
atrial pressure and a decline in cardiac output. More
subtly, angiotensin II may cause focal myocardial necrosis
in supra-physiological doses, leading to deterioration in

intrinsic myocardial function

ATRIAL NATRIURETIC PEPTIDE

Atrial natriuretic peptide (ANP) is also elevated in heart
failure, with increased atrial turnover and depleted atrial
stores.3®” That the natriuretic response to ANP is impaired
in heart failure is well described.*'?4 In animal models,
restoration of renal artery perfusion pressure has been
shown to restore the natriuretic response,*¥* while the
effects of angiotensin II, aldosterone and sympathetic
‘nervous system activation may all impair ANP’s natriuretic
effects.*” Administration of anti-ANP antibodies in animals

with heart failure elicits further sodium retention,
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suggesting that the increased levels of ANP in heart
failure are not inert.*’%Administration of an atriopeptidase
inhibitor to elevate plasma levels of ANP are also
associated with a diuresis.*” There are reports that ANP
receptors may be reduced in heart failure, at 1least on

platelets.4®

ANTI-DIURETIC HORMONE

Further studies on hypophysectomy before and after the
induction of heart failure suggested that increases in
plasma levels of ADH had little impact on sodium and water
retention in heart failure.*'%%? gome animal models have
suggested an important role for ADH-induced
vasoconstriction, which may be enhanced by the baroreceptor
impairment which occurs in heart failure.*?"%22 However,
marked haemodynamic effects from ADH-V, receptor inhibition

are uncommon. %%

SYMPATHETIC NERVOUS SYSTEM

In addition to an increase in circulating catecholamines
which reflect increased sympathetic nerve traffic, cardiac
stores of noradrenaline are reduced in animal models of
heart failure.? There appears to be a reduction in cardiac
synthetic capacity and decreased neuronal re-uptake of
norAadrenaline."25'"26 Reduction in activity of tyrosine
hydroxylase activity, the rate- 1limiting step in
noradrenaline synthesis, has been noted.%?7:%?® 1t is now

generally agreed that cardiac Dbeta; receptors are

43



down-regulated in heart failure, leading to a reduction in
sensitivity to adrenergic stimuli,*®%! while beta, and

alpha-receptors are relatively less affected.

Increased cardiac sympathetic activity may be beneficial
initially, increasing the force of cardiac contraction and
heart rate. However, sustained high levels of sympathetic
activity may lead to focal myocardial necrosis*¥?:433 and/or
progressive ventricular dysfunction and arrhythmias.
Increased ©peripheral sympathetic activity 1leads to
increased arterial and venous tone and renal sodium

retention. 434441

Inhibition of alpha, receptor-mediated increases in vascular
tone in animal models leads to transient beneficial
haemodynamic effects only."‘”"’08 The reasons for this are not
clear. As non-specific alpha, receptor blockade may also
have taken place, this could have 1led to heightened
sympathetic activity and a reversal of the initial
beneficial effect. Alternatively, Zelis has suggested that
heightened peripheral sympathetic activity may actually
have a beneficial effect in heart failure, directing blood
flow during exercise to the most metabolically active

muscle fibres.442:443

Activation of the renin-angiotensin systexﬁ commonly occurs
during prazosin therapy and may be responsible for

haemodynamic tolerance, though such activation could also
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represent a response to overall haemodynamic deterioration

or to heightened renal sympathetic activity.

CONCLUSIONS

Animal models offer valuable insights into the dynamic
responses of neuroendocrine systems in heart failure. These
models must be treated with caution due to the time course
and character of the haemodynamic perturbation. Important
differences between species may occur, and this is
especially likely when extrapolating to humans, the only
bipeds so far studied, whose cardiovascular system has been

specifically adapted for the upright posture.
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CHAPTER 4: NEUROENDOCRINE ACTIVATION IN HUMAN HEART FAILURE

Relatively few studies exist of the development of heart
failure in man. McAlpine et al*** demonstrated an increase
in activation of the sympathetic nervous and
renin-angiotensin systems and arginine vasopressin after
myocardial infarction. Those patients who went on to
develop clinical evidence of heart failure demonstrated
sustained neuroendocrine activation. In contrast, in those
patients who recovered without developing evidence of heart

failure neuroendocrine activation declined.

In contrast, Bayliss et al*® studied patients with untreated
compensated heart failure during rest and exercise,
demonstrating excessive activation of the sympathetic
nervous system but that the renin- angiotensin system
appeared suppressed. However, it should be noted that there
were no healthy controls in this study and the authors only
compared their results with a reference range. Milder
degrees of neuroendocrine activation therefore may have
been missed. However, in a series of patients presenting
with acute left ventricular failure, Brogvist et al%¢
suggested again that whereas the sympathetic nervous system
was activated, there was little evidence of activity within
the renin-angiotensin system. They also demonstrated that
plasma levels of atrial natriuretic peptide were high and
fell with diuretic therapy. However, it should be noted

that the patients presenting with acute left ventricular
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failure in this study appeared to be hypertensive. A series
of case reports“’*8 has suggested that the arterial
pressure may have a major impact upon renin-angiotensin
system activation in untreated heart failure. This may
explain the heterogeneity of neuroendocrine activation in

untreated heart failure.?%9:430

These findings are all consistent with animal models of
heart failure in which initial activation of the
sympathetic nervous and renin-angiotensin systems results
in fluid retention and vasoconstriction. Arterial pressure
returns to normal or may even be raised when blood volume
is expanded, resulting in a waning of neuroendocrine
‘activation. However, if the cardiac insult is severe and
acute, then failure to maintain stroke output and pressure
may lead to shock; or the very high filling pressure
resulting from failure of ventricular emptying may result
in pulmonary oedema, even though it may be required to
maintain cardiac output. Under these circumstances, when
haemodynamic equilibrium cannot be achieved, neuroendocrine
activation may be intense. The majority of patients with
chronic heart failure are already receiving diuretics
which maintain activation of the neuroendocrine
systems.%%%! conversely, diuretics may also reduce the
intrinsic neuroendocrine activation of acute heart failure.
46,489 Phis is probably due to withdrawal of acute sympathetic
activation with the resolution of pulmonary oedema. A

reduction in atrial pressure will also cause a decline in

47



plasma atrial natriuretic peptide.%?

While recent interest has concentrated on vasoconstrictor
mechanisms in heart failure, the failure of vasodilator
mechanisms such as atrial natriuretic peptide, bradykinin,
and the vasodilator prostaglandins may be important.43
Patients with heart failure demonstrate simultaneous
activation of both vasoconstrictor and vasodilator systems;
plasma levels of noradrenaline, renin, angiotensin II,
aldosterone, arginine vasopressin and atrial natriuretic
peptide all being elevated, in contrast to the reciprocal

relationships seen in normal subjects.*

Neuroendocrine activation becomes more intense as the
diuretic dose is increased. Exercise causes further

455-457

stimulation of the sympathetic nervous systenm and

8 and arginine vasopressin and

renin-angiotensin system,*
atrial natriuretic peptide.*® However, there is marked
individual variation in the intensity of activation. Low
serum sodium, potassium and arterial pressure levels are
more accurate clinical markers of intense neuroendocrine
activation than symptom class or 1level of ventricular

dysfunction. 60

Plasma concentrations of renin, angiotensin 11,
noradrenaline and atrial natriuretic peptide are inversely
related to prognosis.4'42 High levels of catecholamines and

angiotensin II may be directly cardiotoxic and add to a
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downward spiral of increasing vascular resistance,
neuroendocrine activation and deteriorating haemodynamic

function.

However, it remains uncertain whether neuroendocrine
activation itself makes a contribution to increasing
mortality or is Jjust a marker of severity. The
demonstration that low levels of renin-angiotensin system
activity with high sympathetic activity may be exchanged
for the converse by diuretics illustrates the absence of
any simple relation between neuroendocrine activation and
prognosis. Though diuretics are central to the management
of severe heart failure, it is possible that they may
adversely affect prognosis in mild heart failure because of
unfavourable changes 1in haemodynamic, metabolic or
neuroendocrine factors. This is especially 1likely if
excessive doses result in reduction in body fluid

compartments below normal.
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CHAPTER 5: CARDIOVASCULAR ADAPTATIONS IN HEART FAILURE

PRELOAD

Preload, the resting myocardial tension, is determined by
the degree of actin/myosin overlap of the contractile units
of the myocytes. Due to slippage between myocytes in
chronically distended ventricles, actin/myosin overlap may

43 g0 it cannot

be similar in diseased and normal hearts
easily be predicted where the patient "is" on the
Frank-Starling curve. The effects of a reduction in preload
are also difficult to predict. A small increase in venous
capacity may lead to an effective reduction in ventricular
volume without affecting cardiac output. Larger falls in
volume will result in a fall in output. It is likely that
patients die before reaching the descending limb of the
Starling curve and therefore unlikely that reduction in
preload alone will ever cause a rise in cardiac output.
Reducing blood volume by venesection or diuresis is
effective in lowering ventricular filling pressures %64/463
but since many of the paemodynamic, autonomic and endocrine
consequences of heart failure appear similar to those of

blood 1loss, further stimulation of these adaptive

mechanisms appears undesirable.

AFTERLOAD
Afterload, the resistance which the ventricle has to
overcome ion order to eject its contents, depends on the

radius of the chamber, the energy required to deform the
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myocardium, the systolic pressure that it generates and the
aortic impedance (a synthesis of arterial compliance and
arteriolar resistance).“® The normal, but not the failing,
ventricle, compensates for rises in afterload by an
increase in contractile force so that the stroke output
remains unchanged. This law of the heart, less well known
than Starling’s, was described by Sarnoff, and is equally
importan’c."66 It follows that reduction of afterload by
arteriolar dilators allows the ejection fraction and stroke
output to rise, with 1little effect on filling pressures
unless more complete ventricular emptying reduces cardiac
volumes so that both preload and afterload fall. Diuretics
may also reduce afterload, either by reducing external
arterial compression by oedema %’ or by altering the
composition of the vessel wall (ie reducing sodium
content) . %68

CARDIAC ADAPTATION TO HEART FAILURE

Four basic processes are recognised by which the heart may
attempt to compensate for declining function. Myocardial
contractility may be increased by activating intrinsic
myocardial mechanisms according to the Frank- Starling
principle or by exogenous neuroendocrine factors. 1In
addition, cardiac output may be maintained by increasing
heart rate, and myocardial hypertrophy may occur in order
to cope with the altered 1loading conditions of the

ventricles.
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The Frank-Starling Principle

Both atrial and ventricular muscles behave according to
Starling’s law that "The mechanical energy set free on
passage from the resting to the contracted state is a

function of the length of the muscle fibre".%

In the normal heart, an increase in venous return on
exercise or due to a rise in intravascular volume distends
the cardiac chambers (ie increases preload). A concomitant
change in actin-myosin overlap enhances the myocardial
contractile state, stroke volume rises and diastoiic
chamber volume tends to return to normal. Sarnoff and
Mitchell“®® examined ventricular stroke work over a range of
end-diastolic pressures énd termed the resulting relation
the Ventricular Function Curve. Movement along a single
curve represents operation of the Frank-Starling principle.
Displacement of the curve reflects a change in inotropic

state of the ventricle.

