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Chapter 1

Neurohormones in chronic heart failure,

State of activation and changes due to pharmacological freatment.

M. van der Ent.






Introduction

Heart failure is a clinical syndrome, which develops as a result of impaired function of
the heart, The response of the body to impaired cardiac function includes cardiac and extra
cardiac factors, like cardiac remodeling, structural and functional changes in peripheral
skeletal muscle and neurohumoral activation, The latter involves increased levels of
catecholamines, activation of the renin-angiotensin system, release of ANP, aldosterone and
vasopressin and plays a central role in regulating constriction of the peripheral circulation and
causes structural and functional changes in the vascular wall, modulation of water and salt
retention and sympathetic tone, thus influencing hemodynamic changes. The activated
neurohormones have both vasodilating and vasoconstrictive action and growth modulating
and promoting actions,

Neurohumoral activation is associated with increased mortality ', and with the severity
of heart failure %, in particular with clinical parameters like elevated jugular venous pressure,
third heart sound and NYHA functional class. The latter symptoms are related to the
hemodynamic condition of the heart fatlure patients. Therefore, careful management of
hemodynamic paramelers is important in improving myocardial function and relieving
syraptoms > and may be helpful in controlled reduction of neurohumoral activation.

Circulating neurchormone levels have a widespread biological variation. Although
changes in hemodynamic parameters may be the result or the cause of changes in circulating
neurohumoral levels, there is mostly a poor mathematical correfation *, The coexistence of
hemodynamic changes and neurchumoral activation suggests that additional compensatory
mechanisms may be present °.

In these days, in the western world, data from vntreated heart failure patients are hard
to obtain, since treatment is usually started early and sometimes already at an asymptomatic
phase. This carly start of treatment is based on data from long-term follow-up in the V-HeFT |
and 1I, CONSENSUS, SAVE, SOLVD ireatment and prevention trial and the AIRE study 6. 7.
8.9, 10. 11 12_giydies on untreated patients were predominantly done before the publication of
these reports. Bayliss et al. observed that in a small group of 12 unfreated patients
norepinephrine levels were increased, whereas renin and aldosterone levels increased only

after start of diuretic treatment, when norepinephrine levels fell to normal values . In another



study 60 untreated heart failure patients were compared to a control group of healthy
individuals. Increased levels of norepinephrine, epinephrine, aldosterone and ANP were
found, whereas the renin-angiotensin system was not activated %, Anand et al. reported a wide
variability in renin levels, with on average a substantial increase in renin levels in untreated
heart failure in addition to the previously described increase in neurohormones .,

In addition to the activated neurohormones with both vasoconstrictive and vasodilating
action, other vasoactive compounds are activated in heart failure, Plasma endothelin, which is
a potent vasoconstrictor and growth stimulating factor, has increased levels in more severe
heart failure '°. In addition, severa! studies have indicated that insufficient generation of NO
by the endothelium may be involved in the impaired vasodilation in heart faiture as well '™ 18,

Natriuretic peptides (B and C-type) and prostaglandins, have vasodilating actions, whereas the

B-type natriuretic peptide and prostaglandins are elevated in heart failure.

Neurohormones and function in heart failure,

Catecholamines.
Sympathetic activation is an important feature of heart failure. Several studies have

19, 20, 2], event

suggested that this might be associated with increased norepinephrine levels
when no overt heart failure is present. Norepinephrine has a predominant effect on f-
receptors. Increased norepinephrine levels in heart failure are caused by increased
norepinephrine spillover and decreased uptake. Norepinephrine is an important, but rather
insensitive marker of mortality * », Patients dying from progressive myocardial pump
function failure have shown to have rapid progressively increasing norepinephrine levels **,

The increase in circulating norepinephrine levels is not only related to the severity of
heart failure, but to other factors as well like age and deconditioning **. Cardiac
norepinephrine release is increased in heart failure and relates with the severity of LV
dysfunction %, ‘

Increased epinephrine levels in heart failure are caused by increased adrenomedullary
activity >’. Epinephrine has vasoconstrictive action through c-receptor activation and has

positive chronotropic and inotropic effects in the heart through activation of By-receptors.

Vasodilation through activation of Bs-receptors is present as well.



Dopamine is & biosynthetic precursor of norepinephrine and has both direct positive
effects on myocardial contractility and indirect effects through enhanced release of
norepinephrine ** **** Dopamine levels may be elevated in heart failure, predominantly in the
acute phase °!, Apart from the effects on B and o-receptors, dopamine activates two different
specific dopamine receptors. Activation of DA, receptors, located postsynaptically, leads to
vasodilation in renal, mesenteric, coronary and cerebral blood vessels, whereas activation of
DA;-receptors, which are located presynaptically, diminish norepinephrine release at the
sympathetic nerve endings, resulting in a reduction of vascular resistance and sympathetic
drive > 33 3% Activation of the latter receptor also leads to an inhibition of angiotensin II-
induced aldosterone secretion.

In contrast fo circulating levels, tissue norepinephrine, epinephrine and dopamine

levels are decreased in both idiopathic dilated and ischemic cardiomyopathy *°,

Renin-angiotensin system
In congestive heart failure the renin-angiotensin system is activated. Additional

elevation of renin levels occurs during diuretic treatment '* and enhanced sympathetic activity
through stimulation of B receptors. Activation of og-receptors inhibits renin secretion.
Angiotensin IT is elevated as part of the renin-angiotensin system. It consequently increases
vasopressin levels and aldosterone and norepinephrine release %, The positive effect of
angiotensin IT on contractility of the heart is a direct effect, since this effect is preserved in the
denervated heart *’, and also in the presence of B-receptor blockade 3 However, an in vitro
study by Holubarsch et al. suggested that angiotensin Il receptors may be located in the atria
only and not in the cardiac ventricles **. A significant loss of angiotensin II receptors occurs
in end stage heart failure 4% tn addition, animal studies have indicated that angiotensin II may
influence cardiac function as well by facilitating stimulation-evoked release of norepinephrine
4. 42 gystemic vasoconstriction by angiotensin II is caused either by a direct effect on
angiotensin receptors on the smooth muscle cell or indirectly through releasing endothelin

from the endothelium cells **.

Aldosterone
Increased angiotensin II levels mediate aldosterone secretion from the adrenal cortex.

Other factors  influencing aldosterone release include endothelins, vasopressin,
5



catecholamines and prostaglandins **, Increased aldosterone levels cause sodium retention,
hypokalemia and hypomagnesiemia, vasoconstriction, baroreflex depression, reduced cardiac
norepinephrine uptake, arrhythmia and induction of cardiac fibrosis **. Activation of the
renin-angiotensin system and consequently aldosterone therefore causes vasoconstriction and

sodium retention, none of which is beneficial in heart failure.

Vasopressin
Arginine vasopressin is secreted by the posterior pituitary gland and is an antidiuretic

hormone, which is elevated in heart failure '°. Vasopressin is involved in regulation of
circulating volume and osmolality and has a suppressive effect on renin release by renal
juxtagiomerulary cells. fts secretion is stimulated by (-adrenergic activation and angiotensin
II. Vasopressin has direct vasoconstrictive effects and indirect attenuating effects on the

1 %, Through activation of specific vasopressin

147

sympathetic nervous system in an animal mode
(V) receptors, vasopressin has some vasodilating action as well *". Overall, vasoconstrictive

action prevails,

Atrial natriuretic peptide

ANP levels are elevated in heart failure '°, and relate to intracardiac pressures *& *%50,
There are indications that the consequent increased wall stress may be the most important
determinator in cardiac ANP release *'. An increase in ANP levels has direct vasodilating and
natriuretic effects, may directly prevent activation of the renin-angiotensin system >> ** and
consequently or directly reduces catecholamine release ** ** %% %7 Other natriuretic peptides,
BNP and CNP, have similar effects like ANP. CNP however acts through a different
guanylate-cyciase receptor then ANP and BNP. CNP levels are not elevated in heart failure,
which is in contrast to ANP and BNP %,

An overview of all previous described effects is given in table 1,



Table 1

Effects of pharmacotherapy on neurohormones, myocardial function and mortality in chronic heart failure.

Neurohormones Myocardial function
Renin- . . .
Catecholamines  angiotensin ANP Exercise Ly ejection Mortality
tolerance fraction

system
ACE-inhibitors N P \ T - &
Diuretics dand ™ T - - - 2
Vasodilators - T i - T AR
Digoxine 4 + - - = =
B-blockers Lors + 4 0 0 N3
Calcium =or T o~ - - = =or T
antagonists
PDE-inhibitors = = = 1 - T
Dopaminergic 2 2
avents Ll and 19 Il and 12 d 1 T T

ACE = angiotensin converting enzyme, PDE = phosphodiesterase , ANP = atrial natriuretic peptide, T =
increase, ¥ = decrease, ~=no change, - = no known data.

 angiotensin II decreases, renin activity increases.

? both changes have been described.

¥ there are no data available on diuretic monotherapy in heart failure

# only in combination therapy



Drug treatment

ACE-inhibitors
ACE inhibitors act through direct neurohumoral modulation. Inhibition of the

angiotensin converting enzyme prevents the conversion of angiotensin I in angiotensin I, thus
reducing angiotensin I} levels. This consequently diminishes activation of angiotensin
receptors by angiotensin 1l and directly potentiates bradykinin effects by a reduction of
bradykinin degradation ** %, Bradykinin is a potent endothelium dependent vasodilator '
The effects of ACE inhibition on adrenergic activation may be secondary to the modulation of
the renin-angiotensin system ®. Data from the CONSENSUS trial indicate that, after
treatment with epalapril, there is no longer a positive association between baseline
norepinephrine, epinephrine, angiotensin I, aldosterone and ANP levels and increased
mortality ®, while such relations persist in the placebo group.

ACE inhibitors have beneficial effects on neurohumoral activation shortly after
myocardial infarction. During a 5 day period, administration of ramipril started shortly after
myocardial infarction, reduced elevated norepinephrine, epinephrine and vasopressin tevels ',
while long-term treatment with ACE inhibitors decreases circulating norepinephrine levels .,
However, initial reducing effects on aldosterone and norepinephrine release will become lfess
pronounced * During long-term treatment with ACE inhibitors, normalization of angiotensin
II levels are observed, probably through increased renin levels, which may require adaptation
of the dose regime for proper treatment ®. Furthermore, induction of angiotensin 11 formation
by cardiac chymases may bypass converting enzyme inhibition %, Therefore, monotherapy by

ACE inhibitors alone may not be sufficient in overt heart failure.

Divretics
Treatment with diuretics has beneficial effects on body fluid compartments, but has no

attenuating effect on elevated renin and norepinephrine levels in heart failure ®, Long-term
treatment with furosemide monotherapy in heart failure decreases norepinephrine levels and
increases plasma renin and ANP levels . The effect on plasma renin levels probably is a

result of sodium depletion. The observed reduced effects of sympathetic stimulation on
8



activation of vasoconstrictor neurohormoenes during treatment with diuretics may be
secondary to the increased renin activity " An increase in renin, angiotensin II, aldosterone
and vasopressin levels have been observed after diuretic treatment was started in heart failure
B In contrast, both reduction and increase in norepinephrine levels following diuretic
treatment have been described ' ™, Spironolactone, a potassium sparing diuretic, antagonizes
aldosterone at receptor level.

Neurchumoral changes, secondary fo diuretic treatment alone may not be beneficial in
heart failure at large, however combination therapy with ACE inhibition will enhance

beneficial effects .

Vasodilators
Pure vasodilators like hydralazine have no direct effect on neurohumoral activation,

but secondary effects have been reported. Nitroglycerin, which causes predominantly
venodilation, increases renin and aldosterone levels and decreases ANP, Flosequinan, a
quinolone-derivate, which is a direct-acting balanced type arteriovenadilator, decreases ANP
fevels ™ ™, Clinically, combined vasodilation by hydralazine and nitroglycerine have shown
relieve of heart failure symptoms and reduced mortality in the V-HeFT trials and may be used

as an alternative to ACE-inhibition when the latter is contraindicated or not tolerated ™.

Digoxin
A recently performed large trial in patients with chronic heart failure treated with

diuretics and angiotensin converting enzyme inhibitors showed that additional leng-term
therapy with digoxin did not reduce overall mortality, but reduced the rate of hospitalization
both overall and for worsening of heart failure ", In several placebo controlled trials digoxin

.78 probably through direct sympatho-

increases LV ejection fraction and exercise tolerance
inhibitory effects ™ ¥, Several studies indicate a sustained decrease in norepinephrine after
chronic treatment with digoxin ¥ %, Also a decrease in renin levels by digoxin has been
reported 7', Aldosterone levels are decreased by digoxin treatment during 4 weeks *. In a
small study with 18 patients with heart failure already treated with digoxin, increasing serum
digoxin concentrations resulied in a slight increase in aldosterone levels, whereas withdrawal

of digoxin had no effect on the neurohumoral profile of these patients over a 12 week period
84 '



Bblockers
Since increased sympathetic activation is an important factor in heart failure, p-

blockade is potentially useful in heart failure. Etiology, either idiopathic dilating
cardiomyopathy or ischemic cardiomyopathy is important in the neurohumoral response in
patients with heart failure to J-blockade. Patients with idiopathic dilating cardiomyopathy
may have a more pronounced reduction in catecholamine levels then patients with ischemic
cardiomyopathy ¥, Treatment with bucindolol, a non-selective B-blocker with primarily
vasodilating action, leads to a reduction in renin levels in patients with heart failure
Metoprolol a selective Bi-blocker without intrinsic sympaticomimetic activity improves
cardiac function and decreases norepinephrine and epinephrine levels in patients with chronic
heart failure ¥ *8, However, metoprolol does not reduce cardiac norepinephrine release, but
causes upregulation of beta-receptors which consequently reduces the need for sympathetic
stimulation, which may finally result in reduced norepinephrine levels *. Carvedilol, a novel
third generation non-selective B-blocker does reduce cardiac norepinephrine release °. -

Blockers with intrinsic sympaticomimetic activity may counteract the B-blocker-induced

reduction in renal renin secretion °,

Calcium anfagonisis
Administration of calcium channel blockers causes a higher recurrence of heart failure

in patients with LV ejection fraction lower then 40% after myocardial infarction 2. A more
recent study with amiodipine, the PRAISE study, indicated that there was no difference in
mortality compared to placebo, however there was no clear benefit in treating heart failure
patients with amlodipine compared to placebo *, The negative effects observed in the earlier
studies may be caused by catcium antagonist-induced norepinephrine release **, In contrast,
later generation calcivm receptor blockers appear to have less effect on norepinephrine
release. Acute intravenous administration of nisoldipine decreases systemic vascular
resistance and arterial pressure and increases cardiac index, but has no effect on renin and
norepinephrine levels ** *> %, A small, placebo controlled study by Kassis et al showed a
reduction in catecholamines by chronic felodipine treatment, probably secondary to improved

hemodynamics *7, although impaired barorecepfor function in more advanced heart failure

10



may diminish a counteractive vasoconstrictive response as well in these patients. So far, there

is no clinical use for calcium antagonists in heart failure treatment,

Phosphodiesterase inhibitors and calcium sensitizers
Phosphodiesterase inhibitors havg vasodilating and positive inotropic effects.

Compounds like vesnarinone, cnoximone and milrinone have no dircct effect on
neurohormones. Changes that may occur are secondary to vasodilation by these compounds.
Studies with milrinone showed no favorable effect on neurohuinoral activation after one
month **. So far, alt phosphodiesterase inhibitors show an increased mortality during chronic

99, 100

treatment, in spite of improved hemodynamics and relief of symptoms . Especially

cAMP induced arrhythmias are frequent lethal adverse events. Agents with additional calcium
sensitizing properties like isomazole and pimobendan, also do nof affect neurohormones

directly or after long-term treatment ' 12,

Dapaminergic agonisis
Studies with levodopa showed an improvement in LV function, with no effect on

catecholamine balance ' ' Dopexamine is an agent with dopaminergic and [,-receptor
agonist activity and has potent vasodilating and limited inotropic effects in humans. In
addition, norepinephrine and renin levels are increased by dopexamine, through inhibition of

105106107 1 ong-term treatment with ibopamine

108

norepinephrine uptake by sympathetic nerves
decreased norepinephrine and aldosterone levels and renin activity * ' Infusion of
dopamine in patients with severe heart failure decreases ANP release ', However, long-term
treatment with indirect acting B-agonists may become less efficacious due fo high adrenergic
drive induced receptor changes and neurotransmitter depletion in the failing heart and
consequent development of tolerance ''°. Since there is no effective oral dopaminergic
treatment available at the present time, the use of these agents is limited to acute heart failure

and treatment of endstage heart failure in the clinic.

Discussion
Neurohumoral activation is an important feature in heart failure. Further deterioration

of myocardial function through ischemic events, hyperiension, aging or other cardiac or non-

11



cardiac diseases, leads to neurohumoral activation., At early stages, catecholamine levels
increase, causing further vasoconstriction, which is amplified by activation of the renin-
angiotensin  system. This consequently leads to additional vasoconstriction and
norepinephrine release. Angiotensin Il mediated increase in aldosterone and vasopressin
release cause further vasoconstriction and sodium and fluid refention. During this process the
hemodynamic situation deteriorates, which places an extra burden on cardiac workload in a
situation where cardiac function is already impaired and the clinical symptoms of congestive
heart failure worsen. The rate at which this deterioration occurs depends on the factors
mediating the worsening of cardiac function. Ischemic events may cause an acute onset of
congestive heart failure whereas a factor like aging causes a slow development of symptoms,

Along with the worsening of heart failure several other structural changes occur in the
human body. Changes in fiber type composition and energy metabolism in peripheral skeletal
muscie have been reported. These changes involve not only the degeneration of muscle due to
deconditioning or changes in fiber type composition of the skeletal muscle. These changes
may affect the clinical symptoms of the heart failure syndrome like early fatigue and reduced
exercise capacity.

Present pharmacological treatment for heart failure as recommended by the European
Society of Cardiology, the American College of Cardiology and the American Heart
Association "> "' mostly aims at attenuation of peripheral vasoconstriction, modulation of
increased sympathetic drive, prevention of sodium retention and reduction of circulating
volume overload,

ACE-inhibitors are poteni neurohumoral modulators and have proven their benefit in
large prospective trials like SOLVD, V-HeFT Il and CONSENSUS, showing a pronounced
reduction in moriality. Acute vasodilation and consequent hypotension may lead to a reflex
catecholamine release to compensate, which counteracts the initial beneficial effects of ACE-
inhibition. However, in heart failure the barorcceptor reflex is markedly attenuated "7,
therefore counteractive vasoconstriction may be of less importance in heart failure patients.
Side effects are another limiting factors in ACE-inhibitor administration.  Beside
contraindications like bilateral renal artery stenosis and angioedema, general symptoms like
cough and rash, the possible deterioration of renal function is of some concern. Especially
patients with severe heart failure are at risk for developing renal dysfunction due to ACE-

inhibitors >,

12



The increased sympathetic tone in heart failure, mediated by increased catecholamines
may be influenced by B-blockade, which thercfore may be beneficial in heart failure,
However, negative inotropic and chronotropic effects of B-blockade may jeopardize cardiac
function ''* "' Studies have indicated that, due to B-blockade, LV ejection fraction, exercise
capacity and cardiac function improves, with an overall reduction in circulating
norepinephrine levels '"°. Recent trials with carvedilol in heart failure have proven the
beneficial effects of B-blockade in heart faiture "' ™%,

Vasodifation alone tay not be beneficial in heart failure. Although studies with
calcium channel entry blockers have shown an increase in exercise capacity, more symptoms
of heart failure and increased mortality were seen in patients with reduced cardiac function
treated with calcium antagonists compared to those who were not "', Secondary changes in
neurchumoral activation may occur. Studies with flosequinan, a balanced-type
arteriovenodilator did show beneficial effects in heart failure, with secondary changes in
neurohormones, but had to be stopped due to toxicity of the compound. The V-HeFT studies
showed beneficial effects of combination therapy with hydralazine and
isosorbidemononitrate, which may be a useful alternative when treatment with ACE-
inhibitors is not possible ™.

Inotropic drugs like dopamine and dobutamine have proven their use in treatment of
acute severe heart failure administered intravenously. Oral analogues may be useful in
outpatient treatment, However, levodopa, an oral dopamine precursor, has limited use in heart
failure due to central side effects, causing nausea, vomiting and dyskinesia. Ibopamine, an
oral agent with combined DA; and DA, agonist with fi-adrenergic activity, has shown
beneficial effects in short term treatment of heart failure, with improved exercise capacity and
a reduction in symptoms of heart faiiure in the DIMT study. However, in a long-term
investigation in heart failure patients, the PRIME study, increased mortality was noted
especially in patients with severe heart failure '*°. Nevertheless, DAj-receptors agonists may
be useful in heart failure,

Digitalis glycosides are traditionally widely used in heart failure. Data from the
Digitalis Investigator Group showed no clear reduction in moriality in patients with NYHA
class 111V heart failure and sinus rhythm 7. Other studies indicated that their clinical
condition deteriorates when digoxin is withdrawn "', Neurohumoral changes seen with these

compounds are mainly secondary to inotropic action and improved hemodynamics, aithough
13



direct effects of digoxin on norepinephrine have been suggested and sympatho-inhibitory
effects precede hemodynamic improveinent,

Inotropic agents with vasodilating action, inodilators, like phosphodiesterase inhibitors
with or without additional calcium sensitizing propertics have shown to improve
hemodynamics in heart failure patients. Again long-term studies in heart failure, like the
PROMISE ftrial, indicated an increcase in mortality 122 Arrhythmia’s, cAMP induced, may
have contributed 1o this finding. Studies with pimobendan have shown only a very limited
effect '2. Short term studies with isomazole and nanterinone showed improved
hemodynamics in heart failure, with secondary changes in neurohormones (chapter 6).

Until now, no neurchumoral data in heart failure are available on novel compounds
like AT2 receptor inhibitors, calcium sensitizers, renin inhibitors, vasopressin and endothelin
antagonists.

In conclusion, neurchumoral activation in heart failure is an important feature and
strongly associated with morbidity and mortality. Modulation of neurohumoral activation can
be achieved by pharmacological intervention and altered hemodynamics, to which it is closely
associated. Since neurohumoral activation is involved in amplification of hemodynamic
deterioration in advanced heart failure, more emphasis should be put on direct attenuation of
this mechanism to influence chronic and acute progression of the heart failure syndrome and

requires further study.

Aim of the thesis

The aim of the present thesis is to investigate neurohumoral changes in relation
hemodynamic parameters at different stages of heart failure and the effects of
pharmacological treatment on neurohormones. In chapter 2 the neurohumoral profile of
patients at different stages of heart failure are studied and compared to patients withoul heart
failure. In chapter 3 a comparison of the neurohumoral profile is made between patients with
and without asymptomatic LV dysfunction, both with and without chrenic $-blocker therapy.
Inn chapters 4, 5 and 6 the neurohumoral and hemodynamic effects of a dopamine receptor
agonist, an ACE inhibitor and two phosphodiesterase inhibitors are studied. Finally,

mitochondrial function in peripheral skeletal muscle is studied in chapter 7, because the

14



clinical features of the heart failure syndrome can not be fully explained by neurohumoral and

hemodynamic parameters.
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Chapter 2

Activation of cireulating and cardiac ANP release in absence of additional
neurchumoral activation in asymptomatic LY dysfunction in spife of pronounced

impaired eardiac function.

M. van der Ent, W.J. Remme
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Summary

Several studies indicate early neuroendocrine activation in asymptomatic LV
dysfunction. As their temporal relation and correlation with hemodynamic abnormalities are
unknown, we studied 107 fasting, supine (> 60 min.}, untreated patients with coronary artery
disease, 25 with symptomatic LV dysfunction (LV ejection fraction 24 + 2%), 27 with
asymptomatic LV dysfunction (LV ejection fraction 34 £ 2%) and 55 with normal LV
function (LV ejection fraction 56 + 1%). Study variables included coronary and systemic
hemodynamics and arterial and coronary venous neurohormones. In symptomatic LV
dysfunction contractility, relaxation and myocardial pumpfunction were depressed by
approximately 25, 65 and 28% respectively and LV filling pressures were elevated by 72%
with concomitant activation of catecholamines and the renin-angiotensin-system compared to
patients with normal LV function. In contrast, in asymptomatic LV dysfunction, myocardial
and pump function were significantly impaired compared to normal subjects by approximately
24%, while RV and LV filling pressures were comparable, the only activated nenrohormone
was ANP. Therefore, ANP activation precedes other neurohumoral activation, Early ANP
activation in asymptomatic LV dysfunction may prevent further deterioration by direct
vasodilation and natriuresis and by atfenuation of the renin-angiotensin system and

catecholamine activation.

Keywords: asymptomatic LV dysfunction, neurohormones, ANP, cardiac function,

catecholamines.
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Introduction

The early development of the heart failure syndrome, regardless of etiology, is
characterised by cardiac remodelling, progressive cardiac dysfunction and early neurohumoral
activation, During the subseqguent time course of the development of this syndrome, further
alterations in the heart and secondary involvement of peripheral systems such as the vascular
wall, skeletal muscle and the kidney, occur. These changes, some of them initially reversible,
may eventually become irreversible and may amplify the heari failure symptoms 23458 I
the early phase, before development of overt heart failure, neurohormonal mediated
vasoconstrictor activity is counteracted by hormones with vasodilating properties such as
ANP, prostaglandins and nitrogen oxide. However, the general evolution is one of imbalance
where eventually vasoconstriction wilt prevail. Over time, this imbalance is progressive,
leading to increased systemic resistance and further neurohumoral activation. Data from the
SOLVD ’ study indicate that plasma norepinephrine, vasopressin and ANP levels are already
elevated in patients with asymptomatic LV dysfunction, characterised by an gjection fraction
of < 35%. Although, a time related sequence in neurohumoral activation has been suggested,
with ANP activation preceding stimulation of the other neurohormones > °, this has not been
established yet in humans. In vitro studies in animal CNS tissues have suggested that there
might be a direct attenuating effect of ANP on norepinephrine release from the rat adrenal
medulla, evoked by angiotensin 1011 and from rat hypothalamus 2 The influence of ANP on
norepinephrine is supported by the findings both in humans and in isolated rat renal resistance
vessels that, in hypertension, ANP acts preferentially on noradrenergic blood pressure control
13,14

Therefore, the aim of the present study was to investigate ANP levels in asymptomatic
LV dysfunction compared to patients with normal LV function and symptomatic LV

dysfunction in relation to other neurohormones and their hemodynamic profile.

Methods

Patient selection. Following approval of the Institutional Ethical Review Board and
after informed consent, 107 consecutive normotensive patients with ischemic heart disease,
indicated by coronary angiography, were studied after an overnight fast without

premedication. Patients were divided into three groups, a) patients with a nermal LV function
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{n=55), b) patients with abnormat LV function (LV ejection fraction < 45%, n=27) without
symptoms of heart failure at study entry or history and c) patients with symptomatic LV
dysfunction (LV ejection fraction < 45% and NYHA class 1I-IIl at study entry). All cardiac
medication was withheld 36-72 hours pre study, depending on respective plasma half lives,
ACE-inhibitors were withdrawn 3 days pre-study. Myocardial infarction, if present, had to be
at least 3 months old, Patient characteristics are shown in table 1.

Instrumentation, Patients were catheterised in the morning. First, Desilet introducer
systems were introduced in the right femoral artery and vein, after local anaesthesia with 1%
xylocaine. This was followed by routine left and right coronary angiography, after which
further study procedures were carried out. These included the introduction of a Desilet
introducer system in a brachial vein, through which a 7 Fr Wilton Webster coronary sinus
thermodiiution flow and pacing catheter was introduced into the midportion of the corenary
sinus. The position of the catheter was such that blood could be sampled easily by the
catheter, its position stable and no atrial reflux oceurred. The latter was assessed by injecting
10 cc glucose 5% at room temperature in the right atrium and observing the coronary flow

signal. Next, a 7 Fr Sentron pigtail micromanometer catheter was introduced into the left

Table 1

Patient characteristics

normal asymptomatic

Ly LV symptomat}c
function dysfunction LV dysfunct:on

n 55 27 25
Age (years) 55+1 57£2 611
Males/females 49/6 2710 24/t
Diseased vessels 3 10 14 7

2 24 9 8

1 20 5 7

0 1 0 3
f;’;‘l‘ﬁfn myocardial 22(40%)  19(72%)* 23 (92%) *#
LV ejection fraction 56+1 34L2* 24 4+ 2 *
(%}
LV  end diastolic (ml) 6l+£2 84£5* 112+ 7 *#
volume

- *p <0.05 versus normal LV function, # p < 0.05 versus asymptomatic LV dysfunction.
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ventricle through the arterial introducer and a 7 Fr Swan Ganz triple lumen catheter advanced
to a pulmonary artery via the femoral vein. The side arm of the arterial introducer system was
used te record arterial pressures. After insirumentation, the position of the catheters was
recorded on videotape for later check-up during the study.

Hemodynamic measuyrements and calculations. The fluid-filied catheters were
calibrated using Benfley transducers with a zero reference level set at mid chest, The
micremanometer was balanced to zero and superimposed on the conventional left ventricular
pressure recording. After calibration, afl pressures, the first derivative of left ventricular
systolic pressure, cardiac output, coronary flow and 3 ECG leads (I, I and V3) were recorded
on paper using a Nihon Kohden catheterisation laboratory system. In addition, all
hemodynamic parameters, which included mean and phasic systemic arterial, pulmonary
arterial and right atrial pressures, LV pressure-derived contractility and relaxation indices [LV
peak dP/dt positive and negative, dP/d¥/P at 40 mmIg (Veesn) and Vax total pressure} and
coronary flow were determined on-line by a Mennen catheterisation laboratory computer
system. This system averages 15-20 consecutive beats to level out respiratory fluctuations.
The isovolumetric relaxation parameter Tau was determined off-line in a beat-to-beat program
from 15-20 consecutive beats, using a semilogarithmic model . Cardiac output was
measured by the thermodilution technique and determined on-line by a Mennen
catheterisation laboratory computer system. Coronary flow was determined during a
continuous 30-second infusion of 30 ml glucose 5% at room temmperature. Although both
pulsatile and mean flow curves were recorded, calculations were made from the latter,
according to the formula: coronary blood flow {mi/min)= Vi x[Ty - Ti)}(Ts - Tee} -1] x 108,
where Ty is blood temperature before injection, T; temperature of injectate, T, temperature of
mixture of coronary sinus blood and injectate and V; the rate of injection (ml/min). Coronary
flow was measured during superficial, shallow breathing. On-line presentation of 1-second
measurements allowed for proper estimation of the stability of the flow signal,

At the end of the study, the arterial pressure curve was compared with a simultaneous
recording by the microtip manometer catheter from the aortic root to compensate for
differences between proximatl and distal arterial pressure measurements,

From the measured hemodynamic variables, the following parameters were calculated:
Coronary vascular resistance {mmHg/mi/min) was calculated as the difference between mean

arterial pressure (mmHg) and left ventricular mean diastolic pressure (mmHg) divided by
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coronary sinus blood flow (mi/min). Systemic vascular resistance (dynes.sec.cm's) @,S
derived as fmean arerial pressure (mmHg) - mean right atrial pressure (mmig) / cardiac
output (I/min)] x 80, Stroke work index (g.m/mz) was calculated as stroke index (:nl/beata’mz)
x [mean arterial pressure (mmHg) - left ventricuiar end diastolic pressure (mmHg)] x 0.0136,

Neurohumoral determinations. The levels of catecholamines (norepinephrine, epi-
nephrine, dopamine), active plasma renin concentration, and angiotensin Il were assessed by
coltecting a minimum of 12 ml of blood simultaneously from the left ventricle and coronary
sinus in pre-cooled syringes.

For the assay of angiotensin I, 2 mi was immediately transferred into ice cold tubes
containing an inhibitor solution (2.4 mg EDTA, 0.3 mg 1,10-O-phenantroline and 0.01 mg of
captopril in 50 pl). Blood samples were immediately centrifuged (10 min, 4°C, 3000 g) and
the plasma was stored at -70°C. Determination was done by SepPak extraction and HPLC '°,
For catecholamines, 2-3 ml of blood was transferred into chilled heparinized tubes containing
3 mg gluthation and centrifuged within 15 min at 4°C at 3000 g. Plasma was stored at -70°C.
Determination of catecholamines (norepinephrine, epinephrine, dopamine) was done by
HPLC with fluorimetric detection . For the determination of enzymatically active renin, 2

m! of blood was collected in tubes containing 2.4 mg EDTA. Samples were centrifuged (10
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In patients with LV dysfunction {(LV ¢jection fraction < 45%), both symptomatic and
asymptomatic LV filling pressures and systemic resistance are increased compared to
patients with normal LV function. (CHF= symptomatic LV dysfunction, ASYM=
asymptomatic LV dysfunction, NORM= normal LV function).
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4°C, 3000 g) and plasma stored at -20°C. Determination was done by radioimmunoassay '8
Atrial natriuretic peptide {ANP) was determined in plasma prepared from 2 ml of blood
coliected in a fube containing 2.4 mg EDTA and 500 KiE trasylol and stored at -70°C. ANP
was measured by a commercially available radioimmunoassay (ITS; Wijchen, The
Nethertands).

Cardiac  neurohumoral values were calculated using the formuia: (arterial
concentration - coronary venous corcentration) x coronary blood flow (inl/min), similar to the
previously described myocardial oxygen consumption.