In heart failure, the Frank-Starling principle still
operates but the curve on which the heart functions has
changed, ie, there is a change in the inotropic-state of
the myocardium. This has- its sub-cellular correlate.
Actin-myosin overlap and sarcomere length seem to be the
same in a chronically dilated and normal heart. In the
canine left ventricle, sarcomere length is similar, with
end-diastolic pressurés from normal up to 60 mm Hg. Further

rises in preload up to 100 mm Hg reduced developed pressure
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by only 7.5%%3470 However, length/tension relationships are
not the same as pressure/volume relationships. According to
Laplace’s law, afterload also increases as the cardiac
chamber dilates and if there 1is a decreased cardiac
reserve, reduced myocardial wall shortening in systole will
occur. The development of mitral regurgitation during
ventricular dilation may also decrease forward stroke
volume and result in an apparent depression of ven tricular
performance as preload is elevated. These two mechanisms
probably account for the observed depression of cardiac
function at high preloads. It is doubtful if the human
myocardium ever reaches the descending limb of the
Frank-Starling curve. However, chronic ventricular
dilatation presumably puts the myocyte at a disadvantage
whenever a further acute increase in loading occurs, as
during exercise. In the management of heart failure with
venodilators, the Frank-Starling principle could have more
adverse consequences: reduced preload may cause an apparent
decline in cardiac contractility. However, a reduction in
end-diastolic volume will reduce afterload according to
Laplace’s law. Of course, the reduction in contractility
due to the reduction inbend- diastolic sarcomere length may
only be temporary, just as ventricular distension leads to
myocyte slippage, rather than sarcomere lengthening in the
chronically dilated heart, reduction of dilatation may

reverse this process.

In summary, the Frank-Starling principle seems designed to
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deal with short term events only, ie, exercise, acute
volume loading, etc. However, there are advantages in
‘reducing ventricular filling preséure and therefore atrial
and intra-pulmonary pressures. Reducing chamber size will

also reduce ventricular afterload.

Extrinsic Factors affecting Myocardial Contractility

As we have already observed, the Frank-Starling principle
is one mechanism by which myocardial contractility can be
altered to cope with short term changes in volume loading.
An alternative mechanism of increasing contractility to
maintain cardiac output and ventricular filling pressures
is to introduce an inotropic substance. Chief among the
naturally occurring mechanisms must be cellular handling of
calcium ions*’"%"® and the sympathetic nervous system,*74*"
though it should be noted that the latter may mediate its
effect through changes in cytosolic calcium. There may be
lesser contributions from glucagon, angiotensin 1II,

histamine and sodium. 4767480

Intracellular calcium ions and adenosine triphosphate may
well be the final determinates of the contractile state of
the myocyte, and are also essential for relaxation. Though
extra-cellular calcium ions can have a pronounced inotropic
effect, perhaps most clearly seen in man when
electromechanical disassociation may result from the
intravenous use of verapamil,“®! cellular calcium ion

overload could eventually result in cell death.®?
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Hypophosphotaemic cardiomyopathy is poorly understood but
may be. due to impairment of glycolytic pathways,*® or

changes in calcium ion flux across cell membranes.“%

A rise in sympathetic nervous system activity appears an
almost constant accompaniment to cardiovascular stress. In
untreated heart failure a rise in plasma noradrenaline has
been shown, even prior to the introduction of diuretic
therapy. In acutely decompensated heart failure,
tachycardia, resulting from this increase in sympathetic
nerve activity 1is common; in chronic heart failure
sympathetic nervous system activity and tachycardia may be
less marked. This may be due in part to impaired
intracardiac conduction but changes in receptor density or
function and/or defects in myocardial catecholamine

> have shown

synthesis may occur. Bristow and others*
evidence of Dbeta-receptor down- regulation on the
myocardium. Down-regulation of beta,- receptors appears more
pronounced than for beta,. Although there are many technical
explanations for down-regulation of beta receptors, the
observation that: in-vitor myocardial tissue also
demonstrates reduced cardiac sympathetic responsiveness
strongly suggests a functional as well as a numerical
reduction in receptor sites. However, evidence also exists
for a reduction in activity of such enzymes as tyrosine

hydroxylase, the rate-limiting step 1in noradrenaline

synthesis in sympathetic nerve terminals.
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Although several authors have indicated that the
concentration of contractile proteins within the myocyte
may be reduced in heart failure, there is no universal
agreement on this subject. Indeed, some have argued that
individual myocyte contractile function in heart failure is
normal, and that no intracellular defect to

receptor-mediated stimuli exists.

Some of the recent evidence suggesting that individual
myocyte function in heart failure is normal may seem
surprising. However, a defect in the collagen matrix in
which the myocytes exist may be the fundamental problem in
such conditions as dilated cardiomyopathy. If the collagen
matrix becomes rigid, then it would become difficult for
myocytes to either contract or relax. There are limitations
to the interpretation of the data; in particular, studies
on isolated myocytes are technically complicated. The
myocytes that survive the harvesting process may well be
the "fittest" and cells are generally studied in unloaded
conditions. It is also possible that myocyte function is
rapidly restored once the cell is removed from its adverse

environment.

The Heart Rate

The most obvious means by which the heart compensates with
increased metabolic demand (ie exercise) is by increasing
the heart rate. The rise in stroke volume during stress

makes relatively little contribution to the rise in cardiac
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output. In heart failure the rise in sympathetic drive and
fall in parasympathetic activity results in a rise in
resting heart rate to help maintain cardiac output, at
least in the absence of conducting system disease. This
phenomenon is much more obvious in acute rather than
chronic heart failure, and may be related to receptor
down-regulation or a depletion in cardiac noradrenaline
stores due to a defect in synthesis, as discussed above.

Digoxin therapy may also further suppress the heart rate.

There would appear to be no intrinsic harm in raising héért
rate to maintain cardiac output but if myocardial
compliance is depressed and ventricular distensibility
reduced, ventricular filling may be impaired and cardiac
output compromised. Additionally, most of the coronary
blood flow occurs in diastole: in heart failure, where
myocardial oxyen supply may be already precarious,*®® this
may further derange myocyte metabolism and cardiac

contractility.

Myocardial Hypertrophy

In heart failure, afterload is increased both due a rise in
systemic vascular resistance and due to the dilatation of
the cardiac chambers, according to Laplace’s law. The
decline in cardiac output is generally proportionally
greater than the rise in systemic vascular resistance,
hence, patients with heart failure, as a population, have

a lower blood pressure than subjects without heart failure
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The stimulus to 1left ventricular hypertrophy in heart
failure is, as yet, unknown, but might include alterations
in sympathetic nerve activity, angiotensin II, local tissue
messengers, or change in cell function as a direct
consequence of a change in loading conditions.49:4% 1n
patients with hypertension there is some evidence that
agents that block the sympathetic nervous system or
angiotensin II production may cause more regression of left
ventricular hypertrophy than agents such as hydralazine
that do not.%"%%3 This suggests that mechanical stress alone
is not the sole determinant of 1left ventricular
hypertrophy. Left ventricular hypertrophy tends to
normalise the stress imposed on each sarcomere in diastole
and systole as cardiac volume rises. Of course, this
normalisation of wall stress requires more energy to deform
the myocardium itself and may reduce diastolic filling and
also systolic function. This adaptive process is therefore
not a perfect answer to the change in loading conditions

and could be conceived as contributing to the problem in

some patients.

REGIONAL BLOOD FLOW

The increase in systemic vascular resistance is not uniform
among the vascular beds. Renal, skin and splanchnic
vascular resistance are often markedly increased while
cerebral and coronary vascular resistance are 1little

altered. Skeletal muscle blood flow is only slightly
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reduced at rest until heart failure is far advanced, but
fails to rise normally on exercise even at an early stage.
Interventions that increase cardiac output may faillto
increase the blood supply to those organs where it is
required. Even if the blood flow to an organ does increase,
it may still be nutritionally ineffective if it bypasses

metabolically active areas.

CUTANEOUS BLOOD FLOW IN HEART FAILURE

Cutaneous blood flow is reduced at rest only in very severe
heart failure *°*%%, In mild-to-moderate congestive cardiac
failure, cutaneous blood flow is not significantiy reduced
at rest. However, during exercise, sympathetically-mediated

4, and is

cutaneous vasoconstriction becomes marke
sustained throughout the entire period of exercise. 1In
addition, as the absolute amount of work done during
exercise may be less, the thermal stress on the cutaneous

circulation is reduced.

THE SPLANCHNIC CIRCULATION

In severe cardiac failure the splanchnic blood flow is
often severely reduced. In milder heart failure splanchnic
blood flow may be reduced only during exercise.*® The
splanchnic blood flow seems more under the influence of
the sympathetic nervous system, with little contribution

from angiotensin II.%%:4%7
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CEREBRAL BLOOD FLOW

In heart failure cerebral blood flow appears to be
decreased.*?®*% Although studies in animals and man have
shown that cerebral circulation can auto-regulate despite
a wide variation in perfusion pressure,’® in heart failure
the cerebral blood flow seems unable to compensate for the
fall in perfusion pressure. This may be due to increased
sympathetic activity.’% There is as yet no direct
evidence that angiotensin II or anti-diuretic hormone

influence cerebral blood flow.

In patients with heart failure, in contrast to normal
subjects, cerebral blood flow probably declines during

exercise.

RENAL BLOOD FLOW

As cardiac output falls, so too does renal blood flow.>0350
In early heart failure this is evident only during
exercise®® while at rest, renal blood flow, glomerular
filtration rate, and filtration fraction are normal. With
worsening cardiac function, the haemodynamics become rela-
tively fixed. Renal blood flow may be further upset by
arrhythmias commonly seen in this condition.?¥” 1In
experimental heart failure in animals there is also
redistribution of blood flow, with a relative reduction of
cortical, compared to medullary, flow. This results in

diversion of blood to the juxta- medullary nephrons, whose

loops of Henle and associated vasorecta descend deep into
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the medulla and are re sponsible for counter-current
exchange, and may be important in maintaining the
production of a concentrated urea-rich but sodium-poor
urine that is characteristic of heart failure. Such data as
exists suggest that re-distribution of renal blood flow in
favour of the medulla also occurs in heart failure in
humans, though most studies of renal function have been

carried out on patients treated with diuretics.30>"

In addition to the fall of cardiac output, other factors
affecting renal blood flow in heart failure include
increased sympathetic nerve activity, leading to afferent
arteriolar constriction, and a fall in renal blood
flow.512513 In the early stages of heart failure, the fall in
renal blood flow may not be accompanied by a corresponding
fall in glomerular filtration rate because glomerular
hydrostatic pressure is maintained by efferent arteriolar
constriction, thought to be mediated by angiotensin II.5%:516
This leads to an increased filtration fraction, though
probably a further reduction in renal blood flow. Even
greater levels of angiotensin II cause, in addition,

afferent arteriolar constriction, leading to a further fall

in renal blood flow and glomerular filtration rate.
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SKELETAL MUSCLE BLOOD FLOW
Skeletal muscle blood flow is altered little at rest in
patients with heart failure until the evidence of cardiac

7 However, exercise- induced

dysfunction is severe.
vasodilatation is markedly impaired, even in milder degrees
of heart failure.’’®32' aAdditionally, blood flow to the
non-exercising limb is considerably reduced, suggesting

generalised neurendocrine activation with vasoconstriction

limited in the exercising limb by metabolic factors.

When patients with congestive heart failure exercise,
frequently the blood pressure shows little or no increase,
and occasionally exercise-induced hypotension results.”?! If
the resistance vessels in active skeletal muscle dilated
normally and there were not excessive arteriolar
constriction elsewhere, syncope would occur more commonly
during exercise, assuming that the cardiac output could not

respond adequately.

The origin of the increased vascular stiffness has not yet
been fully elucidated. Although sympathetic activity is
heightened during exercise, nerve blockade of the forearm
or intra-arterial injections of phentolamine into the
exercising limb fail to normalise arteriolar responses.5?
Infusion of noradrenaline to produce circulating 1levels
normally seen during exercise in patients with heart

failure did not reduce the reactive hyperaemia response.

However, infusion of noradrenaline in this way is certainly
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not physiological and may represent only a small fraction
of the sympathetic activity mediated physiologically
 through nerve terminals. However, these studies have really
only considered the hyperaemic response to a maximal
metabolic stimulation, whereas alpha-adrenergic tone
probably only playé a regulatory role during sub-maximal
stimulation. It generally appears that no vasodilator so
far tested has been able to substantially alter the
reactive hyperaemia during limb ischaemia or exercise. One
factor that might contribute to the arteriolar stiffness
seen in congestive heart failure is an increased sodium and
water content of the resistance vessels.’?53 Initially it
was noted that after diuresis there was some restoration of
the reactive hyperaemia response towards normal. It was
also demonstrated that the sodium content of large and
small arteries is increased. When mineralocorticoids and
salt are administered to normal volunteers, this may also
attenuate the peak reactive hyperaemic response.’?* Another
explanation for the altered hyperaemia after ischaemia or
exercise is increased tissue pressure in patients with
heart failure.’®”® Thus, vasodilators per se may have a
limited role in improving skeletal muscle blood flow during
exercise. Diuretics or other substances which are able to
alter the sodium-potassium homeostasis may be more
effective. Although it has been demonstrated that
alpha,-adrenergic receptor antagonists may increase skeletal
muscle blood flow during sub- maximal exercise, it has also

been noted that the oxygen consumption of the limb does not
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undergo corresponding improvement. This suggests that the
increased skeletal muscle blood flow is diverted away from

the metabolically active muscle.

Changes in skeletal muscle blood flow during exercise in
heart failure are further complicated by the abnormalities
of skeletal muscle mass and function. Thus, the reduction
in limb blood flow could reflect a reduction in oxygen
requirements of the exercising 1limb. However, during
exercise femoral venous oxygen saturation is uniformly
lower in patients with heart failure, suggesting that
decreased oxygen requirement is not the cause of reduéed
exercise 1limb blood flow. Moreover, lactate production
during exercise is greater in patients with heart failure,?%
suggesting that the metabolic stimulus during exercise to
reduce arterial dilatation is greater in heart failure

subjects. 7527

SUMMARY

The cardiovascular adaptations to chronic heart failure are
complex. They involve not only the heart but also the
peripheral circulation. These are closely integrated, but
the relationship between the two is markedly different

during exercise.

Although heart failure is characterised by markedly
elevated vascular resistance, this varies considerably

among the regional circulations. Non-specific
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vasodilatation may reduce vascular resistance. However, if
this diverts blood from the renal circulation at rest, or
the cerebral or skeletal muscle circulations during

exercise, it could be deleterious.
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CHAPTER 6: VASCULAR TONE IN HEART FAILURE: THE

NEUROENDOCRINE-THERAPEUTIC INTERFACE

INTRODUCTION

Impaired cardiac function is of course the primary problem
in heart failure, but it is also the primary stimulus to
activation of several integrated neuroendocrine systems.
This results not only in a general increase in vascular
tone but also changes in regional arterial resistance.
Activation of these neuroendocrine systems at first appears
to have important beneficial effects for the failing
circulation, maintaining cardiac output, blood pressure and
blood flow to essential organs. However, prolonged or

extreme neuroendocrine activation may prove deleterious.

The advent of effective diuretics had tremendous impact on
the management of patients with heart failure, but then, in
the absence of a cure for the primary problem, thoughts
turned to altering vascular tone and it soon became
apparent that the body countered this with heightened
autonomic and humoral activity. The success of
angiotensin-converting enzyme inhibitors has highlighted
the ©benefits of damping down this neuroendocrine

activation.
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HISTORICAL PERSPECTIVES

Before the 1940’s, theories on the nature of the
circulatory disorder in heart failure abounded but the
means of treating the condition were limited. The advent of
cardiac catheterisation, methods of measuring regional
blood flow and, finally, non-invasive measures of
cardiovascular function, have vcontributed to Dbetter
understanding of the interplay between the failing heart

and the abnormal circulation that it still supports.

While Sharpey-Schafer °*° and McMichael %' described the
relationship between cardiac output and venous pressure in
heaft failure in the 1940’s, Wood 52 recognised the
importance of systemic vasoconstriction in the maintenance
of blood pressure. These observations were brought together
in the 1960’s and integrated the concepts of altered

preload, afterload and myocardial contractility.?>3-5%

As understanding of the pathophysiology of heart failure
grew, so did the therapeutic armamentarium. Although the
efficacy of digoxin for patients in sinus rhythm has
remained controversial,®*®5¥ no other inotropic agent has

yet been more effective or safe.>3®

Mercurial diuretics, introduced in the 1920’s, thiazides in
the 1950’s and loop diuretics in the 1960’s all made
substantial contributions to the alleviation of symptoms

although they may indirectly have had deleterious
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haemodynamics and neuroendocrine effects.

The concept of reducing vascular tone in heart failure is

539

remarkably old. Osler (1892) used nitroglycerine and

Savill (1936) suggested sympathectomy as a treatment for

40

intractable heart failure®?. These ideas gained substance

in the 1950’s, with the use of ganglion- blocking

541,542 43

agents and nitrates.’ Since then, nitrates have
achieved a lasting place in the management of pulmonary
oedema. The use of phentolamine in the 1970’s ushered in
the "modern" era of vasodilator therapy.’* However, until
the appearance of angiotensin-converting enzyme inhibitors
in the 1980’s, vasodilators had achieved no firm role in
the management of chronic heart failure. In contrast to
preceding agents, ACE inhibitors suppress the

neuroendocrine consequences of heart failure, but, 1like

them, tend to cause a further fall in arterial pressure.

"DIRECT"-ACTING VASODILATORS

Arteriolar Vasodilators

Daly has shown that in contrast to ACE inhibitors, the
combination of nitrates and hydralazine 1leads to an
increase in transmyocardial noradrenaline release which
contributes to a rise in arterial noradrenaline, adrenaline
and renin.’* The increase in renin may also be

t,”* but is generally not

prostaglandin-mediated in par
paralleled by an increase in aldosterone, which may reflect

effects on hepatic clearance or adrenal release.
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Calcium antagonists cause a natriuresis and diuresis when
used in veryklow doses in hypertensive patients, but this
effeét may be reversed ‘by higher (hypotensive) doses.
Whether the same is true in heart failure is unknown.
Carefully controlled studies of sodium and water balance
after hydralazine are lacking but what evidence there is
suggests that fluid retention may occur,’’® whereas minoxidil
causes such gross fluid retention that it may be difficult

to control with diuretics.’?®

Thus, activation of vasoconstrictor mechanisms, plus salt
and water retention, may attenuate +the haemodynamic
benefits of many arterial vasodilators, and explain the
apparent development of tolerance. Despite this, the
combination of isosorbide dinitrate with hydralazine
appears to favourably affect the prognosis in heart
failure.’’ Newer arterial vasodilators such as flosequinan
may not activate neuroendocrine systems and initial reports

on therapeutic efficacy are encouraging.®*’

Organic and Inorganic Nitrates

These compounds vreduce both arteriolar resistance and
venous tone. The reduction in preload may 1limit vthe
increase in cardiac output or even cause it to fall.
Tolerance to nitrates 1is common and appears largely
mediated through endothelium-dependent mechanisms. However,

activation of the renin-angiotensin system’ and plasma
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volume expansion®®® may also contribute to nitrate tolerance
in heart failure. At present, it is wuncertain whether
intermittent dosing or concomitant administration of

N-acetylcysteine can prevent tolerance to nitrates.

Although stimulation of the renin-angiotensin and
sympathetic nervous system by sodium nitroprusside is
attenuated in heart failure, a rebound increase in vascular
resistance may occur after sudden cessation.?® This may be
prevented by phentolamine®®? and is probably mediated through
neuroendocrine activation. A reduction in atrial pressure
and consequently in plasma atrial natriuretic peptide could

also lead to a rise in plasma renin.