Study profocol. Studies were performed in the morning, between 09:30 and 10:30 am,
After positioning of the catheters, a stabilisation period of 20 minutes was allowed to reach a
minimum interval of 45 minutes between coronary angiography and the study, At the start of
the study, patients were in a supine, resting position for at least 1.5 hours. Thereupon,
repetitive control measurements were made of systemic and coronary hemodynantic variables
to ensure stable baseline values. Systemic hemodynamic variables were assessed both at basal
and fixed heart rate. Thereafter, blood was collected for neurohumoral determination, lactate

levels and myocardial oxygen utilisation and metabolism.
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Myocardial pump function is impaired in patients with symptomatic and asymptomatic LV
dysfunction, Cardiac index is decreased, contractility and relaxation are impaired. (CHF=
symptomatic LV dysfunction, ASYM= asymptomatic LV dysfunction, NORM= normal LV
function).
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Statistical analysis. Comparisons between group means were performed using a one
way ANOVA test. When significant, & post hoc comparison of means was performed using
Bonferroni’s test. A p value < 0.05 was considered indicative of a significant difference. All
tests were performed using SAS/STAT® statistical software. All data are expressed as group

means + standard error of the mean.

Results

Sysfemic hemodynamics. Cardiac function was depressed in patients with
asympfomatic LV dysfunction. Contractility, as indicated by the parameters Vegag, Vmax and
dP/dt positive, measured at fixed heart rates, were reduced by 18, 26 and 18% compared to
patients with normal LV function. Also, relaxation was impaired in LV dysfunction, indicated
by a prolongation of Tau compared to normal patients by 31% and a 25% reduction in dP/dt
negative. Cardiac index was not significantly lower in asymptomatic LV dysfunction. In
contrast, stroke volume index and stroke work index were reduced in asymptomatic LV
dysfunction by 12 and 24% respectively. In contrast, pulmonary wedge pressure and right
atrial pressures were comparable in both groups. Despite the reduction in pump function in
asymptomatic LV dysfunction, heart rate, mean arterial pressure, systemic resistance and
mean pulmonary artery pressure and resistance were not different from patients with normal
LV function as well.

In symptomatic LV dysfunction contractility and relaxation were impaired compared
{o both patients with normal LV function and asymptomatic LV dysfunction. Vceso, Vimax and
dP/dt positive were reduced by 31, 26 and 31% compared o normals and by 14, 12 and 17%
compared to asymptomatic patients. dP/dt negative was reduced by 44% compared to normals
and by 25% compared to asymptomatic patients, Tau was prolonged by 65 and 26%
respectively. Cardiac index and stroke volume and work index were reduced by 22, 28 and
43% and by 15, 18 and 26% compared to normal and asymptomatic patients respectively.
Heart rate was higher (8%), mean arterial and pulmonary pressure were lower (10 and 36%)
and systemic and pulmonary resistances higher (15 and 20%) in symptomatic patients

compared to normal subjects. A summary of data is presented in table 2.
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Neurohumoral changes, Epinephrine levels were comparable in all patients. Both
arterial and coronary venous norepinephrine levels in asymptomatic patients were comparable
to normals. The same was observed for the renin-angiotensin system, Both coronary venous
and arterial levels of plasma renin and angiotensin I in asymptomatic patients were
comparable to patients with normal LV function as well. In contrast to the absence of changes
in catecholamines and the renin-angiotensin system in asymptomatic patients, arterial ANP
levels and net cardiac ANP release levels were increased by 98 and 83% compared to normal
LV function, which is similar to the increase seen in patients with symptomatic LV
dysfunction (96 and 73% respeciively). In patients with symptomatic LV dysfunction both
arterial and coronary venous norepinephrine and renin levels were increased by 59 and 88%

and 194 and 177% respectively compared to patients with normal LV function. Net cardiac
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In symptomatic LV dysfunction, neurchumoral activation is present. In contrast, in
asymptomatic LV dysfunction, in spite of impaired myocardial pumpfunction and
moderately impaired hemodynamics, neurohumoral levels are comparable to normal
subjects. (CHF= symptomatic LV dysfunction, ASYM= asymptomatic LV dysfunction,
NORM= normal LV function).
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norepinephrine release was comparable to normal subjects in asymptomatic patients, buf
increased by 445% in symptomatic patients. Cardiac epinephrine levels were comparable in
afl patients. Cardiac angiotensin Il uptake was not statistically significantly different in any
group. Cardiac renin levels reveried from release in normal subjects to uptake in
asymptomatic LV dysfunction and symptomatic LV dysfunction, however these changes were
not significant, due to the wide variation in individual values. A summary of data is shown in

table 3.

Discussion

Symptomatic heart failure is characterized by overt neurohumoral activation '. It is
also known that increased catecholamine levels are associated with increased mortality 9
However, before overt heart failure occurs, there is a variable time course in which there are
no symptoms yet, but cardiovascular function becomes progressively impaired. Compensatory
mechanisms are still able to maintain stable hemodynamic conditions, until this equilibrium is
broken. Pharmacological treatment aims for preservation of this situation.

In the present study, in the resting state, patients with asymptomatic LV dysfunction,
indicated by reduced LV ejection fraction and enlarged LV end diastolic volumes, but without
signs and symptoms of heart failure, hemodynamics were generally still comparable to normal
patients, with the exception of the parameters for myocardial function. In the present study
contractility and relaxation, stroke volume and work indexes are impaired in these patients. In
contrast, vasotone, left and right ventricular ﬁiiing pressures and heart rate were still
comparable to patients without LV dysfunction. In addition, neurohumoral activation is absent
as well, except for increased arterial ANP levels and increased cardiac ANP release. Although
in previous studies increased ANP levels related to increased vasotone, we were unable to
demonstrate this in our study 2, Silnce LV volumes were enlarged, a wall siress factor may be
involved,

Investigators from the SOLVD study demonstrated increased catecholamine fevels in
patients with asymptomatic LV dysfunction, which is in contrast with our findings. In the
SOLVD treatment trial however, LV dysfunction was determined by a LV ejection fraction
lower than 35%, on average 26% 2 In our study asymptomatic patients had LV ejection
fractions lower than 45% with a mean cjection fraction of 34%, therefore the patients in the

SOLVD study may have had more severely affected left ventricles than in our study.
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Other data, from a randomly selected subgroup from the SOLVD registry, indicate
progressive neurohumoral activation in relation with the severity of heart failure based on
clinical parameters 2. The findings in our study suggest that increased ANP levels are an
carly sign of heart failure, which occurs before the other neurohormones become activated.
Similar findings were done in an asymptomatic LV dysfunction model in dogs 2 Raised ANP
levels in asymptomatic LV dysfunction may directly prevent the activation of the renin-

24,125 O, It
or may have a

angiotensin system and consequently attenuate catecholamine release :
direct effect on catecholamine refease ' In our study there is no increased sympathetic tone
in patients with asymptomatic LV dysfunction, indicated by the fact that there is no difference
in heart rate, systemic resistance or mean arterial pressure. In addition, the normal
hemodynamics in the asymptomatic LV dysfunction group may be due to sufficient direct
vasodifating and natriuretic effects of ANP in this stage of heart failure.

Conclusion. Concerning the above, we conclude from the data from this study that
during the development of heart failure due to ischemic heart disease there is a time-related
course in hemodynamic impairment, deteriorating cardiac function and neurohumoral
activation, In patients with moderately affected LV function by ischemic heart disease, ANP

activation occurs early and may be able to maintain the balance between vasoconstriction and
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In confrast to the absence of activation of the other neurohormones, measured in the
present study, there is an increase in arterial, coronary venous (cv) and cardiac ANP
release in patients with asymptomatic LV dysfunction. (CHF= symptomatic LV
dysfunction, ASYM= asymptomatic LV dysfunction, NORM= normal LV function)
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vasodilation by direct natriuretic and vasodilating effects, effects on the renin-angiotensin
system and norepinephrine release. In the development of overt heart failure, further
neurohumoral activation occurs, Presently, therapeutic strategies in the treatment of heart
failure aim at counteracting the effects of this activation with the use of ACE inhibition and
p-blockers. Since both high norepinephrine and ANP levels are associated with increased
mortality, it would be interesting to know whether this is true for isolated ANP activation as

well.
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Table 2

Hemodynamic parameters.

Normal LV function Am&%ﬁil‘v Sygf;?uf:s;nl‘v
Heart rate (bpm) T6£2 79+3 823"
Mean arterial pressure (mmHg) 10742 1003 95 + 3%
Systemic resistance (dyn.sec.cm™) 1427+ 53 1521 + 87 1696 = 86™
Mean pulmonary artery pressure (mmHg) 16.4=0.59 179=16 23.8+£2.57
Pulmonary resistance (dya.sec.cm™) 12049 132+ 15 161 = 19%4
Coronary blood flow (ml/min) 1248 161%19 136+ [4
Coronary vaseular resistance (mmHg/ml/min}) 1.01 £0.06 0.79=0.08 0.97+£0.15
Veran (sec™) 347=1.0 24=12 244 11%
Vaax (sec™) 510z 1.4 42.5+1.9 37.5 % 1.6
dPdt positive (munHg/sec) 1753 £49 1445 £ 61* 1204 3 62%#
Tau (msec) 55.5+3.) 72.8 % 4,9% 918+ 7.2%
dPdt negative (mmilg/sec) 1957+ 43 1464 + 58 1091 & 33%%
Pulmonary wedge capillary pressure (mmHg) 12.8=0.7 136+16 22 1.8%4
Right atrial pressure (mmHg) 79204 5307 6.6 =1
Cardiac index (Vmin/m®) 3.0£0.1 275+0.12 2352 0.13%
Stroke volume index (ml/m?) 40.6= 1.0 3584 11" 292 % 1.6
Stroke work ndex (gmm®) 525415 40.0 £2.1* 20.7 £2.4%8

p < 0.05 versus normal L'V function, # p < 0.05 versus asymptomatic LV dysfunction.
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Table 3

Neurohumoral parameters

Norepinephrine arterial (pg/ml) 283% 19 29325 449 + 64*§
coronary venous {pg/ml) 343 £30 321+23 644 + 105%#
cardiac (ng/min) S56£22 4.6=31 30.5+9.1%

Epinephrine arterial (pg/ml) 103 10 102 = 14 155 £ 43
coronary venous (pg/ml) 647 60%7 9322
cardiac (ng/min) 5007 58210 33%12

Renin arterial (uU/mb) 120 1.6 129+ 14 3539
coronary venous (uU/ml) 122+15 12314 33881
cardiae (U/min} 444 8] 9578 148 £ 152

Angiotensin [f arterial {pg/ml} 54204 7.1x09 13135
corenary venous (pg/ml) 5104 6.1£09 10.7x2.8
cardiac (pg/min) 45+24 131+111 372 144*

ANP arterial (pg/ml) 96 =31 196 £ 47* 194 & 39*
coronary venous (pg/ml) 1173 £316 1570 £ 253 1490 £ 327
cardiac (ng/min) «122 431 =220 & 33* ~211 52"

* p < 0.05 versus normal LV function, # p < 0.05 versus asymptomatic LV dysfunction.
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Chapter 3

Chronic [}-bleckade does not jeopardize myocardial function

in patients with asymptomatic LY dysfunction.

M. van der Ent, W.J. Remme
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Summary

Objectives. To evaluate potential deleterious effects in cardiac function of B-blockade
in asymptomatic L.V dysfunction

Background. In heart failure, chronic B-blockade may provide beneficial clinical and
hemodynamic effects. In asymptomatic LV dysfunction, in the absence of significantly
increased sympathetic tone, B-blockade could further jeopardize cardiac function.

Methods. We studied 137 consecutive, patients with coronary artery disease during
cardiac catheterization. None of these patients ever had signs or symptoms of heart failure,
Ninety-three patients had a normal LV function (LV ejection fraction > 45%), 38 of them
were on chronic B-blocker therapy. Forty-four patients had LV dysfunction (LV ejection
fraction < 45%), 17 of them were on chronic f3-blockade, Chronic #-blocker therapy was
administered as meioprolol SR 100 mg od.

Results. In subjects with normal LV function and {-blocker therapy cardiac output,
contractility and relaxation were impaired by 14%, 19% and 21% respectively compared to
those without B-blockade. In contrast, in subjects with LV dysfunction, hemodynamics were
not different with B-blockade. Catecholamines were unchanged by B-blockade in any group.
The renin-angiotensin system was attenuated by approximately 50% in both normat and LV
dysfunction by B-blockade. Circulating ANP was reduced similarly in both groups. However,
p-blockade reduced cardiac ANP release by 61% in LV dysfunction and increased it by 163%
in normal LV function,

Conclusion. In normal LV function, chronic B-blockade results in a reduction in
myocardial muscle and cardiac pump function. In confrast, these effects are much less
pronounced or not present in impaired LV function, indicating that chronic B-blockade does
not further jeopardize cardiac function in patients with asymptomatic LV dysfunction due to

ischemic cardiomyopathy.

Keywords: heart failure, neurohormones, B-blockade, asymptomatic LV dysfunction,

hemodynamics.,
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Introduction

Heart failure is characterized by cardiac remodeling, progressively impaired cardiac
function and neurohumoral activation {1, 2]. To compensate for the reduction in tissue
perfusion and blood pressure, activation of the sympathetic and renin-angiotensin systems
occurs 3, 4], consequently raising systemic vascular resistance and afterload, which puls an
extra load on myocardial work, Although the resulting extra load on the heart and the
increased myocardial work may initiaily be counteracted by simultaneous activation of
vasodilating and natrivretic peptides such as ANP [s], eventually, the clinical condition of
patients with cardiac dysfunction deteriorates towards overt heart failure as vasoconstrictive
forces prevail. In addition to increased afterload sympathetic activation stimulates myocardial
contractility and heart rate, resulting in increased myocardial oxygen consumption. Also, high
levels of catecholamines may induce cardiotoxicity [6]. Several studies have confirmed the
patential deleterious effects of sympathetic activation [7, 8]. Since B-blocking agents attenuate
the effect of enhanced sympathetic tone, they have been identified as potential useful drugs in-
the treatment of heart failure {8, 9, 10, 11, 12]. The concept suggested is that long term
improvement prevails over the acute negative inotropic and chronotropic effects of these
drugs, In asymptomatic cardiac dysfunction, sympathetic activation may be of less
importance. Beta-blocking agents may further jeopardize cardiac function in these patients
rather than improve it. [n the latter event, further neurohumoral activation might ensue. In
addition, vasoconstriction as a result of unopposed g-adrenergic response may occur, adding
another factor for jeopardizing cardiac function. It is unknown whether a different
neurchuinoral pattern in relation to a more profound negative hemodynamic effect of chronic
f-blockade between asymplomatic LV dysfunction as compared to patients with normal LV
function really exists,

The present study evaluates the hemodynamic and neurchumoral profile of patients
with ischemic heart disease with asymptomatic LV dysfunction and normal LV function, with

or without chronic B-blocker treatment.
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Methods

Patient selection.

Following approval of the Institutional Ethical Review Board and after informed
consent, 164 consecutive normotensive patients with ischemic heart disease, indicated by
coronary angiography, without clinical signs and symptoms of heart failure, were studied after
an overnight fast without premedication. Patients were divided into four groups. First, patients
were divided in 2 groups, based on LV function (group 1: normal LV function (LV ejection
fraction > 45%) and group 2: LV dysfunction (L.V ejection fraction < 45%)), Each group was
subsequently subdivided based on the presence or absence of p-blocker treatment. To
minimize heterogeneity in types and dosages of B-blocker treatment, all patients received
metoprolol 100 mg once dialy. For at least § days prior to the study. Duration of chronie p-
blacker therapy had to be at least 3 months. All other cardiac medication was withheld 36-72
hours pre study, depending on their respective plasma half lives, with the exception of the -
blocker groups, who received their last dose of metoprolol 12 hours before the study began.
Previous myocardial infarction, if present, had to be at least 3 months old. Patient

characteristics are shown in table 1.

Instrumentation,

Patients were catheterized in the morning after an overnight fast, between 9:30 and
10:30 am. First, Desilet infroducer systems were introduced in the right femoral artery and
vein, after local anesthesia with 1% xylocaine. This was followed by routine left and right
coronary angiography, after which further study procedures were carried out. These included
the introduction of a Desilet introducer system in a brachial vein, through which a 7 Fr Wilton
Webster coronary sinus thermodilution flow and pacing catheter was introduced info the
midportion of the coronary sinus. The position of the catheter was such that blood could be
sampled easily by the catheter, its position was stable and no atrial reflux occurred. The latter
was assessed by injecting 10 cc glucose 5% at room temperature in the right atrium and
observing the coronary flow signal. Next, a 7 Fr Sentron pigtail micromanometer catheter was
introduced into the left ventricle through the arterial introducer and a 7 Fr Swan Ganz triple

lumen catheter advanced to a pulmonary artery via the femoral vein. The side arm of the
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arterial introducer system was used fo record arterial pressures. After instrumentation, the

position of the catheters was recorded on video tape for later check-up during the study.

Hemaodynamic measurements and calculations.