There is no convincing evidence that nitrates are effective
in reducing symptoms or increasing exercise performance in
chronic heart failure, though they are highly effective in
acute heart failure by reducing atrial pressure. Studies
that purport to show benefit in chronic heart failure are
hampered by small numbers, poor study design and variations

in diuretic dose,’%3.564

Inodilators

This is a recently-coined phrase for phosphodiesterase
inhibitors and dopamine analogues which, although
originally thought to act mainly as inotropes, exert many
of their effects through vasodilatation.’®® These drugs all

tend to reduce vascular resistance and atrial pressure
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while increasing cardiac output. Limb blood flow is most
strikingly increased, with 1little efect on renal or

hepatomesenteric blood flow.

Phosphodiesterase inhibitors have shown conflicting effects
on plasma noradrenaline and arginine vasopressin, though
plasma renin increases and atrial natriuretic peptide
falls.?%:3¢7 The significance of these findings is as yet

unclear.

Clinical studies have generally not shown much benefit
during long-term treatment with amrinone or milrinone and
survival may even be impaired.’®® Recent studies with

enoximone are more promising.’®’

VASODILATORS ACTING THROUGH INHIBITION OR ACTIVATION OF

NEUROENDOCRINE SYSTEMS

Alpha-adrenergic Receptor Antagonists

Phentolamine, the first drug of this class to be used in
heart failure, inhibits both posté(alphaﬂ and pre- (alpha,)
synaptic alpha-receptors. Tachycardia and postural
hypotension were common and led to the development of
selective alpha-l-receptor antagonists such as prazosin,

trimazosin and doxazosin.
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Alpha-l-receptor Antagonists

These agents reduce both arterial and venous tone. Limb
blood flow is increased, particularly during sub-maximal
exercise’™® when  sympathetic tone usually limits
exercise-induced vasodilatation. However, oxygen extraction
does not appear to change.®”' Tolerance is common. Increased
sympathetic activity during exercise may be beneficial, at
least in mild heart failure, by directing the limited

cardiac output to the metabolically most active muscles.’"?

Prazosin is not very selective (about 10:1) and inhibition

of the alpha,-receptor may intensify sympathetic and

373,57 This activation,

renin-angiotensin system activity.
combined with a reduction in atrial natriuretic peptide and
renal perfusion pressure may excacerbate sodium retention,
reversing the beneficial direct effects of prazosin-
induced vasodilatation. Unfortunately, trimazosin, which is
more selective, does not appear more effective or less

75

likely to give rise to tolerance. Spironolactone’” and

captopril®’® have both been used to try and prevent fluid

accumulation with prazosin, without success.

Clinical experience with these agents again suggests no

577,578

benefit from vasodilator therapy, while some studies

demonstrate an adverse outcome.’7%:576

72



Alpha-2-Receptor Antagonists

Clonidine, a centrally-acting alpha,-receptor agonist, may
reduce sympathetic activity. No clinical benefit has been
noted.?” Methyldopa has also been used to reduce central
sympathetic activation 1in heart failure but without

objective evidence of benefit.>%

Drugs acting on Beta-adrenergic Receptors

Beta-1 Receptors

Pure agonists are vasoconstrictive, arrhythmogenic,
activate the renin-angiotensin-aldosterone system and, in
excess, may cause myocardial necrosis. Antagpnists reduce
myocardial oxygen consumption and arrhythmias but their
negative inotropic qualities sometimes exacerbate failure.
Partial agonists such as xamoterol are promising but, as
their effects are more on the myocardium than on the

periphery, will not be discussed further.

Beta-2-Receptors

Beta-2 agonists have proved disappointing in clinical use.
Dopexamine may activate both the sympathetic and
renin-angiotensin systems,®® while rapid tolerance has been
demonstrated in some studies.’® This could be due to
neuroendocrine excitation but receptor down- regulation or

uncoupling seems just as likely.®
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Dopamine Analogques

Fenoldopam (a DA, agonist) also produces vasodilatation but
may activate both the sympathetic and renin- angiotensin
systems.%® Dopamine (DA,) receptor stimulation by orally
active analogues such as bromocriptine may cause a decline
in sympathetic nervous activity with consequent
vasodilatation.’® Levodopa and ibopamine may have additional

86,587  However, withdrawal of

direct inotropic effects.
sympathetic support from the failing heart may
counterbalance the benefit of peripheral sympathetic
inhibition. Proof that dopamine and its analogues are

effective in the management of chronic heart failure is

still awaited.

Anti-diuretic Hormone

Arginine vasopressin,-receptor antagonists have little
haemodynamic effect in heart failure unless arginine
vasopressin is markedly elevated, when a marked reduction
in atrial and arterial pressures and an increase in cardiac

output may be observed.>®

Atrial Natriuretic Peptide

Infusion of pharmacological doses of atrial natriuretic
peptide in heart failure results in peripheral
vasodilatation, an increase in cardiac output and a
reduction in atrial pressures. Compared to normal subjects,

such patients have a diminished (though not absent)

74



diuresis and natiuresis, with little change in glomerular
filtration rate.’® Although aldosterone is suppressed and
plasma noradrenaline tends to fall, plasma levels of
arginine vasopressin are generally unaffected.’” Plasma
levels of renin are also unchanged, suggesting that the
stimulus to renin secretion caused by the vasodilatation is
balanced by a direct inhibition of renin secretion.
Atriopeptidase inhibitors are an alternative method of
increasing atrial natriuretic peptide and have been shown

to have natriuretic effects in heart failure."!

Prostaglandins

Prostacyclin is a powerful vasodilator but has 1little
effect on sympathetic or renin-angiotensin system
activity.’% Infusion of prostaglandin E has similar effects

but may also cause renin release.’®

Bradykinin

Bradykinin degradation is inhibited by captopril and could
be responsible for the venodilating effect of captopril.
Studies on aprotinin, which inhibits the formation of
bradykinin, have failed to demonstrate any attenuation of

captopril’s effects in heart failure.**

Serotonin
Preliminary studies on ketanserin, which selectively blocks
5-HT2 receptors, indicate that it may cause vasodilatation

and an increase in cardiac output.’®” Plasma catecholamines
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increase, perhaps due to inhibition of neuronal re-uptake.

Renin-Angiotensin-Aldosterone System

Inhibition of the enzyme renin may prove to be the most
specific way of preventing angiotensin II formation. Human
studies in heart failure are awaited.

Saralasin, a competitive inhibitor of angiotensin II at its
receptor, has partial agonist activity, but again

experience of its use in heart failure is limited.

CONCLUSION

Although direct acting vasodilators might be expected to
improve symptoms and exercise performance in heart failure,
they have proved disappointing. Most vasodilators appear to
increase blood flow to skeletal muscle but there is no
evidence that this leads to increased oxygen utilisation
during exercise. There 1is compelling evidence that
administration of vasodilators to patients with chronic
heart failure will generally lead to further neuroendocrine
activation which may 1limit their therapeutic efficacy.
Angiotensin- converting enzyme inhibitors may circumvent
this problem by prevention of angiotensin II formation
which in turn will lead to reduced sympathetic activity and

aldosterone production.
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PART TWO: METHODS AND RESULTS

CHAPTER 7: METHODS

THE ASSESSMENT OF SYMPTOMS

Symptoms were assessed according to the New York Heart
Association classification, as outlined in Table 7.1. This
is a fairly crude estimate of the severity of heart
failure, yet appears meaningful, at least in studies on
prognosis in heart failure. New York Heart Association
class was also used as a guide to alteration in symptoms
after therapeutic intervention but as it was felt thét such
a division would fail to demonstrate subtle changeé,
symptoms were also assessed by direct quéstioning and by

visual analogue scores.

Direct Questioning

In some studies, the assessment of changes in symptoms was
also made by direct questioning while both doctor and
patient were kept "double-blind". In this way, observer and
inappropriate patient bias was eliminated. Patients were
asked at the end of each part of the study to say whether
or not they felt improved. At the end of the trial the
patients were then asked to state which period of "therapy"

had benefited them most.

This form of symptom assessment is probably the most

sensitive index of change but is difficult to quantify.
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TABLE 7.1

Classification

I Patients without limitation of physical activity.
Ordinary activity does not cause undue fatigque,

palpitation, dyspnoea or anginal pain.

II Patients with slight 1limitation of physical
activity. They are comfortable at rest.
Ordinary physical activity results in fatigue,

palpitation, dyspnoea or anginal pain.

IIT Patients with moderate 1limitation of physical
activity. They are comfortable at rest. Less
than ordinary physical activity causes fatigue,

palpitation, dyspnoea, or anginal pain.

Iv Patients with inability to carry on any physical
activity without discomfort. Symptoms of cardiac
insufficiency or anginal syndrome may be present

even when the patient is at rest.



Visual Analogue Scores

Visual analogue scores were applied "double-blind", the
patient being asked to mark a point on a 10 cm ungraduated
line (see examples) corresponding to their symptoms. At the
end of each study period the patient was asked to score
himself/herself again, but without referring back to the
previous scores. The possibility of systematic errors of
such a method of assessing symptoms has been suggested. In
order to investigate this possibility we studied 20
patients during the open run-in phase of the study on
enalapril. Visual analogue scores were applied before and
four weeks later, at the end of this run-in period. The
results are outlined in Table 7.2. No significant change in
mean scores was noted, although there was considerable
individual variation. Further evidence for a lack of any
systematic drift of scores came from a study on amiodarone
in heart failure where a similar scoring system was used.’%
During this double-blind placebo- controlled study of a
drug which did not alter symptoms of breathlessness,
fatigue or ankle swelling by direct questioning, no change
in mean visual analogue scores was noted over a 6-month

period.

THE MEASUREMENT OF BLOOD PRESSURE AND HEART RATE

Blood pressure was measured with a Hawksley random zero
sphygmomanometer unless measured directly, intra-
arterially (vide infra). Pressure readings were taken using

a standard forearm cuff with phase I Korotkoff sounds taken
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TABLE 7.2

VISUAL ANALOGUE SBCORES

n=20
Run-in period
Pre- Post~-

Breathlessness (mm)

mean ' 58 55

median 64 . 61

range 16-98 15-92
Tiredness (mm)

mean 49 51

median : 61 58

range 2-100 0-100



as systolic and phase V as diastolic. Mean arterial
pressures for this method were calculated as the diastolic
pressure plus one-third of the pulse pressure. Heart rate
was derived from the apex beat for patients in atrial
fibrillation and from the radial pulse in those in sinus
rhythm. During exercise testing and tests of autonomic
function, heart rate was derived from the

electrocardiogram.

THE 12-LEAD ELECTROCARDIOGRAM

The 12-lead electrocardiogram was recorded in the standard
manner. QT intervals were measured from the same lead on
each occasion; the lead in which the QT interval could most
clearly be defined being chosen. The QT was defined by
extrapolating the maximal downslope of the T wave to the
isoelectric 1line and measuring the distance to the
preceding Q wave.’” Difficulties arose in the interpretation
of the QT interval as many subjects had intra-ventricular
conduction defects. The JT interval was therefore also
recorded by subtracting the QRS width from the QT interval.
QT and JT intervals were also corrected using Bazett’s

formula.
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EXERCISE TESTING IN PATIENTS WITH HEART FAILURE
Exercise using a motorised treadmill was used in preference
to a bicycle ergometer as this was thought more closely to

simulate the ordinary activity of our patients.

Heart rate was monitored by a 12-lead electrocardiogram,
with ST segment monitoring to detect evidence of serious
ischaemia or arrhythmias. Blood pressure was monitored with

a sphygmomanometer. (vide supra).

Patients were all familiarised with walking on a treadmill
on at least one occasion before entering a study. Patients
were taught to use a surrounding bar for balance, and
taught not to perform isometric exercise (the "wheel-barrow
effect") which might have altered oxygen consumption, blood

pressure, and exercise performance.

The effects of test familiarisation and the effects of
placebo on treadmill exercise performance were assessed
separately in 20 patients undergoing exercise (see appended
abstract A). In short, exercise time may double from the
time of initial exercise to the end of a trial of placebo.
Approximately half of the improvement appears to be due to
the learning process and half to be due to the introduction

of placebo.
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ﬂf?ﬁ differences between each test period. When a statistical

,&Aumna

- In ‘patients. w1th chronic heart fallure undergoing exercise
| testing for the assessment of new therapies the relative . °

contributions of familiarisation with the: procedure and the'
- so=-called placebo effect are uncertaln.,»
- Accordingly we assessed the exercise’ responses in 20 patients
with heart failure, mean" ‘age ‘57+9years. The aetlology was L
ischaemic heart disease in .11, cardiomyopathy in 7 and persisting
heart failure after succesful valvar surgery in two. Patients
were exercised twice before and" once after an open run-in period,
prior 'to randomisation to placebo or-a cardioactive drug. The:
placebo response was then’ estimated’ only in’those 20 patlents
l,randomlsed to: placebo first. - This ensured that both the doctor»
.} and patient were kept" double-bllnd ‘to prevent a bias towards no-\
il response. Four patients who died and 18 patients who recelved

~active therapy first were excluded from:the final analys15..The
.active therapies being considered were enalapril -and amlodarone
'] . The treatment periods were 2 months ‘and 3 - months respectlvely.

. 'All patients were exercised using a modified Bruce Protocol. w1th

‘‘heart rate and blood pressure monitoring. Breathlessness or:
- tiredness was the end-point in 76 of the 80 tests performed: and
" sustained ventricular arrhythmlas in four. Values are mean % =
' standard deviation. Analysis of. ‘variance was used:to test fo,

difference was found student's t- test ‘was used to conflrm 1ike1y
‘differences. et
‘The initial exercise time was 5.3%3.1 mlnutes and increased to PR
'ﬁ7 9+4.6mins (p<0.01) at the start of: the run-in phase.vExer01se
, Jlncreased insignificantly during the run-in phase to =
" 8.4%2.3mins., but after placebo increased further to .
- 10.143.9mins. (p<0.01).  Despite the increase in exercise. SR
performarice, peak exercise heart rate and blood pressure were not
statistically significantly different at each time point. e
- The contribution of the placebo effect seems similar to that of
;sfamillarlsatlon with the exercise protocol in this study where
,,placebo was administered double-bllnd..,i; .




As patients with heart failure have a considerably reduced
exercise performance compared to healthy controls,
protocols were modified accordingly (Table 7.3). Initially,
a modified Balke protocol was used iﬁ the study on
captopril. This wasrsubsequently felt not to be an optimal
form of exercise for patients with heart failure énd was
substituted with a modified Bruce protocol for the study on
enalapril. Although both the patients, the exercise
protocol, and the benefits of therapy were robust enough to
show changes, it became clear that some patients were
stopping due to fatigue and others due to breathlessness.
This prompted an investigation into differing exercise
protocols and their relationship to the symptom terminating
exercise in patients with heart failure®¥®:% and also their
effects on maximal achieved oxygen consumption. In summary,
exercise protocols involving very gradual stages were
usually terminated by fatigue, whereas protocols which
increased speed or inclination rapidly were busually
terminated with breathlessness. In the study on angina, 2
"arithmetic" exercise protocols were applied to the
patients, one with very gradual increases in workload, the

other with much more rapid increments.>?%

In the study of angina and heart failure, cardio-
respiratory performance was also assessed by measuring the
volume and partial pressures of exhaled gases using a
Horizon Mobile Metabolic Cart (Sensormedics). Gas volumes

were calculated from the speed of rotation of a finely
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TABLE 7.3

MODIFIED
BALKE

MODIFIED
BRUCE

Stage

Time
(min)

Speed
(mph)

Gradient

(%)

12

16

10
12
14

16

Predicted
oxygen con-
sumption
(ml/min)

7

14

21

28

33



tuned turbine, carbon dioxide using infra-red spectroscopy,
and oxygen by a polarographic method. In this way oxygen
consumption was determined. Maximal oxygen consumption is
an index of peak cardiac output during exercise, and
- appears to be a more reproducible measure of
cardiopulmonary performance than exercise time alone.%%:6%

Measurement of minute ventilation and carbon dioxide

production allows an assessment of the anaerobic threshold.

ASSESSMENT OF LEFT VENTRICULAR FUNCTION

Systolic Time Intervals

Systolic time intervals were calculated from the standard
lead II of the electrocardiogram and high quality M-mode
echocardiograms of the aortic valve. All recordings were
made at a paper speed of 100 mm/sec. Only patients in sinus
rhythm were studied thus. The pre-ejection period was
measured from the onset of the QRS to the time of opening
of the aortic valve. The left ventricular ejection time was
measured as the duration of opening of the aortic wvalve.
Electro-mechanical systole was taken as the sum of
pre-ejection period (PEP) and the left ventricular ejection
time (LVET). Appropriate corrections were made for heart

rate for each of these intervals,®01-604

Changes in pre-ejection period mainly reflect changes in

left ventricular preload, assuming that the intrinsic
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ventricular function remains constant, a fall in preload
leading to a prolongation of the PEP. An increase in
afterload may also prolong the PEP. Although left bundle
branch block prolongs the PEP, this is of little relevance

when within-patients comparisons are made.

The LVET may be prolonged by a fall in afterload or an
increase in preload. The reduction in LVET in heart failure
is due to a reduction in overall myocardial fibre
shortening. The duration of electromechanical systole
shortens as the inotropic state of the ventricle increases.
The ratio of the pre-ejection period to left ventricular
ejection time correlates with angiographically-derived left

ventricular ejection fraction.%%

M-Mode Echocardiography

M-mode echocardiograms were taken with simultaneous two-
dimensional echocardiography (IREX) to ensure correct and
reproducible orientation. M-mode echocardiograms were
analyzed on a dedicated digitising board (KONTRON), with

the results of at least 6 cardiac cycles averaged.

The criteria for quantification of the M-mode

605 and accepted

echocardiogram were those proposed by Sahn
by the American Society of Echocardiography in 1978. These
methods have been found to be reproducible by several
authors, even when used for repeat measurements over

considerable periods of time.%%
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Left ventricular end-diastolic dimensions were timed at the
onset of the R-wave and were taken at the level of the tips
of the mitral valve leaflets. End-systolic dimension was
taken as the smallest perpendicular systolic dimension.
Fractional shortening was calculated as left ventricular
end-diastolic dimension minus left ventricular
end-systolic dimension, divided by the end-diastolic left

ventricular dimension.

The use of M-mode echocardiography in patients with heart
failure due to ischaemic heart disease has been criticised
as regional rather than uniform, global dysfunction is the
rule. However, we were making within-patient comparisons,
therefore such objectioné are less important. Incorporation
of an infarcted segment in the region measured by M-mode
echocardiography could fail to identify improvement in
ventricular function at other sites, thus leading to an
under-estimate of any improvement with angiotensin-

converting enzyme inhibitors.

Doppler Echocardiography

Continuous wave Doppler signals were recorded from the
cardiac apex (DOPTEK). Only patients with high quality
Doppler signals were chosen for this study. The area under
the curve (the velocity-time index) was measured by
planimetry and the average of 10 cycles obtained. The

outflow tract radius was taken as the aortic valve orifice,
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according to the method of Ihlen.®” sStroke volume was
calculated as the square of the outflow tract radius x ii
X the velocity-time index. Cardiac output was then
calculated as heart rate x stroke volume. Doppler-derived
cardiac outputs have been compared with cardiac outputs
using the thermodilution technique. The largest error in
measuring cardiac output appears to be the calculation of
the 1left ventricular outflow tract dimensions. As this
probably varies little within a subject over a period of
months, the outflow tract dimension was calculated only

once, and used repeatedly for serial comparisons.

The reproducibility of this technique in our hands, given
suitable subjects, is illustrated in Figure 7.1. For
within-patient comparisons, this technique appears

satisfactory.

Monitoring Pulmonary and Systemic Arterial Pressure

directly

All pressures were recorded with 23Db Stratham transducers
placed at mid-chest height, and a multi- channel pen
recorder (Mingograph, Elema Siemens). Patients were studied
in the supine position, and at least 6 hours after the last
meal and 1last routine medication. Pulmonary arterial
pressures were measured by a size 7 Swan-Ganz flow-directed
thermodilution catheter inserted via an antecubital vein

into the pulmonary artery. Cardiac output was measured from
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3-5 sequential injections of 10 ml of chilled 0.15M saline
solution. Output was calculated from a model 9520A Ed wards
computer. Arterial pressures were measured via a radial
artery cannula and recorded by a Gould P23 iD transducer.

Mean pressures were obtained by electronic integration.

Radionuclide Ventriculogqraphy

Patients were injected with 1-3 mg of stannous
pyrophosphate, 15 minutes prior to injection with 550 MBqgq

of 9"-Technetium to label the patients’ own red blood cells.

Rest and exercise ejection fractions were assessed by
multiple uptake gated acquisition, triggered frém the R-
wave of a simultaneous ECG recording, and a multi- crystal
gamma camera. Images were acquired in the supine position,
with bicycle exercise also supine, starting at a 25 Watt

load and increasing by 25 Watts every 2 minutes.

Resting images were acquired over 600 cardiac cycles and

exercise images over 300 cardiac cycles.