The fluid-filled catheters were calibrated using Bentley transducers with a zero
reference level set at mid chest, The micromanometer was balanced to zero and superimposed
on the conventional left ventricular pressure recording. After calibration, all pressures, the
first derivative of left ventricular systolic pressure, cardiac output, coronary flow and 3 ECG
feads (LIl and V5) were recorded on paper, using a Nihon Kohden catheterization laboratory
system, In addition, all hemodynamic parameters, which included mean and phasic systemic
arterial, pulmonary arterial and right atrial pressures, LV pressure-derived contractility and
relaxation indices [LV peak dP/dt positive and negative, dP/dUP at 40 mmHg (Veeso) and
Vinax total pressure] and coronary flow were determined on-line by a Mennen catheterization
laboratory computer system. This system averages 15-20 consecutive beats to level out
respiratory fluctuations. The isovolumetric relaxation parameter Tau was determined off-line
in a beat-to-beat program from 15-20 consecutive beats, using a semilogarithmic model [13].
Cardiac output was measured by the thermodilution technique and determined on-line by a
Mennen catheterization laboratory computer system. At the end of the study, the arterial
pressure curve was compared with a simultaneous recording by the microtip manometer
catheter from the aortic root to compensate for differences between proximal and distal
artertal pressure measurements,

From the measured hemodynamic variables, the following parameters were calculated;
Systemic vascular resistance (dynes.sec.cm's) was derived as [mean arterial pressure (munHg)
- mean right atrial pressure (mmHg) / cardiac output (Mmin)] x 80. Stroke work index
(g.m/mz) was calctlated as siroke index (ml/beat/mz) X [mean arterial pressure (mmHg) - left

ventricular end diastolic pressure (munHg)] x 0.0136.

Neurohinmoral deferminations.

The levels of catecholamines (norepinephrine, epinephrine), active plasma renin
concentration, angiotensin IT and ANP were assessed by collecting a minimum of 12 mi of
blood simultaneousiy from the left ventricle and coronary sinus in pre-cooled syringes.
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For determination of catecholaminegs, 2-3 ml of blood was transferred into chilled
heparinized tubes containing 3 mg gluthation and centrifuged within 15 min at 4°C at 3000 g.
Plasma was stored at -70°C. Determination of catecholamines (norepinephrine, epinephrine)
was done by HPLC with flucrimetric detection [14]. For the assay of angiotensin II, 2 ml was
immediately transferred into ice cold tubes containing an inhibitor solution (2.4 mg EDTA,
0.3 mg 1,10-O-phenantroline and 0.01 mg captopril in 50 ul). Blood samples were
immediately centrifuged (10 min, 4°C, 3000 g) aud the plasma was stored at -70°C,
Determination was done by SepPak exiraction and HPLC [15]. For the determination of
enzymatically active renin, 2 ml of blood was collected in tubes containing 2.4 mg EDTA,
Samples were centrifuged (10 min, 4°C, 3000 g) and plasma stored at -20°C. Determination
was done by radioimmunoassay [16]. Atrial natriuretic peptide (ANP) was determined in
plasma prepared from 2 ml of blood collected in a tube containing 2.4 mg EDTA and 500 KIE
trasylol and stored at -70°C. ANP was measured by a comunercially available
radioimmunoassay (ITS, Wijchen, The Netherlands).

Cardiac neurchumoral values were calculated using the formula: (arterial

concentration - coronary venous concentration) x coronary blood flow (ml/min),

Study protocol.

After positioning of the catheters, a stabilization period of 20 minutes was allowed to
reach a minimum interval of 45 minutes between coronary angiography and the study. At the
start of the study patients were in a supine, resting position for at least 1.5 hours. The actual
study took place between 09:30 and 10:30 am. Thereupon, repetitive control measurentents
were made of systemic and coronary hemodynamic variables to ensure stable baseline values.
Systemic hemodynamic variables were assessed both at basal and fixed heart rate. Thereafier,

blood was collected for neurchumeoral determination.

Statistical analysis.

Comparisons between groups were performed using an one way ANOVA test, For
intergroup analysis when appropriate a post hoe test according to Bonferroni was applied. A p

value < 0.05 was considered indicative of a significant difference. All tests were performed
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using SAS/STAT® statistical software. All data are expressed as group means + standard error

of the mean.

Results

Systemic hemodynamics - group I (normal LY function) versus group 2 (asymplomatic LV
dysfunction).

By design, LV ejection fraction was lower in group 2 compared to group 1 (35 £ 1 vs
56 = 1 % respectively). Also LV end diastolic volume indexes were enlarged in group 2 {80 +
4 vs 60 + 2 mi, group 1) (Table 1}. Mean systemic arterial pressure was slightly higher in
normal individuals, but systemic resistance, mean pulmonary pressure and pulmonary

resistance, pulmonary wedge pressure and right atrial pressure were comparable in groups 1

Table 1

Patient characteristics.

Normal LV function Asymp tom atic
dysfunction
- p-blockade  + B-blockade bl(;cil}c.; do Prblockade

n 55 38 27 17
Age (years) 553412 573+1.6 568+16 588t26
Range 36-76 41-76 33-70 42-75
Males/Females 49/6 29/9 27/0 14/3
LV gjection fraction % 565+ 17 5524117 340%16 368+14
Range 45-73 45-71 10-44 24-44

LV end diastolic volume
(mi/mz) 61.1+22% 61.5%26% B857+57 703+£6.3

Range 30-97 33-101 33-154 27-119

23 il 19 10
(41%) (29%) {71%) (59%)
*:p<0.05 -B-blocker vs, + p-blocker within each group.
i p < 0.05 - -blocker in normal LV function vs. -B-blocker in asymptomatic LV

dysfunction.
I: p < 0.05 +p -blocker in normal LV function vs. +8-blocker in asymptomatic LV

dysfunction,

Previous myocardial infarction
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and 2. Contractility, indicated by dP/dt positive, Vcese and Viax were all significantly lower
in group 2 (14%, 14% and 13% respectively). Also, relaxation was impaired. In group 2 dP/dt
negative was 21% lower and Tau was prolonged by 15%. Although cardiac index was
comparable in both groups, stroke volume and stroke work index were reduced in group 2 (37

+1vsd4l+ I mi/m*and 41 £2vs 5t+1 g.m.n12, group 2 vs group 1 respectively).

Sysfemic hemodymmzic; — effects of f-blockade within groups (Table 2).

In group 1 with normal LV function, patients on chronic p-blocker therapy had
impaired contractility and relaxation. dP/dt positiire, Veeqo and Vmax were reduced by 19%,
22% and 22% respectively and dP/dt negativé was 12% lower and Tau prolonged by 27%
compared to patients without 3-blocker. Heart rate and cardiac index were lower (17 and 14%
respectively). In contrast, stroke work and volume index were compérabie in both subgroups.
Also, mean arterial pressure and pulmenary artery pressure were comparable. In contrast
systemic and pulmonary resistance were higher in the B-blocker subgroup (15% and 36%
respectively). Right atrial pressure and pulimonary wedge pressure were comparable in both
subgroups.

In patients with asymptomatic LV dysfunction, group 2, only heart rate and coronary
blood flow were lower in the fi-blocker treatment subgroup (17% and 35% respectively).
Contractility and relaxation parameters, cardiac, stroke volume and work indexes were
comparable between patients with and without p-blockade. Also, mean arterial and pulmonary
pressures and systemic and pulmonary resistance and right and left ventricular filling

pressures were comparable in both subgroups.

Neurohumord! differences - group 1 (normal LV function) versus group 2 (asympiomatic LV
dysfimction} and effects of §-blockade within each group (Table 3).

There were no differences in arterial and coronary venous levels nor in the cardiac
balance of norepinephrine, epinephrine, angiotensin 1, renin or ANF between group 1 and 2.
Also, in group 1, norepinephrine and epinephrine levels were comparable in both subgroups.
In contrast, arterial and coronary venous levels of renin were significantly lower in the
subgroup on P-blocker treatment (45 and 43% for arterial and coronary venous levels). Both
arterial and coronary venous levels of ANP were higher after p-blockade (387 and 134%

respectively). Cardiac ANP release was increased by 163% in the B-blocker subgroup,
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whereas other cardiac neurochormonai levels were comparable, In group 2 norepinephrine and
epinephrine levels were also comparable in both subgroups. Although, renin levels were not
significantly different in both subgroups, arterial and coronary venous angiotensin 11 fevels
were significantly lower in the B-blocker subgroup (3.5 + 0.4 vs 7.1 £ 0.9 pg/ml {arterial) and
3.6 £ 0.5 vs 6.1 & 0.9 pg/ml (coronary venous) f-blockade versus non-B-biockade p < 0.05).
In contrast, cardiac angiotensin II balance was comparable. In both groups, arterial levels of
atrial natriuretic peptide (ANP) were higher in the subgroup with f-blockers (99 + 31 vs 482
+ 49 pg/ml and 196 = 47 vs 304 £ 9 pg/ml respectively, non-f-blockade versus g-blockade,
group 1 and group 2). Coronary venous ANP levels were comparable in both subgroups.
Cardiac ANP release increased in group 1 in the B-blockade subgroup, whereas it decreased in

the f-blockade subgroup of group 2.
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Table 2

Hemodynamic data.
Normal LV function Asvmptomatic LV dysfunction
{group 1) (group 2)

ail -p-blocker  -+B-blocker all -B-blocker  +p-blocker
Heart rate (bpm) 701 TE&=2% 632 T4%2 79 x 3% 65+2
Pulmonary wedge pressure (mmkHg) 13806 12.7£0.7 154x11 157=1 15514 15816
Right atrial pressure (mmHg) 74+03 7.9+£0.44 69+05 6.1+0.6 53=07 72+09
Mean arterial pressure (mmHg) 10524 1072 103+£2 1002 10043 1003
Systemic resistance (dynes.s.cm™) 1533 £ 43 1426 £ 53 1640264 | 1581+ 73 152087 1658+ 124
Mean pulmonary artery pressure (mmHg) 17.0:£0.5 16406 17.7+ 0.9 1764 1.1 178+L5 17.3+15
Pulmonary resistance (dvnes.s.om™) 1518 129+ 9% 175+ 12 145+ 14 132+ 15 164 =328
Cardiac index (Uminfmz) 2774 0.06 297007 256008 2.62x0.08 274%0.12 247=x0.11
Stroke volume index (ml/fm®) 41.0£08%  406£ L1% 413+ 1.2 369+£1.0 35811 38317
Stroke work index (g.m.m’} 500+148 525215 493221 414+16 4021 431424
Coronary blood flow (mi/min) 127+6 1248 i30%10 13613 161 £ 19" [104=12
Coronary resistance {mmHg/ml/min) 1.03£0.07 1,01 + 0.06% 1.07£0.14 0.94 % 0.07 0.79 £ 0.08 1,14%0.12
DP/dt positive (mmHg/s) F61T £ 53T 1752 = 49 1426 £ 39 1376 £ 46 1444 & 61 1272 £ 65
Vemo (5 315+084  347x10% 27108 271409 28.4+12 25.1+12
Vmax (5'1) 4634 1.24 51.0 & 1.4% 39813 405214 425419 375+19
DP/dt acgative (mmHg/s) 1860 £ 34# 1957 £ 43%¢ 1721 £ 463 1464 = 48 1464 + 58 1463 = 84
Tau {msec) 65 = 2% 553" TO£2 7543 73£5 785

# : p<0.05 normal LV function vs. asymptomatic LV dysfunction.

*: p<0.05 -B-blocker vs. + B-blocker within each group.

t:p < 0.05 -B ~blocker in normal LV function vs. -B-blocker in asymptomatic L'V dysfimction.

+:p<0.05 +3 -blocker in normal LV function vs. +3-blocker in asymptomatic LV dysfunction
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Table 3

Newrohumoral data,
Normal LV function (group 1) Asvmptomatic LV dysfunction (group 2)
all -8-blocker +@-blocker all -B-blocker +@-~blocker
Norepinephrine arterial (pg/oml) ( 201 & 15 2834 19 30326 285 £ 20 293 & 25 272 £ 35
coronary venous {pg/ml) 355426 343z 30 372:£46 329+ 28 32123 340+ 62
cardiac (ng/min) 5918 S6£22 -8.6£30 H53£25 -4,6+3.1 86443
Epinephring arterial (pg/ml) 1108 103+ 10 120=13 10210 10214 99 £ 14
coronary venous (pg/ml) 63+7 647 7512 5645 607 51+8
cardiac (ng/min) 58%08 5007 69415 3307 58=%1 50=11
Angiotensin il arterial (pg/el) 4903 5404 4.2:+03 58+06 7.1 £09* 3.5+£04 -
coronary venous {pg/ml) 4603 5104 39+05 5206 6.1x09* 3.6+05
cardiac {pg/rnin} 36+20 45+£24 2534 8366 131x111 17+£33
Renin arterial (uil/ml) 8708 12.0=+1.6* 6.6+ 0.7 1.2+ 1.1 12914 92«18
coronary venous {uU/ml) 8§5+£009 122+ 1.5% 6.9+ 1.0 115+ 1.2 123+ 14 106+1.9
cardiac (wU/omm) 55 £ 50 44+ 81 T8+ 83 39+64 95+ 78 =24 % 163
ANP arterial {pg/nd) | 322 S04 99£3]" 48249 221437 196 +47* 304£9
coronary venous (pg/ml) 2090 =263 1173 £ 316 2747 £285% 1486 = 197 1570 £ 253 1215+ 145
cardiac (ng/min) ~238 & 49# -122=31* =321+ 731 -189+£29 -220433* $5+£9

# . p < 0.05 normal LV function vs. asymptomatic L.V dysfunction,

*. p<0.05 -B-blocker vs. +f~blocker within sach group.

+:p < 0.05 -g -blocker in normal LV function vs. -B-blocker in asymptomatic LV dysfunction.
I:p<0.05 +p blocker in normal LV function vs. +f-blocker in asymptomatic L'V dysfunction



Discussion

In the present study patients with asymptomatic LV dysfunction had more often a
myecardial infarction in their history then patients with normal function. Also, LV volumes
end diastolic were enlarged in patients with asymptomatic LV dysfunction, irrespective of
presence or absence of B-blockade. In contrast to group 1, patients with normal LV function,
in whom B-blockade significantly reduced myocardial and cardiac pump function, chronic p-
blockade had no such effect in patients with asymptomatic LV dysfunction. p-Blockade
clearly depressed contractility and relaxation in patients with normal LV function. Since
stroke work and volume index did not change, the concomitant decrease in cardiac index may
be caused by the de.crease in heart rate, In patients with asymptomatic LV dysfunction who
had impaired contractility and relaxation, there was no further effect at all on these parameters
in the B-blockade subgroup. The fact that cardiac index did not change in spite of a decrease
in heart rate may be due to an actual improvement in cardiac function by p-blockade in this
group. Also, Haber et al. found that acute administration of B-blockade in heart failure
patients reduced both LV systolic pressure and afterload, whereas in patients with normal LV
function LV systolic pressures increased as well but afterload increased [17), This may explain
the reduced myocardial function in normal subjects after f-blockade administration.

In patients with normal LV function chronic B-blockade induced vasoconstriction.
Both systemic anct pulmonary vascular tone were higher then in patients not on -blockade.
This was not the case in patients asymptomatic LV dysfunction. In the latter group, systemic
and pulmonary vascular resistances were comparable between patients with and without -
blockade. Overall, in both subgroups with asymptomatic LV dysfunction contractility and
relaxation parameters, with the exception of negative dP/dt, were comparable to those in
patients with a normal LV function on p-blockade. Also, selective pi-blockade in normal
cardiac function leads to vascular constriction, of a similar magnitude as observed in
asymptomatic LV dysfunction, which does not further progress when p-blockade is added. It
may be speculated that this effect on vasotone correlates with an increase in circulating
vasoconsirictor neurohormones. In the present study we found no evidence for that.

Vasoconstrictor neurohormones were essentially similar between patients with normal

versus asymptomatic LV dysfunction and between subgroups with and without B-bleckade.
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Moreover, in patients with normal LV function where p-blockade induced vasoconstriction,
renin levels were significantly reduced in the B-blockade group. Also, in the asymptomatic LY
dysfunction subgroups, arterial renin levels tended to be lower and circulating angiotensin 11
was significantly reduced by p-blockade. Beta-blockade directly reduces renal renin secretion.
This may explain the reduction in renin levels in the normal LV function subgroup on j3-
blockade. Therefore, the decrease in renin activity is, in addition to the direct effect of p-
blockade, probably related to vasoconstriction, which was most pronounced in patients with
normal LV function,

Catecholamine levels were essentially unaltered by p-blocking therapy in patients with
normal LV function and asymptomatic LV dysfunction. In patients with heart failure
metoprolol may decrease circulating norepinephrine levels, with no effect on cardiac nor
epinephrine release [18, 19], This may depend on baseline catecholamine levels and on
indicators of enhanced sympathetic tone, such as heart rate. In a substudy of CIBIS, bisoprolol
decreased norepinephrine only in patients with baseline norepinephrine levels > 600 pg/ml or
a baseline heart rate of more then 90 beats per minute {20]. Obviously, these catecholamine
levels were not reached in the present study, Arterial norepinephrine levels in asymptomatic
LV dysfunction were within the normal range and comparable to patients with normal LV
function. Alternatively, since metoprolol is a pi-selective blocker this may account for the
unchanged circulating norepinephrine in our study. Several studies in heart failure patients
have indicated that circulating norepinephrine levels are affected more by non-selective p-
blockers [21, 22], suggesting an etiology based response {23]. Patients with idiopathic dilating
cardiomyopathty may have more pronounced reduction in norepinephrine levels after p-
blockade then patients with ischemic cardiomyopathy. However, the improvement in LV
gjection fraction during chronic B-blocker treatment is regardless of etiology [24, 25].

The present study presents the first report on the effects of chronic B-blockade in
patients with asymptomatic LV dysfunction, indicating that, compared to patients with normal
LV function, there is no difference in circulating catecholamines and cardiac catecholamine
balance.

In our study, arterial ANP levels were significantly higher in patients on B-blockade
compared to those without p-blockade irrespective of the presence or absence of LV
dysfunction. In fact, levels tended to be higher in patients with normal LV function. In heart

failure, several studies have reported a significant correlation with LV filling pressures or
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pulmonary capillary wedge pressure [26, 27], Such a correlation was present here as well. Also,
a volume increase could lead to higher ANP levels, as its secretion is dependent on atrial wall
stretch [28]. However, in the smaller left ventricles in patients with normal LV function
similar or even higher ANP levels were found. Also, cardiac ANP release was less in
asymptomatic LV dysfunction patients with enlarged LV volumes then in patients with
normat LV function. The stimulating effect of p-blockade on ANP per se is not clear and
suggests a direct effect on ANP secretion in the absence of a hemedynamic relationship.
Activation of ANP is potentially beneficial in early LV dysfunction. The consequences of
increased ANP levels in normal LV function is not quite clear, It could be that ANP here also
serves to prevent significant hemodynamic deterioration in these patients. Moreover, ANP
may protect against neurchumoral activation. It could be speculated that ANP activation in
our patient population may have restricted cardiac dysfunction induced increases in
norepinephrine and renin-angiotensin,

Limitations. In the present study, we have investigated a selected proup of patients,
who have shown to tolerate -blocker therapy, despite a reduced myoccardial function, Also,
we did not study the paticnts before and after chronic 3-blocker treatment. It is therefore not
possible (o say to which extent hemodynamic and neurohumoral parameters have changed in
these patients since start of the -blocker treatment. Since none of these patients ever had any
sign or symptom of heart failure, it is even possible that some patients, by improving of LV
gjection fraction during chronic $-blocker therapy, ended up being in group 1, while initiatly
being in group 2. However, the aim of the present study was to evaluate the hemodynamic and
neurchumoral profile of these patients after chronic treatment, and consequently to
discriminate whether patients with asymptomatic LV dysfunction needed more compensatory

mechanisms to maintain a stable situation, As if appears, in our study, this is not the case,

Conclusion

We conclude that, in patients with a normal LV function, chronic 3-blockade results in
a significant reduction in myocardial muscle and cardiac pump function, accompanied by
systemic and pulmonary vasoconstriction. In contrast, these effects are much less pronounced
or not present in patients with impaired LV function, indicating that chronic p-blockade does
not further jeopardize cardiac function in patients with asymptomatic LV dysfunction due to

ischemic cardiomyopathy.
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Chapter 4

Neurohumoral response to Carinoxirole, 2 selective dopamine (D;) receptor agonist,

in patients with chronic moderate heart failure.

M. van der Ent, A.F.M. van den Heuvel, W.J. Remme
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Summary

Neurohormonal activation and elevated ventricular filling pressures are prominent
featares in heart failure. Carmoxirole is a DAz-receptor agonist with lHmiied central activity
and modulates sympathetic activation and subsequently reduces pre- and afterload in animals,
The effect of carmoxirole on neurchormones and hemodynamics in humans was evaluated in
12 normotensive patients with NYHA class HI-1V heart failure on stable ACE-I and diuretic
therapy. On 2 consecutive days, carmoxirole (0.25-1.00 mg) was administered, and
hemodynamic and neurohormonal measurements cartied out. Values given are maximal
percent changes from pre-study baseline (significance level p<0.05). The lower dose on day |
{0.25-0.50 mg) reduced circulating norepinephrine, vasopressin and ANP by 40%, 19% and
25%, respectively. In addition, on day 2, at a dose level of 0.75-1.00 mg, plasma renin activity
decreased by 30%. Mean arterial pressure and systemic vascular resistance were reduced by
10% and 18%, and pulmonary wedge and right atrial pressure by 38% and 39%, respectively,
Cardiac index improved with 20%. Despite a concomitant 12% reduction in heart rate, both
stroke volume and stroke work index increased by 32% and 31%, respectively, Mean
pulmonary artery pressure decreased by 21%, whereas pulmonary resistance was not affected.
Thus, carmoxirole modulates sympathetic activation, accompanied by changes in vasopressin
and ANP, and the renin-angiotensin system at higher dosages. These effects lead to a
reduction in systemic resistance and heart rate, and an improvement in cardiac pump function
and left and right ventricular filling pressures. It is concluded that carmoxirole induces

beneficial effects on hemodynamic and newrohumoral parameters in heart failure.

Key words: neurohormones, heart failure, DAz-receptor, catecholamines, carmoxirole,

dopamine agonist.
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Introduction
For various reasons, dopaminergic agonists may beneficially affect heart failure " 2.
Two distinet dopamine receptor subtypes (DA and DA3) are involved in the regulation of the

3% 3 Stimulation of the post synaptic DAj-receptor leads to

cardiovascular system
vasodilation, preferentially in renal, mesenteric, coronary and cerebral blood vessels, DA;-
receptor stimulation also leads to a reduction of vascular resistance by diminishing the release
of norepinephrine at the sympathetic nerve endings °. In addition, DAz-receptors are present in
pre-sympathetic ganglia, where activation also inhibits neurotransmission. Carmoxirole ((3-
[4-(1,2,3,6-tetrahydro-4-phenyl-1-pyridinyl)-butyl]-5-indole carboxylic acid hydrochloride
(EMD 45 609)) is a new dopamine agonist, selective for presynaptic DAz-receptors. Data
from animal experiments indicate that the effect of carmoxirele on blood pressure resulis
almost exclusively from activity at peripherally located DAs-receptors 7. Furthermore, it has
been demonstrated in conscious, spontancously hypertensive rats and in normotensive dogs,
that carmoxirole, administered intravenously, increases renal blood flow and reduces renal
vascular resistance 8, both direct effects of DAs-receptor activation.

Available data on the effect of dopamine agonists on hemodynamics and clinical
efficacy in heart failure relate to ibopamine, a combined DA[- and DAj-receptor agonist, with
additional o- and B-adrenergic stitulating activity, In heart failure, ihopamine decreases
circulating catecholamines and aldosterone levels, which leads to peripheral vasodilatation.
Early, uncontrolled studies did suggest that ibopamine resulted in a beneficial effect on
exercise tolerance, central hemodynamic parameters and NYHA functional class * '°.
Decreases in circulating catecholamines and actual vasodilating effects have been reported 1
2 However, more recent, controlled data failed to show a significant clinical improvement in
mild to moderate heart failure . A large survival study, PRIME 11, was prematurely stopped
because of excess mortality in ibopamine treated patients " These negative effects of
ibopamine may relate fo its additional B-adrenergic activities. In contrast to ibopamine,
carmoxirole has no additional adrenergic effects 1% and might therefore be better tolerated in
heart failure. As yet, there are no data available of the neurohumorat and hemodynamic effects
of carmoxirole in patients with heart failure.

The present study evaluated the acute hemodynamic and neuwrohumoral response to

increasing doses of orally administered carmoxirole in 12 patients with moderate to severe
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chronic congestive heart failure (NYHA III-1V), based on ischemic cardiomyopathy or
idiopathic ditated cardiomyopathy.

Methods

Patient selection. Following approval of the Institufional Ethical Review Board and
after informed consent, 12 normotensive patients with chronic (at least 3 months), stable heart
failure (NYHA class HI-IV), in spite of optimal therapy, were enrolled in the study, Patients
had to be between 18 and 65 years of age, females enrolled had to be of non-child bearing
potential. Heart failure of all etiology could be included. The medication should at least
consist of digitalis, diuretics and ACE inhibitors and unchanged for two weeks or more.
Exclusion criteria included obesity, alcoho! or drug abuse, sustained arrhythmias, myocardial
infarction within 3 months prior to the study, severe concomitant liver disease, known
malignancies or hypotension (systolic pressure < 90 mmHg). Dopaminergic medication was
not allowed, Irrespective of the etiology of heart failure, LV ejection fraction, measured by
radionuclide method (MUGA), had to be < 45%. Patient characteristics are shown in table I.
Twelve patients, 10 male, 2 females, average age 67 years (range 60 to 74 years) with heart
failure NYHA I and IV in 6 patients each, based on ischemic cardiomyopathy in 11 patients
and idiopathic dilated cardiomyopathy in 1 patient, were included. Average LV ejection
fraction was 19% (range 5-36%).

Instrumentation. The day before start of the study, a Swan-Ganz catheter was inserted
via a brachial or subclavian approach. After insertion, the position of the catheter was
confirmed by chest X-ray. Stable baseline conditions were checked by repeated
measurements, which had to be within a 5% range.

Hemodynamic measurements and calculations. The Swan-Ganz catheter was
calibrated with a zero reference level at midchest. All measurements were processed using
Hewlett Packard bedside monitors and computers. Blood pressure was recorder using an
automatic blood pressure measurement device, which was integrated in the bedside
equipment. Throughout the study, 2 ECG leads (usually II and V5) were monitored
continuously on screen. Cardiac output was measured by the thermodilution technique. Heart
rate, pulmonary pressures, right atrial pressures and cardiac output were measured in
triplicate. Values with less then 10% difference were accepfed. From the measured

hemodynamic variables, the following parameters were calculated: mean arterial pressure was
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calculated as [(2 x diastolic arterial pressure)+systolic arterial pressure] / 3; mean pulmonary
pressure was calculated similarly, cardiac index (]/111i11/in2) was calculated as cardiac output /
body surface area; systemic vascular resistance (dynes,sec.cm™) was derived as ([mean arterial
pressure - mean right atrial pressure] / cardiac output) x 80; stroke volume index (mifbeatf'mz)
as 1000 x cardiac index / heart rate; stroke work index (g.111.1112) as 0.0136 x stroke volume
index x (mean arterial pressure - pulmonary capillary wedge pressure); pulmonary resistance
(dynes.secfom’™) as 80 x (nean pulmonary pressure -pulmonary capitlary wedge pressure).
Metabolic determinations. Blood samples were collected from the proximat port of the
Swan Ganz catheter, located at the right atrium, for determination of catecholamines, plasma
renin activity, angiotensin II, Atrial natriuretic peptide and vasopressin and treated according

6. 1718 Atrial natriuretic peptide was determined by a

to previously described methods
commercially available radioimmunoassay (ITS, Wijchen, the Netherlands).

Study protocel. Three days before start of the study, patients were admitted to the
hospital and put on a 3 gram sodium/24 hour diet. On the morning of the first study day
patients received a light breakfast at 7:00 hrs. All cardiac medication was continued until the
first study day, with the exception of ACE inhibitors, which had to be stopped 4 days before
start of the study. During study days, ail medication was withheld until 14:00 hrs. At 9:00 hys

baseline measurements and blood sampling were performed. The administration of the

Table 1

Patient characteristics

-~ Number: ‘ 12
66.7+1.2
Age (years): (60-74 years)
Sex {female/male): 2710
NYHA class: G6III/ 61V
Etiology: 11/1
ischemic/idiopathic
Duration of heart failure 404 £ 94
{months): (2-96 months)
LV gjection fraction (%): 19+2
. (5-36%)

Initial pulmonary wedge 221+ 1.9
pressure (mmHg): (13-35 mmHg)
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studymedication was not blinded to the patient and the investigator. At 10:00 hrs the first dose
of carmoxirole was administered orally. At 30, 60, 90 minutes, 2, 2.5, 3, 4 and 24 hours
thereafter all hemodynamic measurements were done. At 30 minutes, I, 2, 3, 4 and 24 hours,
blood sampling for neurohormones was performed. After the 4 hour and after the 8 hours
timepoint, meals were served and regular medication was administered. On the second day the
same protocol was followed, with a higher dose of carmoxirole. Two dosage groups were
used: Group A received 0.25 mg on day 1 and 0.50 mg on day 2 and group B received 0.75
mg on day | and 1,00 mg on day 2. On the morning of the third day after the 24 hour
measurement the Swan-Ganz catheter was removed and the study terminated.

Statistical analysis. Statistical analysis was performed using SAS/STAT® software
V6.10. An ANOVA procedure for repeated measurements was applied to the raw data for the
analysis of the effects during the first 4 hours of each study day, during which patients only
received study medication, and are compared to the baseline values of that day, This method
accounts for baseline variation, To identify which timepoints were significantly different from
baseline values, post hoc analysis using Dunnet’s test was performed. Since changes in both
dosage groups A and B were similar in magnitude and direction, all patient data were pooled

for the analysis {figure 1). Data are presented as mean * standard error of the mean,

Results

Carmoxirole was well tolerated by all patients. No side effects were noted. Four
patients received medication according to dosage group A, 8 patients according to group B.

Hemodynamic changes. During the first 4 hours of day 1 afierload, indicated by mean
arterial pressure and systemic resistance decreased significantly by maximal 10% and 18%
from 77.1 + 2.9 to 68.8 + 2.6 mm Hg at 3 hrs and from 1976 £ 192 to0l563 £ 140
dynes/sce/om™ respectively at 2.5 hrs (figure 2). In addition, mean pulmonary artery pressure
decreased as well by maximal 21%. Despite these vasodilating effects, heart rate decreased by
12%. Right and left ventricular filling pressures, as reflected by right atrial pressure and the
pulmenary capillary wedge pressure were elevated at baseline (8.4 + 1.6 and 22.1 + 1.9 mm
Hg respectively.) and fell by 38% (not significant) and 39% to 6.2 = 1.5 and 14.1 + 2.0 both at
2 hrs respectively. Cardiac index and stroke volume index increased from 1.6 £ 0.1 io 1.85 +

0.17 Vmin/m® {20%) at 1.5 hrs and from 192+ 190243+ 24 ml/beat/m” (31%) at 3 hrs
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respectively (figure 2). After 24 hours heart rate, right atrial pressure, and mean pulmonary
pressure were still significantly reduced by 8%, 23% and 15%, whereas stroke volume index
was still improved by 27%, all compared to baseline values. Changes from the prestudy
baseline values on day 2 were comparable to those on day 1. Statistically significant
reductions occurred in heart rate (14%), pulmonary wedge pressure (36%), mean arterial
pressure (14%), mean pulmonary artery pressure (23%), right atrial pressure (47%) and
systemic resistance (21%), whereas cardiac index, stroke work and stroke volume index
increased by 18, 42 and 43% respectively. (table 2).

Neurohumoral changes. Norepinephrine levels were elevated at baseline and decreased
by 40% from 774 & 133 to 410 & 59 pg/mi during the first 4 hours after carmoxirole
administration on day 1. Epinephrine and dopamine levels did not change significantly
(figure 3), Also, circulating renin and angiotensin II levels were not affected significantly, In
contrast, vasopressin decreased by 19% from 1.68 + (.25 to 1.35 £ 0.24 pg/ml at 3 hours after
carmoxirole administration. Atrial natrivretic peptide (ANP) levels, significantly elevated at
baseline, decreased from 1045 + 105 to 781 + 111 pg/ml (25%) during the first 4 hours, At 24
hours norepinephrine and ANP levels were still 39% and 18% respectively less compared to
prestudy values, Renin activity levels did not change until day 2, on which there was a
decrease from 364 + 78 to 258 + 63 pU/ml (30%), within the first 4 hours after the second
carmoxirole administration. On day 2, compared to prestudy baseline values, norepinephrine
decreased by 53% and ANP by 28%, comparable to the changes on day 1. Other

neurchormones did not change further on day 2. A sumumary of data is presented in table 3.

Discussion.

In the present study, patients were suffering from moderate to severe heart failure,
NYHA class 1II-1V. The hemodynamic profile of these patients reflected the severity of their
clinical condition. Average cardiac output was low, LV and RV filling pressures raised
(pulmonary wedge pressure and right atrial pressure) and neurohumoral activation present
(indicated by raised norepinephrine, vasopressin, renin activity and ANP levels), Previous
studies by Lokhandwala et al 1% have suggested that DA receptor agonists might be useful in

heart failure, since they reduce afterload by decreasing norepinephrine levels and attenuate the
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renin-angiotensin-aldosterone system. However, no data are available yet of its hemodynamic
and neurohumoral profite in patients with heart failure,

In the present study, carmoxirole reduces pre- and after-load, as indicated by a
substantial reduction in systemic resistance and both LV and RV filling pressures and
improves myocardial pump function (stroke work, stroke volume and cardiac index).
Significant changes in these parameters started at 30 minutes after oral drug intake, reaching
the highest levels during the first 4 hours afier carmoxirole administration. Maximal changes
for all parameters were observed within the first 2 hours after drug intake. The
pharmacological profile of carmoxirole has been investigated in a series of in vitro and in vivo

7, 15,20

studies® and suggest a long-lasting effect of at least 8 hours. Therefore, the effects of

carmoxirole will be present during the first 4 hours after drug administration, which is the
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Figure 1

In this figure individual percent changes from baseline are displayed for each dosage group
(group A (n=4) 0.25 mg on day 1 and 0.5 mg on day 2 and group B (n=8) 0.75 mg on day 1
and 1 mg on day2). The triangles are individual values; the squares are the average values
of that day. As is shown here there is no clear dose related effect.
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time interval studied., After 4 hours other medication is given as well, and the- effects
thereafter are additional to the effects of carmoxirole (figures 2,3,4). Some changes remain
present afier 24 hours. This may be caused by a lasting effect of improved hemodynamics due
to a reduced adrenergic drive through norepinephrine level reduction. Also, the administration
of the concomitant medication afier 4 hours (ACE-inhibitors) in an improved hemodynamic
condition may account for the observation as well. A possible placebo effect will be very
limited in the present study, since patients were already kept on a sodium restricted diet for
several days, and the Swan Ganz catheter was inserted the day before the study started.