AMBULATORY ELECTROCARDIOGRAPHIC MONITORING

Ambulatory electrocardiographs were recorded for 48 hours
using a Medilog I system (Oxford). Electrodes were placed
in the modified V1 or V5 positions and checked for
satisfactory impedance values before connection to the

recorder. Tapes were analyzed using a semi- automated
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playback system at 60 times normal speed, with expert
visual supervision and without knowledge of the patients’
cardiac or treatment status. The frequency of ventricular
extra-systoles and couplets were counted, while more
complex arrhythmias were printed for later consideration.
Ventricular salvoes were defined as 3 or more consecutive
beats at any rate and ventricular tachycardia as 3 or more

consecutive beats at more than 120 beats per minute.

THE MEASUREMENT OF RENAL FUNCTION

Several measures of renal function will be reported in this
thesis. At its most simple, serum urea and creatinine are
a useful reflection of renal function; monitoring these
proved a useful guide to the glomerular filtration rate in
this study. Serum urea and creatinine will reflect the
cumulative effects of several days of renal function, and
thereby may be markers of changes in renal function to a
variety of stimuli, eg, exercise, etc, which will not be
observed under the more controlled conditions outlined

below.

However, both compounds are incompletely filtered at the
glomerulus and both show variable reabsorption and
excretion in the renal tubule. That angiotensin converting
enzyme inhibitors can alter tubular function as well as
glomerular filtration seems certain, therefore more

detailed and precise methods of measuring renal function
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are warranted. However, measurement of glomerular
filtration rate by the other methods in this study reflect

renal status over relatively short periods of time.

Clearance of substances by the kidney with measurements in
blood and urine constitutes the second method of
measurement. We have measured renal clearance of digoxin as
well as sodium, potassium, magnesium, phosphate, urea and
creatinine. For the determination of the clearance of urea
and creatinine, 24 hour urine collections with paired sera,
from the beginning to the end of the collection period,
were used. In those studiesvusing digoxin and phosphate
clearance, 6 hour urine collections were made. This shorter
collection period allowed us to study patients with heart
failure before and after they received their required daily
treatment with diuretics. This is important as diuretics
such as frusemide necessarily affect renal tubular function
and are therefore 1likely to alter drugs which undergo
tubular excretion or reabsorption. Clearance was calculated
by calculating the mean serum level over the six hours from
timed samples at the start of the urine collection, at 3
hours and at 6 hours. Digoxin was always given at least 6
hours before starting urine collections to ensure that the
peak drug concentration occurred before sampling and that

a relatively simple decay curve was being observed.

Thirdly, single radio-isotope injection techniques were

used to measure glomerular filtration rate (40 MBg ™
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Technetium-DTPA or °'Cr-EDTA) and effective renal plasma
flow (1 MBq of chromatographically pure 'I- hippuran or
'B1-hippuran) .%% 6% The volumes used were 4 ml and were
accurately measured. Patients were kept on strict bed rest
for the period of study and were always given exactly the
same treatment apart from the drug under scrutiny (ie,
captopril, enalapril or frusemide), and were always studied
at the same time of day and with the same relationship to
meals. Six ml plasma samples were taken from the opposite
arm into lithium-heparin tubes at baseline (for a
background count) 20 minutes, 45 minutes, 2, 3, 4 and 6
hours after injection. Analysis of over 100 studies
revealed that the background, 45 minute and 2 and 4 hour
samples carried all the useful information and subsequently
analysis was performed using only these samples. Renal
blood flow was calculated from the following formula: renal
blood flow = effective renal plasma flow x 1- haematocrit.
As not all the blood flowing to the kidney passes through
a glomerulus (ie blood flow to the renal papillae) and
since ¥'I-hippuran is not 100% extracted in the glomerular
filtrate, measurement of renal blood flow may be
underestimated. Angiotensin converting enzyme inhibitors
may decrease the efficiency of renal hippuran extraction.
The measurements of renal blood flow that I have used may
have underestimated the increase in renal blood flow during

ACE inhibition to a proportionally greater extent.
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Renal vascular resistance was calculated as: 80 (mean

arterial pressure (mm Hg) x (renal blood flow (1l/min)).

The filtration fraction was taken as the ratio of the
glomerular filtration rate to the effective renal plasma

flow, as by convention.

Using data obtained from baseline and placebo phases of the
clinical trials we have performed, the standard error of
the estimate was 3 ml/minute for the glomerular filtration
rate and 32 ml/minute for effective renal plasma flow. The
difference 1in accuracy between the two measures may
reflect some inferiority in the techniques for measuring
plasma flow. However, physiological control of glomerular
filtration is tightly held while renal blood flow is much
more variable, which could also account for the observed

difference.

Tubular Function

Tubular function was assessed from the fractional excretion
of sodium, potassium and phosphate. For these studies,
patients were admitted to the ward and commenced on diet
with 100 mmol sodium, 40 mmol potassium and 2,500 ml fluid,
48 hours prior to the study. The amount of electrolyte
filtered at the glomerulus was calculated by multiplying
the creatinine clearance by the mean plasma concentration
of the electrolyte obtained from 3 samples over the 6-hour

study period. Urine volumes were measured over 6 hours and
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the urinary concentration of electrolytes calculated. The
fractional excretion of electrolyte was expressed as that‘
percentage of the electrolyte filtered at the glomerulus
that was actually found in the urine. Whereas sodium is
absorbed by a variety of mechanisms throughout the length
of the renal tubule, phosphate is largely reabsorbed in the
proximal tubule.®!'' Potassium may be reabsorbed at several
sites along the renal tubule but may be exchanged for
sodium in the distal tubule under the influence of

aldosterone. (See Chapter 2).

PLASMA VOLUMES

Plasma volumes were estimated by measuring plasma
radioactivity before and 10 minutes after the injection of
157-human serum albumin. Blood volume was calculated using
the haematocrit. It was assumed that the red cell mass was
constant over periods of less than 3 days, allowing short

term serial follow up of plasma volume.

THE ANALYSIS OF WHOLE BODY COMPOSITION

The Measurement of Total Body Potassium

Total body potassium was derived from endogenous “° K using
a sodium iodide detector with both the patient and detector
shielded by 10 cm of lead. The patient passed the detector
at a uniform speed on a motorised couch, first supine, then

prone in the reverse direction. The estimated coefficient
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of variation is +3.9% for a subject with 3,600 mmol of
potassium.®? This method has been validated using phantoms
containing a known quantity of potassium (“°K) in solution

by Lye et al, who found a similar level of accuracy.®”

Total Body in-vivo Neutron Activation Analysis

Total body sodium, chlorine, calcium, phosphorus, nitrogen
and oxygen were measured simultaneously by total bodyv
in-vivo neutron activation analysis using two sealed tube
14 MeV generators.%% %7 subjects lay on a motorised couch
which passed between the neutron tubes at a constant speed
of 52 mm/second and received a simultaneous bilateral
scanning irradiation. The radiation dose received was one

REM (10 MsV) at the body surface.

Induced radioactivity was then measured in a high
sensitivity shadow shielded whole body counter using 2
large sodium iodide detectors by repeated counting scans
for up to 30 minutes after irradiation. The following
reactions were examined and from calculation of the induced
radioactivity the total amount of each element shown was

calculated.
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Table 7.4

Element Reaction t/2 %$8.D."
(minutes)
Sodium BNa-%Na 901.80 2.9
Chlorine 37c1-38c1 37.18 4.0
calcium “8ca-4ca 8.72 3.5
Phosphorus 3ip 283 2.24 2.1
Nitrogen N -8y | 9.97 2.2
oxygen 6N -TéN 0.12 2.9

*Derived from variance in repeated measurements on phantoms

of known consistency.6%':6"

This technique has been extensively validated against
"phantoms" of varying size with known chemical composition
and shown to be highly accurate and reproducible.
Measurements have aléo been made in animals which were
subsequently cremated and then analyzed for Dbody
composition. These have also substantiated the validity of
the technique. Limited data are available on repro-

ducibility in man due to the relatively high radiation
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exposure required for repeat studies. Patients with heart
failure have a poor prognosis, therefore repeat studies

were ethically permissible.

Total body sodium is made of 2 main components. A‘"rapidly
exchangeable" component is present 1largely in the
extracellular space though intracellular sodium may
increase in heart failure. A second, "slowly exchangeable"
component, comprising about 25% of all sodium, is present

largely in bone.®"

Chloride is mostly present in the extracellular space and

22 motal body chlorine

is almost entirely exchangeable.6
correlates well with bromide space and extracellular fluid
volume may be calculated by dividing total body chlorine by
serum chloride concentration with a 10% reduction to allow

for intracellular chloride.

Calcium and phosphorus are largely present in bone and show
little change except over long periods of time. However,
they form a useful standard for studies performed weeks

apart.
Nitrogen is an index of protein mass: muscle, collagen and

the viscera being the major sites of this element.

Therefore, nitrogen is a useful index of lean body mass.
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Most of the element oxygen 1is present as water. This

measurement is an index of total body water.

Values are expressed in millimole for sodium, potassium and
chlorine, in grams for calcium, phosphorus and nitrogen,
and kilograms for oxygen. Results for whole body elements
were also compared with and expressed as a percentage of
predicted values for healthy subjects matched for height,
weight, age and sex. The normal values for total bddy
potassium were predicted from those obtained by Boddy et
al.%? potassium was also expressed as mmol/g of nitrogen,

as suggested by Burkinshaw and Morgan.%®

Normal values for sodium and calcium were derived from
measurements by Ellis et al.®?® Equations for the prediction
of chlorine were based on measurements of extracellular
fluid space using radioactive bromine. "Dry" weight was
estimated in the heart failure group by correcting their
extracellular fluid weight to that of controls. Predicted
values for total body nitrogen were derived from the

formula N (g) = 322 x height3 + 81.6%

Phosphorus and oxygen have not been measured in normal
subjects. No correction is possible for oxygen. However,
phosphorus and calcium are closely related so this ratio

may be used to "normalise" phosphorus measurements.
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TESTING THE AUTONOMIC NERVOUS SYSTEM

A) Parasympathetic Function
1) The Valsalva Ratio

In normal subjects, during the strain period of the
Valsalva manoeuvre, the blood pressure drops and the heart
rate rises. After the release, the blood pressure rises,
overshooting its resting value as the heart slows. The
heart rate changes can be abolished by atropine but are
unaffected by popranolol, suggesting that the responses are
mediated via the parasympathetic nervous system.®® 1In

patients with autonomic damage, heart rate changes little.%®

For the present experiments, the patient was asked to blow
into a modified mercury sphygmomanometer for 15 seconds
while maintaining a pressure of 40 mm Hg. The heart rate
response was measured by continuously monitoring the
electrocardiogram. The result was expressed as a ratio of
the longest R-R interval after the manoeuvre to the
shortest R-~R interval during the manoeuvre. A mean from

three tests was used.