Hemodynamic and neurohumoral changes from presiudy baseline were comparabie
and consistent on both study days, The most prominent effect was the substantial reduction in
norepinephrine levels (up to about 50%). This reflects the reduction of sympathetic tone
through activity of carmoxirole at peripherally located DA; receptors, since carmoxirole has
no capability of passing the blood-brain barrier. As a result, vascular resistance decreased,
with a concomitant small reduction in mean arterial pressure. In conirast to vasodilators in
general, this did not result in an increase in heart rate, This reflects the direet inhibiting effect
of carmoxirole on sympathetic tone through direct inhibition of norepinephrine release. The
reduction of the sympathetic activation in hear{ failure by carmoxirole may have a beneficial
effect in treatment and on mortality in these patients 22z

As expected, norepinephrine levels remain reduced substantially on both, consecutive
days. Other neurohormones did not change with the exception of ANP and vasopressin,
Although the elevated ANP levels decreased significantly, this followed the reduction in left
and right ventricular filling pressures and is most likely a secondary effect. Over time, the
change in ANP seems to be slower then the change in norepinephrine. Carmoxirole exerts
similar neurohumoral effects as ibopamine, but without some negative side effects observed
with ibopamine, which are probably related to adrenergic activity, Activation of DAj-
receptors, e.g. by ibopamine, reduces the direct natriuretic effects of ANP 2 in the kidney,
whereas activation of DAj-receptors does not affect this mechanism. Therefore, the natrivretic
action of ANP, which is beneficial in heart failure, is preserved by carmoxirole. In addition,
activation of DA} receptors causes direct renin release from the kidney, whereas DAa
activation does not 2%, In spite of this, ibopamine reduces plasma renin levels, which is
prabably secondary to hemodynamic changes B In our study there is no increase in renin
activity afier drug administration, but a late decrease on day 2. Renin activity is raised at

baseline and there is a fendency towards decrease during the study, most pronounced on day 2.
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2. This is most likely to be secondary to the substantial decrease in norepinephrine, caused by
carmoxirole.

In the present study we could not demonstrate a dose related effect {figure 1). This
may be caused by the small number of patients or by the limited duration of the study.

Initially, a Jow dose is as effective as higher doses, however, over time changes in the number
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After carmoxirole Along with a marked reduction

administration (C) on both
consccutive days there is a
pronounced reduction in heart
rate and LV and RV filling
pressures, starting immediately
after drug intake and lasting
throughout the study.

in systemic resistance, cardiac
pumpfunction indicated by the
cardiac index and stroke
volume index improves afier
carmoxirole administration (C).
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receptors or tolerability may occur.

The present study has its limitations. The study was set up as a pilot study. The
dosages used, were determined to get a maximum effect which was well tolerated by the
patients. A the time of the study, there were no data available of the use of this compound in
patients with heart failure, since the compound was developed as an antihypertensive drug.
Due to the character of the study, the patient group studied was small (n=12) and there was no
conirol group, Before start of the study, patients were allowed to stabilize, which was checked
during baseline measurements, The effect of regression to the mean will be minimized this
way. However, the effects noted were very pronounced and clearly related to the carmoxirole

adminisiration. Also, only the acute effects of carmoxirole were studied. Therefore,
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Figure 4

The most important neurohumoral effects are the reduction in norepineplirine and atrial
natriuretic peptide (ANP) levels after administration of carmoxirole (C). In spite of reduced
vasoconstriction, there are no significant changes in renin activity levels.
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extrapolation to larger patient groups and chronic treatment can not be deducted from our
data. As all patients remained stable during the study, no additional diuretics or inotropic
therapy was required, which could have interfered with our measurements.

In conclusion, as is shown in the present study, the DAj-receptor agonist carmoxirole
is well tolerated by patients with heart failure. Carmoxirole modutates sympathetic activation
already at a low dose, accomnpanied by changes in vasopressin and ANP, and, at the high dose,
in the renin-angiotensin system. These effects lead to a reduction in systemic resistance and
heart rate, and an improvement in cardiac pump function and left and right ventricular filling
pressures. Improvement of hemodynamic and neurchumoral changes induced by carmoxirole

may be beneficial heart failure treatment.
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Table 2

Hemodynamic parameters.

Maximumn percent Maximum percent
Baseline values changes on day 1 changes on day 2
vs. bascline dav 1 vs. bascling dav 1
Heart rate {beats/min) 85.5+4.8 -12 -14
Pulmonary wedge pressure (mm Hg) 21+19 -38 <36
Mean arterizl pressure (mm Hg) T7.1£29 -10 «14
Mean puimonary artery pressure (mm Hg) 33.1%23 -21 -23
Right atrial pressure (mm Hg) 84£16 NS T -AT
Cardiac index (Vmin/mY) 1,594 0,14 20 13
Stroke work index (g/m/m®) 14316 31 42
Stroke volume index (ml/beat/m®) 19.1%1.9 32 3
Svstenic resistance (dynes/see/em™) 1976 £ 192 -13 2]

Hemodynamic parameters. Statistical significant changes (p < 0.05) from prestudy baseline

values on day 1 and day 2.
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Table 3

Neurohormones
Maximum percent Maximum perceat
Bascling values changes on day 1 vs, changes on day 2 vs.
baseline day 1 baseline day 1

Norepinephrine (pg/mi) 773+ 133 40 -53
Epincphrine (pg/ml) 153 & 47 NS NS
Dopaming (pg/ml) 283460 NS N§
Angiotensin 1T (pg/ml) 13.5%29 NS NS
Renin (wU/ml) 379+ 109 NS NS
Vasopressin (pg/ml) 168:£0.25 -19 NS
ANP (pz/ml) 1045 = 105 =25 -28

Neurchumoral parameters. Statistical significant changes (p < 0,05) from prestudy baseline
values on day 1 and day 2.
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Chapter 5

Renal hentodynamic effects in patients with

moderate to severe heart failure during chronic treatment

with trandolapril,

M. van der Ent, W.J. Renune, P.W. de Leeuw, G.L. Bartels
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Summary

Treatment of patients with severe heart failure by ACE inhibition is often limited by
worsening of renal function. To evaluate whether trandolapril, a potent lipophilic ACE-
inhibitor, affects renal function in severe heart failure, we studied 12 patients with severe heart
failure treated with diuretics and digoxin only., Patients received increasing dosages of
trandolapril orally (0, 1 and 2 mg) on 3 consecutive days (A). Patients were then discharged
on 2 mg trandolapril bid. and re-evaluated 8 weeks later (B). Mean arterial and pulmonary
wedge pressures decreased by maximal 14% and 43% and stroke volume and work indexes
increased by 24 and 20% at A and similarly at B (11, 45, 25 (ns) and 33% respectively). In
contrast, heart rate, systemic resistance, pulmonary artery pressure and cardiac index
decreased by 6, 23, 29 and 17% respectively at A only. Renal bleod flow improved both at A
and B by approximately 40%. In contrast, glomeruiar filtration rate decreased by 25% at B
only, whereas serum creatinine, creatinine clearance and urine osmolality were unaffected
during the study. Norepinephrine, angiotensin II and aldosterone levels decreased by
approximately 30%, 60% and 65% respectively both at A and B, Renin levels increased by
136% at A and remained elevated at B, Thus, whereas the initial systemic vasodilating and
inotropic effects did not persist, long term trandolapril results in sustained neurohormenal
modulation, reduced preload and improved organ perfusion, indicated by a persistent increase

in renal blood flow and preservation of renal function in severe heart failure.

Keywords: heart faifure, neurohormones, ACE-inhibitors, trandolapril, renal function, long-

term treatment
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Introduetion

In heart failure, ACE-inhibition has proven to be beneficial, irrespective of the
presence of symptoms and, according to recent clinical guidelines, should be administered as
first line therapy fo all patients with heart failure [1], Hemodynamic and symptomatic
improvement have been shown in several studies {2,3,4,5] involving both short and long acting
ACE inhibitors, Also, confrolled trials such as CONSENSUS {severe heart failure) and
SOLVD (moderate heart failure) have indicated reduced long-term mortality rates. However,
clinical use of ACE-inhibitors in heart failure patients is sometimes limited by the potential
deleterious effect of long-acting ACE-inhibitors -on renal hemodynamics [6]. Renal
insufficiency is one the major adverse effects of ACE-inhibitor treatment. In patients with
severe heart failure, the risk on renal insufficiency caused by ACE-inhibition is higher and
mostly related to the level reduction of diastolic bloodpressure- and concomitant use of
diuretics [7].

Trandolapril is a novel, potent, long-acting, third generation ACE-inhibitor, which
improves organ perfusion due to pronounced effects on tissue ACE-inhibition and bradykinin
degradation {8] with a particular beneficial effect on renal perfusion in hypertensive rats [9]. In
an animal model for heart fatlure, beneficial long-term effects of trandolapril on renal
perfusion were observed as well {10]. In addition, the results from the TRACE study showed a
reduced mortality in patients with reduced LV function after myocardial infarction [11,12].
However, no data are available on the effect of trandolapril on repal hemodynamics in severe
heart failure in man. The present study evaluates the acute and long-terin effects of
trandolapril in patients with moderate to severe heart failure, with special respect to systemic

hemodynamics, neurohormones and renal function and hemodynamics.

Methods

Patient selection. Following approval of the Institutional Ethical Review Board and
after informed consent, 12 normotensive patients entered the study. All had NYHA class 1l or
early class IV heart failure for at least 3 months. All patients had heart failure symptoms

combined with a cardiothoracic ratio > (.50 on chest X-ray and/or LV ejection fraction < 0.35
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andfor capillaty wedge pressure > 15 mmHg, Etiology of heart failure was ischemic
cardiomyopathy in 10 patients and idiopathic dilated cardiomyopathy in fwo. At the start of
the study, all patients had normal sodium and potassium levels. As concomitant medication
only digoxin, diuretics and short-acting nitrates were allowed. All patients used diuretics, 7
digoxin and 4 short acting nitrates. Previous treatment with ACE-inhibifors had to be stopped
for at least one week before start of the study. Patient characteristics are shown in table 1.
Hemodynamic measurements and calculations. The day before start of the study, a
multigated blood pool scintigraphy [13] was performed to assess LV ejection fraction, and a
Swan-Ganz catheter was inserted via a brachial or subclavian approach, After insertion, the
position of the catheter was confirmed by chest X-ray. The Swan-Ganz catheter was calibrated
with a zero reference level at midchest. All measurements were processed using Hewlett
Packard bedside monitors and computers. Blood pressure was recorded using an automatic
blood pressure measurement device, which was integrated in the bedside equipment, During
each measurement, 2 ECG leads {usually Il and V35) were monitored continuously, Heart rate,
pulmonary pressures, right atrial pressures and cardiac output were measured in triplicate,
Only successive values within a 10% difference were accepted. Cardiac output was measured
by the thermodilution technique. The following parameters were derived from the measured
hemodynamic variables: mean arterial pressure was calculated as [(2 x diastolic arterial
pressure)tsystolic arterial pressure] / 3, mean pulmonary pressure was calculated similarly,
cardiac index (/min/m®) was calculated as cardiac output / body surface area, systemic
vascular resistance (dynes.sec.cm's) was derived as ([mean arterial pressure - mean right atrial
pressure] / cardiac output) x 80, stroke volume index (ml/beat/mz) as 1000 x cardiac index /
heart rate, stroke work index (g.m.mz) as 0.0136 x stroke volume index x (mean arterial
pressure - pulmonary capillary wedge pressure), pulmonary resistance (dynes.sec.cm's) as B0 x
{mean pulmonary pressure -pulmonary capillary wedge pressure). Renal hemodynamics, the
renal blood flow and the glomerular filtration rate, were assessed by the clearance of both '>’I-
hippuran and [99Tc]—DPTA, administered as a simultaneous continuous infusion, which
started 2 hours before test medication was given [14, 15]. In addition, urine was collected
during 24-hours periods for determination of urea, creatinine, creatinine clearance, proteins,

electrolytes and osmolality.
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Metabolic determinations. At each timepoint samples of blood were collected from the
proximal port of the Swan-Ganz catheter, located at the right atrium, for determination of
catecholamines, renin, and angiotensin II, processed and determined according to previously
described methods {15,17,18]. Aldosterone was assessed using a commercially available kit
(Coat-A-Count, Diagnostic Products Corporafion, Los Angeles, CA, USA).

Study protocol. Three days before start of the study, patients were admitted at the
hospital and put on a 3 gram sodium per 24 hours diet. On the morning of the first studyday
patients received a light breakfast at 7:00 AM, Al medication was withheld until 2:00 PM. At
9:00 AM baseline measurements and blood sampling were performed. Studymedication
administration consisted of placebo on day 1, I mg trandolapril on day 2 and 2 mg trandolapril
on day 3. At 10:00 AM the first dose of trandolapril (or placebo on day 1) was administered
orally. At 30, 60, 90 minutes, 2, 2.5, 3, 4, 8, 12 and 24 hows thereafter hemodynamic
measurements were performed. At 30 minutes, 1, 2, 3, 4, 8 and 24 howrs, sampling for
neurohormones was done, After the 4 hour and after the 8 hours timepoint, meals were served
and regular medication was administered. On the second and third day the same protocol was
followed, with a higher dose of trandolapril. On the fourth day after the 24 hour measurement
the Swan-Ganz catheter was removed and the patients discharged from the hospital, using the
highest dose of trandolapril (2 mg bid.). Eight weeks later the patients were readmitted to the
hospital, similar to the first time and the day after Swan-Ganz catheter insertion similar
measurements were performed as during the first hospitalization, while patients continued
trandolapril.

Statistical analysis. Statistical analysis was performed using SAS/STAT® software.

Only the 8 patients who completed both hospitalizations were analyzed since evaluation of

Table 1

Pafient characteristics

Sex (M/F) 1
Age (years) 65.5+£2.6
Etiology of cardiomyopathy Ischemic 7
Idiopathic 18
Pulmonary wedge pressure at baseline {minHg) 21.5+£2.1
range 15-32
LV ejection fraction 231423
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long-term effects were most important in this study, An ANOVA procedure for repeated
measurements with was used for analysis of changes during the first 4 hours of each studyday
compared to the baseline values of that day. During this period, no other medication was
administered, so changes in this period will be caused by trandolapril only. Afterwards, mean
percent changes from prestudy baseline values and percent changes from studyday baseline
were calculated for each timepoint on all studydays and evaluated using a Student's t-test. A

two-tailed p value < (1,05 was considered statistically significant.

Results

OFf the 12 patients who started the study, 8 compieted the protocol. Three patients
stopped due to an increase in heart failure after the first hospitalization period. One of these
died in spite of iv inotropic therapy. Another one of these patients who developed a skin rash,
was withdrawn from study medication after the first hospitalization and died one month later
due to progressive heart failure, The third one recovered after inotropic therapy. One patient
was not evaluated due to a protocol violation.

Hemodynamic changes. On day 1, on which patients received placebo, no major
changes in systemic hemodynamics occurred. Heart rate, mean arterial pressure, systemic
resistance, mean pulmonary pressure, pulmonary resistance and pulmonary wedge pressure
and right atrial pressure did not change during the first 4 hours after placebo administration. In
contrast, stroke volume and stroke work index improved by maximal 14% and 17 %
respectively. On day 2, with | mg of trandolapril there was a decrease in mean arterial
pressure by 6% with a concomitant decrease in systemic resistance of 13% and an increase in
renal blood flow by 30%. Compared to prestudy baseline values, on day 3, on which the
maximal dose was administered, there was a very moderate decrease in heart rale {maximal
6%). Mean arterial pressure decreased by 14% with a concomitant decrease in systemic
resistance of 22%, mean pulmonary pressure decreased by maximal 29%, in absence of
changes in pulmonary resistance, whereas pulmonary wedge pressure decreased by 43%.
Right atrial pressure only showed a trend towards decrease. At rehospitalization 8 weeks later
there were baseline differences compared to prestudy values in pulmonary wedge pressure and
right atrial pressure (21,5 + 2,1 vs 13,9 + 2,1 mmHg and 4.8 £ 1.4 vs 3.1 + 1.2 mmHg,

baseline first vs re-hospitalization respectively}. In addition, baseline stroke work index
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increased from 24.9 + 3.0 to 28.5 £ 2.2 g/lm’m2 at the re-hospitalization. During the first 4
hours after the administration of 2 myg trandolapril, the decrease in mean arterial pressure and
systemic resistance were still comparable to the decrease on day 3 of the first hospitalization,
In contrast, pulmonary pressures showed no significant changes any more, whereas the
reduction in LV filling pressure, achieved during chronic treatment, was maintained. Also,
stroke volume and cardiac index were not affected, whereas the baseline change in stroke
work index was maintained as well. Data are summarized in table 2 and figure 1.

Neurohumoral changes. On day 1, during the first 4 hours after placebo administration
norepinephrine, angiotensin Il and renin decreased by maximal 18%, 31% and 31%
respectively. Epinephrine, dopamine and aldosterone d¢id not change. On day 2 similar
changes were seen in norepinephrine and angiotensin Il Renin levels showed no significant
change, whereas aldosterone levels decreased by 50%. On day 3, after the highest dose of
trandolapril, norepinephrine, angiotensin Il and aldosterone decreased by 32%, 62% and 71%
respectively, compared to prestudy baseline levels. At baseline measurements at the re-
hospitalization period, angiotensin 1I levels had changed from 14.6 & 3.2 at prestudy baseline
to 10.0 + 1.4 pg/ml, whereas renin levels were increased from 67 & 10 to 225 + 58 yU/ml.
After administration of 2 mg of trandolapril, norepinephrine, angiotensin II and aldosterone
again decreased by 28%, 57% and 58% respectively, compared to prestudy values. Renin
increased by 234 % whereas epinephrine showed no change. A summary of data is displayed
in table 3 and figure 2,

Renal hemodynamics and function. During the first 4 hours after placebo
administration on day 1, glomerular filtration rates did not change. In contrast, renal blood
flow increased by 29% maximally. On day 3 renal blood flow further improved by 44%, again
with no change in glomerulary filtration rates, After eight weeks, long-term treatment showed
comparable baseline values to prestudy values for both the renal blood flow and the
glomerulary filtration rate. After administration of trandolapril there was a decrease in
glomerular filtration rate of 25% and an increase in renal blood flow 41% compared to
prestudy baseline levels. Creatinine clearance, serum creatinine and urine osmolality,
represented here as median and intraquartile range, { 34 (49 - 24) ml/min, 121 (134 — 101)
pumol/l and 320 ( 431 - 206) mol/kg resp. at prestudy baseline) did not change throughout the
study. A summary of data is displayed in table 2 and figure 3.
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Discussion.

In the present study, the participating patients had NYHA class 1II-IV heart failure.
The severity of heart failure in these patients is reflected in the rather high number of patients
who did not complete the study, two of whom died. Worsening of heart failure was the major
reason for discontinuation, oral therapy being insufficient in these patients, The neurohumoral
profile of these patients was not different from the patients who completed the study. The
patients who completed the study were stable on diuretics, digoxin and trandolapril. During
the time between hospitalizations, these patients had stable NYHA class III heart faiture
symptoms. Ne major changes in concomitant therapy were necessary in these patients. The
acute effects of trandolapril on hemodynamics and neurohumoral activation are comparable to
those seen with other ACE inhibitors. Heart rate, mean arterial pressure, systemic resistance,
mean pulmonary pressure and wedge pressure all decreased substantially, right atrial pressure
decreased at a slower rate. Myocardial pump function only improved moderately. Most
important were the persisting reduction in LV filling pressures. During day 1, atter placebo
administration, the modulating effects of prolonged supine resting on hemodynamics and
neurohormones in these patients are evident and result in less vasoconstriction and increased
renal biood flow, and a decrease in norepinephrine and renin-angiotensin levels, The latter is
possibly the result of less sympathetic activation, again illustrative of the effect of resting on
sympathetic tone and peripheral vasoconstriction. However, further hemodynamic and
neurohumoral changes on the subsequent study days relate to trandolapril administration in a
dose dependent fashion {figure 1). Neurchumoral changes included a persisting reduction in
norepinephrine, angiotensin Il and aldosterone and a substantial increase in renin activity after
eight weeks of treatment. In particular, no rebound increase in angiotensin Il was observed,
despite the marked increase in plasma renin concentration, indicating sustained effective
ACE-inhibition, These hemodynamic and neurohumorat changes have been described with
other ACE inhibitors like lisinopril and ramipril as well [19,20,21].

The determination of the creatinine clearance using a 24 hour urine collection method
is subject to certain errors. However, since the patients were already in a resting state before
start of the study, the endogenous production of creatinine can be considered constant, dietary

changes concerning meat consumption are minor as well and urine collection at the coronary
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care unit was carefully done. Renal perfusion was increased already after the first day when
placebo was administered. In addition, after trandolapril a further and persisting increase was
observed. After long term treatment, glomerulary filtration rates were mildly reduced. This
was not accompanied by a deterioration of renal function, since serum creatinine did not rise,
and creatinine clearance and urine osmolality values did not fall. We conclude that renal
function was not affected by trandolapril treatment,

Although our patients with severe heart failure were at risk of deterioration, this did
not occur, most likely due to the increase in renal blood flow, Improved renal perfusion in
patients with heart failure has been described with other ACE inhibitors also [22], but is
usually associated with a decline in renal function [19, 20} In contrast, this did not happen
with trandolapril in our study.

Limitations of the study. The proup of patients studied is small and severely affected
by heart failure, Tt is unclear whether our data can be extrapolated towards a larger group.
Also, the absence of a placebo group makes it hard to determine to which extent regression to
the mean coniributes to our results. However, in this patient group it wiil be difficult to
withhold ACE inhibitor treatment. Still, our data are comparable to those observed in other
ACE inhibitors [19, 20, 21, 22]. Overt hemodynamic and neurochumoral changes were seen
after trandolaprif administration, some in a dose dependent way. In clinical terms, an 8 week
period to determine long-term effects of ACE-inhibition may be rather short, but, in view of
the study objectives, of sufficient duration. Determination of cardiac output by thermodilution
method may be difficult in these patients due to low cardiac output, and common existence of
some degree of tricupidalis and mitralis valve regurgitation, However, the values obtained
were reproducible within the limits described in the methods section and within the range that
could be expected in these patients.

Drop out patients. Four out of twelve patients did not complete the study, which is a
rather high number. The patient that was withdrawn due to a protocol violation was not
replaced, The two patients that suffered from worsening of heart failure were withdrawn from
studymedication. After hospitalization and treatment with intravenous iotropic medication
one of them died. The other one recovered, resuming ACE inhibitor treatment. The last patient
was withdrawn from the study due to development of a rash. After withdrawal of ACE-

inhibitor treatment, heart failure worsened and the patient died in spite of enhanced therapy.
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Parameters of baseline hemodynamics and renal function of the drop out patients at study
entry and at the end of the first hospitalization period are displayed in table 4. It can be
noticed that their renal function was rather impaired. Their values were at the outer limits of
the intraquartile ranges. Their renal function did not deteriorate during treatment, None of
these patients was withdrawn from the study because of deterioration of renal function. It is
therefore unlikely that treatment with an ACE inhibitor, trandolapril, as a single factor, is
implicated in the bad outcome of these patients. It must be kept in mind that the patients in
our study belong to a group with a very poor prognosis. Data from the CONSENSUS trial
have shown a [-year mortality rate in patients with NYHA class IV heart failure of 52%, with
an even higher incidence of hospitalizations. The bad outcome of the drop out patients is not

worse then can be expected in this patient group.

Conclusion.

Trandolapril improves hemodynamics and reduces neurohumoral activation in

patients with severe heart failure, with preservation of renal function,
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Left and right ventricular filling
pressures are decreased after
long-term treatment. Systemic
vascular resistance is
significantly lower at the third
day and remains reduced,
although  not  statistically
significant  after  long-term
treatment with trandotapril 2 mg
bid. ( *: p < 0,05 change from
baseline),
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Figure 2

A dose dependent and persisting

modulation in neurohumoral
activation is noted after
trandolapril treatment,

Norepinephrine levels decrease,
angtotensin I levels decrease as
well, no rebound increase in
angiotensin II levels is observed
in this study. Renin levels
progressively increase during
reatment. ( *: p < 0.05 change
from baseline},

88



Frdia tw
-

a1 a1 e~
=T

: i

foaapw X op e om LN L L
y !
i

Figure 3

Renal function is preserved during long-term treatment. Renal blood flow gradually
increases, whereas creatinine clearance and osmolality are not affected by trandolapril
treatment. There is even a irend towards improvement, although not significant, of
creatinine clearance over time. ( *: p < 0.05 change from baseline).

89



06

Table 2

Baseline systemic and renal hemodynamic values and maximum percent changes from baseline during the

first 4 hours after drug administration.

First hospitalization Re-hospitalization

Day 1 Day 2 Day3 Day 1
n=g Baseline Placebo 1 mg 2mg Baseline 2 mg

% change % chanpe % change % change
Heart rate (bpm) T5+4 22 23 5.8 714 -6.9
Pulmonary wedge pressure (mmHg) 2242 ~11.7 -16.7 432 % 14+ 2# 445 *
Mean arterial pressure (mmHg) 85+4 -1.7 57 -14,1 * 824 -11.0*
Mean pulme art: TESSUIS 4
() RALY WY P 2942 8.5 9.3 291 % 2543 203
Right atrial pressure (mmHg) 5+1 -20.1 32,0 -238 3x1 -47.0%
Cardiac index (I/min/m?) 2,13 +0.31 14.0 12.1 16,6 * 2.18+0.16 21.6
Pulmonary resistance (dyn.s.cm™) 191 26 -13.8 217 15.5 227+ 39 104.7
Stroke volume index (ml/bcat/mz) 203%5.0 142 % 13,5 237 * 31.0%23 249
Stroke work index (g/m."mz) 24639 174 % 4.7 19.5 % 28622 -33.2*
Systemie resistance (dyn.s.cm's) 1900 £ 773 9.9 -130%* -225% 1676 £ 151 -17.0
Glomerulary filtration rate (ml/min) 86.8+9.6 -10.9 -I1.1 5.0 6041353 =248 *
Renal blood flow (ml/min) 438 =80 28.7* 204 * 441 536 108 40.6 *

Baseline values are expressed as mean = standard error of the mean, * p < 0.05 compared to baseline
values, # p < 0.05 baseline first hospitalization compared to baseline rehospitalization. Dosage: day 1:
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Table 3

Baseline neurokumoral values and maximum percent changes from baseline during the first

4 hours after drug administration.

First hospitalization Re-hospitalization

Day I Day 2 Day 3 Day i

n=8 Baseline Placebo lmg 2mg Bascline 2mg
% change % change % chanpe % change

Norepingphrine (pmol/)  4.8x=0.5 -17.7* ~169* -31.6* 48=1.1 “27.5%
Epinephrine (praoh1) 0.530.14 -11.4 247 B21% 0424012 -18.7
Angiotensin II (pg/ml) 14.6%32 312% 32.9% 623*  100£14 570
Renin (uU/mi) 674 10 -3L1% -10 1356* 2254 58# 2335%
Aldosterone pg/m}) 733 £ 177 29,2 499 TLL* 399104 583 %

Baseline values are expressed as mean + standard error of the mean, * p < 0.05 compared to
baseline values, # p < 0.05 baseline first hospitalization compared to baseline
rehospitalization. Dosage: day I: placebo, day 2: 1 mg, day 3. 2 mg, rehospitalization: 2 mg.
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Table 4

Data from drop out patients.

Drop out #1 Drop out #2 Drop out #3

Reason for drop out Skin rash Worsening of heart fathwe  Worsening of heart failure
Outcome Death Death Recoverad
Baseline pulnonary wedge pressure (mmHg) 27 27 29
Bascline right atrial pressure (mmHg} 16 20 15
Basgline serum ¢reatining 150 130 128
Creatinine clearance (ml/min) at bascline 6 28 16

at end of study § 15 34
Osmolality (mol/kg) At baseline 357 631 323

At end of study 375 592 386
Renal blood flow (ml/min} At bascline 88 825 310

At end of study 171 297 326
Glomerulary filtration rate (mi/min) At baseline 58 123 Missing

At end of study 65 63 Missing

Data from drop out patients. All patients have elevated LV and RV filling pressures, indicators of severe
heart failure. Renal function parameters indicate a pronounced impaired renal function. Treatment with
trandolapril has variable effects in these patients. Deterioration of renal function due to trandolapril
treatment was not the reason for discontinuation of the study in any of these patients.
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Chapter 6.1

Acute hemodynamic effects and preload-dependent cardiovascular profile

of the partial phosphodiesterase inhibitor nanterinone

in patients with mild to moderate heart failure.
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Acute Hemodynamic Effects and Preload-Dependent
Cardiovascular Profile of the Partial
Phosphodiesterase Inhibitor Nanterinone in
Patients with Mild to Moderate Heart Failure

W.J. Rentmme, M. van der Enf, G.I.. Bartels,
D. van Schelven, D.C.A. van Hoogenhuyze,
X.H. Krauss, HA.C.M. Kruijssen, and

C.J. Storm

Stitdres Cardiovascutar Research Foundation, Rotterdam,
The Netherlands

Summary. Nanterinone (UK-61,260) is a novel positive inotre-
plc and balanced-type vasodilating drug, only partially based
on phosphodiesterase II1 inhibition, Preliminary data from
confrolled studies suggest satisfactory long-term efficacy and
safely. As its acute hemodynamic effects in humans are un-
known, an oral dose of 2 mg nanferinone was studied in 14
patients with heart failure (NYHA class H-IIE) on chronic
diuretic and angiotensin-converting enzyme (ACE} inhibitor
{reaiment., Before the study, patierfs were on a 2 g sall-
balanced diet, and they recelved their last medication 16
hours before each study day. Hemodynamic measurements
were carried oul before and 9.5, 1, 1.5, 2, 2.5, 3, 4, 8, 12, and
24 hours after administration of the study drug. Alf patients
received placebo and nanterinene on 2 consecutive days. Fol-
lowing nanterinone, systemic vascular resislance decreased
immediately from 163% + 82 {mean = SEM) at baseline o
1368 = 80 at 1 hour, Changes persisted for 12 hours. Concomi-
tantly, there was an immediate and significant fall in pulmo-
nary wedge pressure [o 38% of baseline at .5 hours, together
with a 20% reductlon in pulmoenary artery pressure. Heart
rate remained unchanged and arlerlal pressures showed only
a shord, significant decrease, Cardiac index rose significantly
from 2.28 x (.15 af baseline to a highest value of 2.65 £ 0,14
#minfm? at T hour. Changes persisted for 3 hours. Placebo
had no effect on these variables. As, in view of its polential
venodilating properiies, hemodynamic Improvement by nan-
terinone may depend on pre-existing left ventricular Alling
pressure, patients were subsequently grouped according to
baseline pulmonary wedge pressure of > 12 mmHg (H-PCWP)
and =12 mmHg (L-PCWPF}, Cardizc index improved by 26%
in H-PCWP and by 17% in L-PCWP (NS). In contrast, PCWYP
fell more markedty in H-PWCP thar in L-PCWP ({0% and
23%, respectively, p < 0.05). Thus, oral nanierinone resulis
in a significant acute hemodynamic improvement and Is well
{oterated. Although changes in left ventricular filling pres-
sure are more pronounced in pafients with elevated pre-
existing PCWP, cardiac pump function improves equally in
patients with normal or low left ventricular flling pressure
at baseline,

Cardiovase Drugs Ther 1996:10:137-144

Key Words, heart failure, positive inotrope, phosphodiester-
ase¢ inhibition, hemodynamics, humans, calcium sensiti-
zation

The conventional therapy for heart failure, that is,
divretics and digitalis, has recently been comple-
mented and, to a certain degree, improved by vasodi-
lator therapy, in particular by converting enzyme in-
hibitor treatment, Nevertheless, as the syndrome
remains characterized by an ever increasing incidence
and a considerable morbidity and hospitalization rate,
additional forms of pharmacological therapy are man-
datory. One approach that has been pursued for many
years aims at improving myocardial contractile force.
Howaever, with the exception of digitalis glycosides,
orally active positive inotropes, which act mainly
through cyelic AMP-dependent mechanisms, that is,
beta-adrenergic compounds or cyclic AMP phosphedi-
esterase inhibitors, have not been successful where
clinical efficacy is concerned. Instead, such agents
have been shown to be arrhythmogenic and to in-
crease mortality in patients with moderate to severe
or with severe heart failure. In contrast, agents with
partial rathef than predominant phosphodiesterase-
inhibiting properties may be useful and possibly safe,
when given in addition to conventional therapy in pa-
tients with mild to moderate, rather than severe,
heart failure [1].