2) The R~-R Interval during deep breathing

Heart rate varies continually in normal subjects. This
"high frequency" variation is abolished by atropine but
uninfluenced by popranolol.%® patients were requested to
breathe in and out deeply at 5 second intervals while

continuously recording the electrocardiogram for one
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minute.®! The mean change in heart rate over 6 cycles, from
the largest R-R interval (expiration) to the shortest

(inspiration) was calculated.

3) The immediate Heart Rate Response to Standing

On standing upright, an immediate rapid increase in heart
rate occurs which is maximal around the 15th beat and then
a relative overshoot bradycardia occurs, maximal about 30th
beat.®®? This is also mediated by the wvagus nerve.“? The
longest R-R interval around the 30th beat was expressed as

a ratio of the shortest R-R interval around the 15th beat.

B) Sympathetic Function

1) Posture

On standing, pooling of blood in the legs causes a fall in
blood pressure which is normally rapidly corrected by
peripheral vasoconstriction. This is dependent upon many
mechanisms and appears to involve important sympathetic
reflexes. The blood pressure and heart rate were recorded
after 15 minutes rest in the supine position and after 2
minutes standing. In addition, <changes in plasma

noradrenaline were measured.

2) Exercise Testing refs 628,630
Exercise 1is associated with an increase in heart rate,
cardiac output and arterial blood pressure, associated with

a reduction in systemic vascular resistance. The
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tachycardia associated with exercise can be markedly
reduced with a beta-blocker. Circulating catecholamines
rise during exercise. The blood pressure and heart rate
response during dynamic exercise therefore appeared at
least partially mediated through the sympathetic nervous
system, though the initial increase in heart rate during

exercise is mediated through parasympathetic withdrawal.

Exercise capacity was determined using a modified Bruce
protocol with 3 minute stages. Blood pressure and heart
rate were compared at the last fully completed stage of the
shortest exercise test for intra-subject comparisons at

different time points.

BIOCHEMISTRY

The Timing and Method of Sampling

All samples were withdrawn from forearm veins, apart from
one study when samples for catecholamines, renin and
angiotensin II were withdrawn from an in-dwelling arterial

cannula.

For most studies a rigid standardisation of the timing and

circumstances of sampling was adopted.

Unless otherwise stated, venous blood was drawn between 8

am and 9 am from an in-dwelling cannula, the patient having
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fasted, apart from water, and remained supine overnight.
All drugs, including investigational drugs, were withheld

~until samples had been taken.

Sampling times and circumstances varied in individual
studies but in each case rigid criteria were set and
adhered to so that comparisons could be made both between

and within individual patients or volunteers.

Electrolytes, Urea and Creatinine

These were measured on a multi-channel analyzer, using an

ion-selective electrode.

Digoxin

Serum digoxin was measured using a fluorescent polarisation
immunoassay. Urine digoxin was measured by diluting urine
with "blank" (non-digoxin containing) serum. This assay is
specific for digoxin and its metabolites digoxigenin and

mono-and bis-digitoxside.%*

Urinary digoxin clearance was calculated from the urinary
digoxin concentration multiplied by the volume passed over
6 hours. The mean serum digoxin over the sampling period
was calculated from the mean of three plasma samples. All
studies were commencai 6 hours after the last dose of
digoxin. The fractional excretion of digoxin was calculated
from the amount excreted in the urine divided by the amount

filtered at the glomerulus (mean serum digoxin

99



concentration multiplied by the creatinine clearance).

SPECIAL BIOCHEMISTRY

Plasma Active Renin Concentration refs: 635-637

(Normal range for the laboratory 10-50 U/ml)

The assay was based on an antibody-trapping method. Blood
samples (5 ml) were collected into chilled containers
containing EDTA as anticoagulant. Centrifugation and
separation of plasma was completed within 1 hour. Plasma

was stored at =20 °C until assayed.

Tubes for incubation contained 35 Ul of plasma, ox renin
substrate (40 Ul), buffer "3" (10 Ul), and angiotensin I
antiserum at appropriate dilution (5 Ul). The 1last 3
constituents were pre-mixed in the ratio 8:2:1 and 55 Ul of
the mixture was added to each tube. Tubes were incubated at
37°C for 30 minutes. This period of incubation usually
generated sufficient angiotensin I to read against the
sensitive portion of the standard curve. Unusually low and
high renin samples were incubated for 1longer, or in
dilution. The renin reaction was terminated by addition of
buffer "1" (1.4 ml at 4 ° C), followed by angiotensin I'?(50
Ul;20 pg). For radio-immunoassay of angiotensin I, the
tubes were then incubated at 4 °C for a further 48 hours.
Free and antibody-bound radioactivity were separated using
Dextran-coated charcoal (150 Ul), and the pellet was
counted in a spectrometer. Plasma renin concentration was

derived from the reaction velocity (ng/ml/hour) by
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interpolation of a calibration curve, prepared with varying
concentrations of the 1International Standard Renin

contained in buffer "2" (35 Ul).

Angiotensin II refs: 638-640

(Normal range for the laboratory 5-35 pmol/1l)

Twenty mls of blood were taken directly into tubes con-
taining an inhibitor solution to prevent generation of
angiotensin II from angiotensin I and to prevent the
degradation of angiotensin II to the octapeptide and
smaller peptide fragments. The inhibitor solution contained
0.125 M EDTA and 0.025 M o- phenanthroline in distilled and
freshly boiled water, containing 0.2% neomycin sulphate.
Angiotensin in the supernatant was absorbed onto Dowex-H' in
a batch extraction and subsequently eluted with ammonia.
The eluate was dried at 37 °C under an air stream: half of

the residue was used for the anti-serum incubation.

Antibodies against Asn'-Val’-angiotensin II were raised in
rabbits using a minor modification of a method described by

Goodfriend et al.®?

Incubation was carried out in 0.5 ml Tris buffer at 4 °C for
2 days. The concentrations of anti-serum and of label ('®I-
Asn’-Va15-angiotensin IT) were varied depending upon the
assay range. Twenty picograms/ml of label and a 1:16,000

dilution of anti-serum were usually used.
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The recovery of angiotensin II from blood was 83% + 11%
(SD) . The within assay coefficient of variation was 8.9%

and the between assay coefficient of variation 12.3%.

During inhibition of the converting enzyme, angiotensin I
levels rise, although the angiotensin II and antiserum used
in our analysis has a low cross-reaction (less than 1%)
with angiotensin I. With the low levels of angiotensin II
and high levels of angiotensin I under these circumstances
falsely high values for angiotensin II may be obtained.

Accordingly, a correction factor was introduced.%?

Aldosterone ref: 641

(Normal range for the laboratory 150-500 nmol/1l)

Aldosterone was measured by radio-immunoassay. Neutral
extracts of 2 ml of plasma, containing 25,000 cpm of 3H-
labelled aldosterone (50 Ci/mmol) were chromatographed on
a Bouche B5 type chromatography system. The aldosterone
region was located by means of isotope scanning equipment
and was diluted drop wise with methanol (5 ml). Portions of
the eluate were assayed for 3H recovery, and by using this
information duplicate samples containing 5,000 cpm of 3H
were removed for radio-immunoassay. Ethylene glycol (5%

V/V;.1l ml) was added to the samples and standards at this

point.

The samples, together with standards ranging from 0 -

200pcg of aldosterone, each containing 5,000 cpm of 3H-

102



labelled aldosterone, were evaporated to dryness at 30°C in
a vacuum oven. The residues were then dissolved in
anti-serum solution (0.5 ml1;1:500,000 in 0.05 mmol/litre of
borate buffer, Ph 7.5, containing 2% (V/V) methanol and
0.5% (W/V) bovine gamma globulin), and incubated at room
temperature for one hour, and then at 4°C for at least one
hour. Free steroid was absorbed by means of a'
Dextran-coated charcoal solution. After centrifugation at
4°c, 0.5 ml of the supernatant was assayed for 3H content by

accumulating 10,000 counts.

Anti-diuretic Hormone refs: 644,645

(Normal range for the laboratory: 0.3-0.7 pg/ml)

Blood samples for anti-diuretic hormone measurement were
stored in iced water until centrifuged at 4°C when the
plasma was separated and stored at -20°C. In view of the
observations that ADH binds to platelets,%* care was taken
not to remove the plasma immediately above the red cells.
. Anti-diuretic hormone was extracted from plasma using
pre-packed C,; reverse phase cartridges (SEP-PAK, Waters
Associates, Milford, Massachusetts, USA). Cartridges were
initially washed with methanol (5 ml), followed by
distilled water (5 ml). Three to five ml of plasma was
applied to the cartridge under gentle vacuum, followed by
washing with 15% acetic acid (5 ml). Anti-diuretic hormone
was eluted from the column by washing with methanol (2 ml).
The methanol extracts were dried under a stream of air and

the dried extracts dissolved in 50 mmol/litre Tris with a
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pPH of 7.4 for assay.

A sensitive‘and specific anti-diuretic hormone anti- serum
(72/IV) was used.®® This anti-serum was raised in New
Zealand white rabbits by immunisation with anti- diuretic
hormone conjugated to bovine thyroglobulin.®® standard ADH
(0 - 4 pcg) or unknown extract was incubated with ADH
anti-serum at a final dilution of 1:75,000 and 'I- ADH (0.5
pcg, New England Nuclear, Dreich, West Germany) for 48
hours at 5°C. Bound and free anti-diuretic hormone were

separated using Dextran- coated charcoal.

The within-assay coefficient of variation was 6.1% and the

between assay coefficient of variation was 10.8%.

Catecholamines refs: 647,648

(Normal range (resting) for the laboratory: 0.8-1.2 nmol/1l)
Blood samples were taken into chilled tubes, and kept at
4°Cc, immediately centrifuged, deproteinated by adding 1
molar perchloric acid in a ratio of 1:4 and plasma stored
at -20°C for analysis. Samples were measured by the
radio-enzymatic method of Da Prada and Zurcher.®’ Briefly,
the catecholamines are converted into their 3- methoxy
derivatives in the presence of crude catechol-O- methyl
transferase and S-adenosyl-L (methyl®H) methionine. The
following modifications were included:

1) Ethylene glycol bis-amino ethyl ether tetracetate (3

mmol/litre) was added to the plasma samples.
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2) Tris (1 mol/litre), magnesium chloride (75 mmol/litre),
benzyloxamine (a dopa-D-carboxylase inhibitor, 0.5
mmol/litre), 20 Ul of catechol-O-methyl-transferase
solution and 3.6 UCi of S-adenosyl-L-(methyl-’H) methionine
(5-15 Ci/mmol; Amersham, Bucks). The total incubation
volume was 150 Ul, and pH 8.43.

3) The 3 methoxy derivatives were extracted into 1 ml of
ether, in the presence of tetra-phenylboron and back
extracted into 50 Ul of hydrochloric acid (0.1 mmol/l).
This was applied directly to thin layer chromatography.
Noradrenaline and adrenaline derivatives were extracted
into 1 mmol of ammonium hydroxide (0.05 mol/l) and
converted into vanillin by the addition of 50 Ulof 4% (W/V)
sodium periodate. After 5 minutes, 1 ml of acetic acid (0.1
mmol/l) was added, and the vanillin extracted into toluene
containing 0.6% 5-(bi-phenyl-4-yl)-2-(4-butylphenyl)
-L-oxa-3,4,diazole. The limit of detection calculated as
twice the blank value was 0.1 nmol/l for noradrenaline and
adrenaline. The inter-assay coefficient of variation for

noradrenaline was 8.6, and adrenaline 11.2%.

As mentioned above, venous sampling was generally employed
which does appear to reflect overall sympathetic
activity.®®¢? However, some observers suggest that a large
contribution to the measured level of catecholamines may
derive from the capillary bed which is subserved by the
vein used for sampling. In one study, where changes in

catecholamine levels were being sought over a short period,
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arterial sampling was used by preference to overcome this

possible criticism.

Atrial Natriuretic Peptide refs: 651-651

(Normal range for the laboratory: undetectable-80 pg/ml)

Blood was collected in chilled plastic tubes containing
EDTA as an anticoagulant and sufficient Trasylol to give a
final concentration of 50 kIU/ml. Each sample was
transported on ice and centrifuged at 1000g for 10 minutes
at 4°C. Atrial natriuretic peptide was extracted from 1-3 ml
of plasma on Cl18 reverse phase columns (Sep-pak, Waters
Associates). Sep-paks were pre-activated with 5 ml of
methanol and washed with 5 ml of distilled water before
application of acidified plasma (0.25 ml 2N hydrochloric
acid/ml plasma). The cartridges were then washed three
times with 5 ml 0.1% vol/vol trifluoroacetic acid, and the
absorbed peptide was eluted with 2 ml 60% acetonitrile/0.1%
wt/vol into plastic tubes. The extracts were dried down
under compressed air and reconstituted in 0. 5 ml buffer
(100 mM sodium phosphate, pH 7.4 Triton X-100, and 50 kMU
Trasylol/ml). Antibodies to human atrial natriuretic
peptide were raised in New Zealand white rabbits. The
antibody used for the radio-immunoassay gave 50% binding of
2 g 125I-human atrial natriuretic peptide (Amersham
International) at a dilution of 1/ 33,000. Cross reaction
of the antibody with a variety of synthetic atrial
natriuretic peptide sequences (5-28 human atrial

natriuretic peptide, 7-28 human atrial natriuretic peptide,
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atriopeptins I, II and II, and rat atrial natriuretic
peptide) was greater than 90%. No significant-cross
reactions with cardiodilatin, bradykinin, arginine
vasopressin, angiotensins I or II or adrenocorticotrophic
hormone were seen. For the assay set up in duplicate, 100
Ul antibody at a dilution of 1/10,000, and 2 pg labelled
human atrial natriuretic peptide‘ in 50 Ul buffer were
incubated at 4 oC for 24 hours. Free and bound ligands were
separated by adding 1 ml charcoal-coated dextran. The
mixture was immediately centrifuged for 10 minutes (1000 g
at 4 oC) and the free label counted. Non-specific binding
of human atrial natriuretic peptide, estimated by adding
excess synthetic human atrial natriuretic peptide (5
ng/tube) was consistently 3-4% both in standard solutions
and in reconstituted plasma extracts; hence, no correction

for binding was required.

Radio-labelled synthetic alpha human atrial natriuretic
peptide (20 pg) added to 3 ml plasma before extraction was
recovered at a mean rate of 91 +6%. Recovery rates of cold
synthetic human atrial natriuretic peptide added to 3 ml of
plasma at concentrations of 100 pg/ml and 500 pg/ml were 86
+9% and 91 +8% respectively. Inter-assay and intra-assay

coefficients of variation were 7.8% and 7.5% respectively.
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CHAPTER 8: THE METABOLIC CONSEQUENCES OF HEART FAILURE AND

THE INFLUENCE OF NEUROENDOCRINE ACTIVATION

INTRODUCTION

After many years of debate, there is still controversy
about the prevalence, extent, and relevance of potassium
depletion in patients treated with diuretics for heart
failure.®?%7 while some investigators have documented
reduced body potassium levels in such patients, this has
been attributed to lack of good con trol data or to muscle
wasting as a manifestation of "cardiac cachexia".%? Some of
the difficulties may have arisen due to the absence of a
definitive diagnosis of heart failure which the advent of
modern diagnostic techniques, in particular echocardi-
ography, has largely resolved. Also, the measurement of
total exchangeable potassium requires a prolonged
equilibration time after the administration of radioactive
tracers which can introduce inaccuracies.®%:%8 Measurement
of total body potassium using the endogenous 40K isotope
avoids this difficulty. Other problems are presented in
defining adequate control groups for comparison. Body
elemental composition is highly dependent on body mass,
adiposity, age, and sex.%’ Control groups have rarely been
adequately matched with patients in heart failure, nor have

the appropriate corrections usually been made.

Patients with severe heart failure have a poor prognosis,

the one year survival for a patient with New York Heart
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Association Class III heart failure being approximately
50%.60:66! Tnterest in potassium depletion in heart failure
has renewed since the obser vation that potassium depletion
can be corrected, arrhythmias reduced, and possibly
prognosis improved with the use of angiotensin-converting

enzyme inhibitors.862:663

The technique of in-vivo total body neutron activation
analysis performed on the same day also has allowed us to
measure total body sodium, chlorine, phosphorus, calciun,
and nitrogen. Nitrogen is an index of protein mass,%*
muscle, collagen, and the viscera being the major sites of
this element.®> Measurement of body nitrogen allows a
correction for leanness. The element oxygen is mainly

present in the body as water and is therefore an index of

this constituent.

In-vivo neutron activation analysis requires a fairly large
dose of radiation and is not permitted in normal subjects.
However, endogenous 40K measurements followed by activation
analysis to assess body composition have been employed in
untreated patients with essential hypertension,®¢ and do not
differ from normal values. In addition, we have measured
total body potassium in a large series of normal subjects
and found no difference from the mean value in untreated
essential hypertensives matched for age and sex.%7:%8 ye

have therefore compared patients treated for heart failure

with diuretics and digoxin to patients with untreated
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essential hypertension and to normal subjects matched for

height, weight, age and sex.

PATIENTS

Forty patients referred to the cardiac department for
further investigation and treatment of heart failure were
compared with 20 subjects without evidence of cardiac or
other pathology, and 20 patients with untreated essential
hypertension. Heart failure was confirmed by measurement of
a raised left ventricular end-diastolic pressure (>16 mm
Hg) and poor stroke volume on left ventricular
cine-angiography, and a fractional shortening on M mode
echocardiography of less than 20% (14+3%;mean +SEM) with
end-diastolic dimension greater than 6 cm (6.4+0.2 cm). The
aetiology of cardiac failure was ischaemic heart disease in
20, idiopathic (dilated) cardiomyopathy in 17, and severe
residual left ventricular function after successful valve
replacement in 3 (2 aortic, one mitral and aortic). Nine
were in early NYHA Class IV heart failure but did not
suffer undue orthopnoea, 18 in NYHA Class III and 13 in
NYHA Class II. All patients had received at least 80 mg/day
frusemide (mean 147413 mg/day) for more than 3 months (mean
duration 11+5 months). In addition to frusemide, 5 were
taking bendrofluazide 5-10 mg/day. Twelve subjects were
taking potassium chloride in a mean daily dose of 2.1+0.1q,

but none was receiving potassium-sparing diuretics.

All the hypertensive group were asymptomatic and also
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without clinical, biochemical or radiological features of
heart failure, aortic coarctation, Cushing’s syndrome,
primary hyperaldosteronism, renal disease or
phaeochromocytoma. Any previous treatment had been

withdrawn at least 4 weeks before measurements were made.

METHODS
In each subject nude weight and height were measured. Blood

pressure was recorded with the patient supine.

Total body potassium, sodium, chlorine, oxygen, nitrogen,
calcium and phosphorus were measured in the hypertensive
subjects. Elements other than potassium alone were not
measured in normal subjects due to the ethical issues noted
above. Blood was drawn from patients who were fasting and
supine overnight at 9 am, and again at 4 pm, after 30
minutes supine after usual therapy; sodium, potassium,
chloride, urea, creatinine and phosphate were measured and
results expressed as the mean of the two wvalues. 1In
addition, plasma concentrations of active renin,
angiotensin II and aldosterone were determined from the 9

am sample, using methods previously determined.

STATISTICAL METHODS

Between-group analysis was made using students t-test or
the Wilcoxon rank sum test for non-parametrically
distributed variables. Results of body elemental

composition for patients with heart failure and
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hypertension were expressed as the ratio of calculated to
predicted normal, 100% representing no difference between
calculated and predicted values. Values are expressed as
mean +standard error of the mean for normally distributed
data, or mean, median and range where the data is not
normally distributed. A single parameter t-test was used to
test for systematic deviation from predicted normal values.
Significance was taken at the 5% level. Correlations were
performed using the method of least squares for variables
with bivariate normal distribution and Spearman’s rank

correlation for non-parametrically distributed data.

RESULTS

Anthropomorphic Measurements (Table 8.1)

The normal subjects and patients with hypertension and
heart failure were similar in respect to height, weight,
age and sex. Sub-groups of heart failure patients with
normal and elevated renin were similar, and each did not
differ from the normal or hypertensive group. The
similarity in weight persisted even when the heart failure
group’s weight was corrected for their higher extracellular

fluid volume (Table 8.2).

Blood Pressure
Though the blood pressure in the hypertensive group was not
greatly elevated (170+3/105+3 mm Hg), mean blood pressure

was significantly greater than in those with heart failure
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Table 8.1 Comparison of total body potassium in normal subjects and in patients with hypertension and heart failure -

Normal (16 M{