Nanterinone (UK 61,260), a quinolone derivative,
induces positive inotropic and arterial vasodilating ef-
feects, without affecting heart rate in conscious animals
{2,3]. Moreover, it improves relaxation and contractil-
ity in cardiac preparations of patients with heart fail-
ure [4]. Preliminary data indicate that long-term
treatment with nanterinone improves exercise capac-
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ity in patients with moderate heart failure without
significant side effects [5]. Although its mode of action
is as yet undefined, the positive inotropic effect does
net relate to an effect on receptors, adenylate cyclase,
or cellular membrane activity; neither does the drug
affect calcium homeostasis [G). Aithough nanterinone
has phosphodiesterase IIl-inhibiting properties, its
relative inotropic potency in anesthetized dogs is ap-
proximately five times that of milvinone and is longer
lasting [2]. One study investigating the effect of nan-
terinone on cytoplasmic calcium Auxes and developed
force suggested similar properties as pimobendan, a
partial phosphodiesterase inhibitor and calcium sensi-
tizer [7}. Whether nanterinone has identical ecaleium-
sensitizing properties is as yet unknown. Nanterinone
acutely improves systemic hemodynamics in a canine
heart failure model [3]. However, its hemodynamic
profile in heart failure patients is unknown. The pres-
ent study investigates the acute systemic hemody-
namic effects of nanterinone in patients with mild to
moderate heart failure on background therapy of di-
ureties and converting enzyme inhibition in a singte-
blind, crossover comparison with placebo. In addition,
its hemodynamic profile was studied in patients with
normal as compared with elevated left ventricular fill-
ing pressures at baseline, as previous studies indicate
that the hemodynamic effects of phosphodiesterase in-
hibitors may depend on preload [8]. Thirdly, the study
evaluated the safety and tolerability of nanterinone.

Methods

Patients

After the study protocol had been accepted by the
institutional review board and informed consent ob-
tained, 14 patients (11 males and 3 females; mean age
63 * 2 years, range 45-77 years), with mild to moder-
ate heart failure due to ischemic or idiopathic dilated
cardiomyopathy, were envolled in the study. To be
eligible, signs and symptoms of symptomatic heart
failure had to be present for at least 2 months, despite
background therapy of diuretics and a converting en-
zyme inhibitor {enalapril). Only patients with a left
ventricular ejection fraction =45%, as indicated by
radionuclide or angiographic evaluation, were in-
cluded. Patients were either males, aged between 21
and 80 years, or pestmenopausal females, Patients
with both minimal and severe heart failure, defined
as NYHA classification I or IV, respectively, or with
signs of unstable heart failure, were excluded. More-
over, patients with unstable angina, a recent (<2
months) myocardial infarction, covonary artery by-
pass graft or angioplasty, ventricular dysrhythmias
requiring drug treatment, clinically signifcant ste-
notic valvular disease, supine systemic arterial hypo-
tension or hypertension (<90 or >200 mmHg, respec-
tively), or significant hepatic, remal, or metabolic
disease were excluded. Concomitant cardiovascular
therapy other than diuretics and/or enalapril was not

allowed, with the exception of digitalis for the treat-
ment of atrial fibrillation. In the latter case, digitalis
therapy had to be stable for the last 4 weeks before
entry into the study.

Individual demographic and clinical patient charae-
tevistics are given in Table 1. Of the 14 patients in-
cluded, 4 were in NYHA class I1 and 10 were in
NYHA class 11, The duration of heart failure symp-
toms averaged 5.4 = 1 years (range 2 months to 11
years). The average left ventricular ejection fraction
at baseline was 21 * 2% (range 6-44%). The underly-
ing etiology was ischemic cardiomyopathy in nine and
idiopathic dilated cardiomyopathy in five patients,
Only two patients were on digitalis therapy for atrial
fibrillation.

Study design

The study was designed as a single-blind comparisen
of a single oral dose of placebo and a single oral dose
of nanterinone over 2 sticeessive days, The study was
preceded by a 6-day prestudy peried, during which
patients were hospitalized and kept on a 2 g salt
batanced diet. At the begiming of the prestudy hos-
pitalization phase, all cardiovascular medication was
withdrawn, with the exception of diuretics, angio-
tensin-converting enzyme (ACE) inhibitors, and digi-
talis, which were continued at an unchanged dose and
were administered at night, approximately 15 hours
before baseline measurements on the 2 consecutive
study days. On the day preceding the study, patients
were admitted to the coronary eare unit.

Instrumentation

Instrumentation for the study was carried out approx-
imately 16-18 hours before the first study day and
comprised a Swan Ganz triple-lumen thermodilution
catheter positioned in a pulmonary artery for mea-
surements of pulmonary artery, pulmonary wedge,
and right atrial pressures, and an arterial line in a
radiat artery for the measurement of arterial pres-
sures. Cardiac output was assessetl by the thermodilu-
tion technique, using a bedside cardiac output com-
puter (Edwards Laboratories). Cardiac entput
measurements were made at least in triplicate. Only
successive values with a variation of <10% were ac-

Table 1, Patient characleristics

Sex i1 male/3 femzle

Age (%, range) 62.5 years (15-77)

CHF classification 4 NYHA 117116 NYHA [T
Duration CHF symptoms 6.4 years (2 months to I1 years)

(X, range)
Eticlogy & ischemic CMP/6 idiopathic
CMP
LV ejection fraction {%, 21% (6-44%)

rangey

LY = left ventricular; CMP = cardiomyopathy.

98



cepted. Heart rate was recorded frem a continuous
two-lead electrocardiogram (ECG).

Hemodynamic measurements and

calewlaled variables

Measured hemodynamie parameters included heart
rate (HR, min ~); systolic, diastolic, and mean arterial
pressures (SAP, DAP, and MAP, respectively); and
systalic, diastolic, and mean pulmonary artery pres-
sures (SPAP, DPAP, and MPAP, respectively), mean
pulmonary wedge and right atrial pressure (PCWP
and RAP, respectively), and cardiac output (CO, ¥
min). The puimonary artery and right atrial pressures
were measured at midrespiration, to ensure stable
values, From the above-mentioned parameters the
fo]iowing variables were calculated: eardiac index (CI,
Imin/m®) = [CO/BSA, where BSA = body surface
area (m~%), stroke volume index (SVI, mlfm%) = CU/
HR, stroke work index (SWI, g.m.m~%) = [(MAP —
PCWP) x SVI x 0.0136], systemic vascular resis-
tance (SVR, dynes.sec.em™% = {(MAP — RAP) x
80/CO), and pulmonary vascular resistance (PVR,
dynes.sec.em™%) = ((MPAP - PWCP} x 80/CO).

Study protecol

On each study day, repetitive control hemodynamic
measurements were carried out 2.5 hours after a light
liquid breakfast to ensure stable baseline values. Fol-
lowing control evaluations, patients received placebo
onday 1 and 2 mg nanterinone on day 2. On each study
day, all hemodynamic variables were reassessed at
30, 60, 90, and 120 minutes after drug administration,
followed by measurements at 3, 4, 8, 12, and 24 hours.
Patients were allowed to eat immediately after the
4-hour hemodynamic assessment and received an eve-
ning meal as well as background medication immedi-
ately following the 8-hour assessment period. After
completion of the 24-hour measurement of the second
study day, patients were discharged.

Statistical analysis

Baseline hemodynamic variables were compared be-
tween control and nanterinone treatment days, using
a paired t-test, whereas changes from baseline during
each study day were analyzed using an analysis of
variance for repeated measurenents, followed by a
multiple comparison procedure according to Dunnett.
In a separate analysis, the acute hemodynamic effects
of nanterinone were compared between patients with
a baseline left ventricular filling pressure (pulmonary
wedge pressure) <12 mmHg and >12 mmHg. Base-
line hemodynamie variables of these two groups were
compared using an unpaired t-test, whereas changes
from baseline within each group were analyzed using
analysis of variance for repeated measurements, fol-
lowed by a multipte comparisen procedure according
te Dunnett. Furthermore, maximal percent changes
in hemodynamic variables were compared between
the two groups using a paired t-test, For all analyses,

a two-tailed p valee of <.05 was considered indicative
of a signifieant difference. All values are given as
mean * SEM.

Results

Baseline values on each treatment day were compara-
ble. Placebo did not affect systemic hemodynamics,
except for a moderate 3-5% reduction in heart rate
during the first 2 hours after administration, accompa-
nied by a small, but significant increase in stroke vol-
ume (Fig. 1). In contrast, following nanterinone heart
rate did not change. Still, cardiac and stroke index
increased by (6% and 18%, respectively, together
with a 19% reduction in systemic vascular resistance.
Changes were already apparent at 30 minutes after
drug administration and persisted for at least 12
hours. In contrast, whereas the compound decreased
teft ventricular filling and mean pulmenary arterial
pressures by 36% and 19%, respectively, these ef-
fects, although occurring early, between 30 and 60
minutes, were relatively short lasting, being present
for only 2% hours (Pig. 2). Despite the systemie
vasodilating effects, arterial pressures did not de-
crease, except for a short-lasting 7% reduction at 60
minutes, Nanterinone did not affect right atrial pres-
sure or pulmonary vascular resistance.

Preload-dependent effect of nanterinone
To assess the infiuence of the baseline left ventricular
filling pressure on the effects of nanterinone, patients
were prouped as those with a baseline pulmonary
wedge pressure >12 mmHg (group L n = 7} or <12
mmHg (group i, n = 7} on day 2, before the adminis-
tration of nanterinone. All patients in group I were in
NYHA elass I11, whereas four patients in group II
were in NYHA class II and 3 were in class II1, In
addition to wedge pressure, right atrial and mean pul-
monary artery pressures were lower in group 1,
whereas arterial mean pressures and stroke work in-
dex were less in group I, Otherwise, hemedynamic
parameters did not differ between groups (Table 2),
In Figure 3 maximal percent changes in both
groups during the first 4 howrs after drug administra-
tion are displayed. Nanterinone reduced systemie vas-
cular reststance to & greater extent in group IL, Only
in this group was a significant decrease observed. In
contrast, although nanterinone improved cardiac
pump funetion in both groups, these effects were
clearly more marked in patients with increased left
ventricular filling pressures at baseline (group I; Fig.
3). In the Iatter group, cardiac index increased by
26%, but by only 17% in group II. Moreover, stroke
volume index increased significantly in group [, but
net in group 1L In group I, nanterinone reduced pul-
monary artery mean and pulmonary wedge pressure
by 24% and 40%, respectively. Although it did not
significantly affect these variables in group II, in the
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Fig. 1. Sequential effecls of nanterinone (open cirvcles) and placebo (elosed circles) on heart rale (HR), systemie vascular resis-
tance {SVR)}, and cardiac index (CI), and stroke index (SWI). Whereas placebo had a small, temporery effect on HR and stroke
volume, nanterinone significantly improved CI and SWI, and reduced SVR slariing at 30 minutes after adminisiration and contin-

wing to al least 12 kours theveafler. C = baseline.

latter changes in left ventricular filling pressure were
identical to those in group I, ranging between 30%
and 40%, and following the same time course as in
group 1 (Fig, 4).

Long-term hemodynamic

effects of nanterinone

In addition to the above-mentioned protocol, 11 pa-
tients continued with the double-blind study medica-
tion for 8 weeks, Six patients received 2 mg nanteri-
none and five received placebo. After this outpatient
phase, patients were hospitalized and a repeat hemo-
dynamic study was performed. During the second hos-
pitalization, patients continued with oral study medi-
cation until after hemodynamic re-evaluation. As a
limited wumber of patients was studied per group,
only baseline values were compared between long-
term treatment and day 1 of the study.

Nanterinone was well tolerated. No side effects oc-
curred in either group, Although in the patients
treated with nanterinone heart rate and mean arterial
pressure tended to deerease by 4% and 5%, respec-
tively, compared with baseline before treatment (Ta-
ble 3}, these changes were not significant due to small

sample size. The other hemodynamie variables re-
mained essentiatly unchanged during long-term treat-
ment. There were no changes in the placebo group
either,

Discussion

The present study indicates that nanterinone acutely
improves cardiac pump function as compared with pla-
cebo in patients with stable moderate heart failure,
despite the concomitant use of converting enzyme in-
hibition and diuretic therapy. Also, the compound in-
duces systemic vasedilating effects and significantly
decreases left ventricular filling and pulmonary artery
pressures without changes in heart rate or clinically
important reductions in systemic arterial pressures.
Although nanterinone improved cardiac output in all
patients irrespective of whether baseline left ventric-
ular filling pressure was abnormally inereased or low
to normal, this effect was clearly more pronounced
when preload was elevated. Finally, the oral adminis-
tration of 2 mg nanterinone did not lead to side effects
and was well tolerated, both acutely and during long-
term treatment.
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Fig. 2. Significant, but short-lasting reductions in pulmonary wedge pressure (PCWP) and mean pulmonary artery pressure
‘MPAP} immediately following nanlerinone administration fopen circles), In confrast, right atrial pressure (RAP) and mean arle.
~ial pressure (MAP) remained unchanged. Placebo {closed circles) had no effect on these variables (C = baseline).

Table 2. Patient characleristics: High versus low left ventrieulor filling pressures

Group | Group [
(PCWP >12 mmHg) {PCWP =2 mmHg
=T n="1
Age (years) 63.7 + 23 ns 61,3 + 3.7
NYHA class 611 [ (4 patients)
IEE (3 patients)
LV ejection fraction (%) 18.0 + 2.8 ns 23.7 + 37
PCWF (mmHg} 20.1 + 1.9 * 6.1 + 1.2
MAP {(mmHg) 84 = 2.8 ¥ 9 = 3.3
RAP {mmHg) 6.1 = 2.7 * P+ 04
PAM (mmHg) 30,1 » 2.3 * i2.1 = 2.7
HR {(beat/min} 80 + 5.1 86 x 4.0
CI {I/min/m? 2,07 x 014 ns Z2.49 = 0.26
SV1 (ml/beat/m? 26,1 = 3.2 29+ 2.8
SWi (g.m.m? 22,8 + 3.2 * 35 + 3.6
SVR {dynes.sec.cm™%) 1705 + 110 1693 = 1290
PVR (dynes.sec.cm ™) 207 + 43 135 = 37

CT = cardiae index; HR = heard rate; LV = left ventricular; MAP = mean arterial pressure; PAM
= mean pulmonary pressure; PCWP = pulmonary wedge pressure; PYR = pulmonary vascular
resistance; RAP = right atrial pressure; SV1 = stroke volume index; SYR = systemic vascular
resistance; SWI = stroke work index. *p < 0.05 Group I vs I1.
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creased stroke volume index (SVI) and tmproved cardiac in-
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the fact that the systemic vascular ¢ffects and reductions in
teft venltricular (LV) filling pressure were comparable,
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Fig. 4. Sequential effects of nanterinene on cardiac index
(C1, solid lines) end pulmonary wedge pressure (PWCP, bro-
ken lines) in pakients with increased (open circles) or normal
to low (closed cireles) PCWP at baseline. Although in pa-
tignts wilh increased LV ventricutar pressures nanlerinone
significantly improved CI and decreased PCWP, in patients
with normal lo low left ventricular (LV) filling pressures tem-
poral changes were comparable in bolk groups.

Systemic hemodynamic profile

of nanterinone

The systemic hemodynamic profile of nanterinone in
patients with heart failure reflects its phosphodiester-
ase-inhibiting properties, at least to such an extent
that systemic arterial vasodilating effects were pres-
ent, cardiae output improved, and left ventricular fill-
ing pressure decreased, together with a reduoction of
pulmonary artery pressures. As sueh, the compound's
cardiovascular effeets compare well with those of pre-
dominant phosphodiesterase inhibitors, such as amri-
none, milrinone, and enoximone [9-14). These agents
are generally considered to be positive inotropic com-
pounds and are deveid of digitalis-like properties,
However, in view of these arterial or balanced-type
vasodilating effects, the result of cAMP phosphodies-
terase inhibition, they are better categorized as inodi-
lator drugs [15]. Indeed, the vasedilating effects of
these agents may be significant in the treatment of
severe heart failure {16) and, reportedly, may pre-
dominate in normal individueals [17). Also, in mild to
moderate heart failure, the vasodilating effects of mil-
rinone may prevail {1]. Our data suggest that vasodi-
lation also contributed to the overall hemodynamie
profile of nanterione in a similar patient group as in
the latter study.

Although animal data suggest that the positive ino-
tropie effects of nanterinone predominate and occur
at lower dose levels than its vasodilating aetivity [3},
the present study shows that, at the dose level used,
in heart failure patients systemic arterial vasodilating
properties may significantly contribute to its positive
effects on cardiac pump function. In fact, systemic
unloading of the left ventricle could entirely explain
the overall hemedynamie improvement by nanteri-
noke in our patients, In particular, the temporal rela-
tion between systemic vasodilating effects and the in-
crease in cardiac output suggests a functional
correlation. In contrast to the systemic arterial ef-
fects, changes in pulmonary arterial pressures and in
pulmonary wedge pressures were clearly of shorter
duration.

Whether positive inotropic properties played an ad-
ditional role in the improved cardiac pump perfor-
mance in our patients is impossible to state. The pres-
ence of positive inotropic properties cannot be
deduced from our study in the absence of appropriate
methods to examine the latter. Certainly, pesitive
chronotropic effects, also a direet result of phosphodi-
esterase inhibition, did not play a role. Significant ad-
ditional venodilating properties appear less likely, as
no changes occurred in right atrial pressures, Also,
the effect of nanterinone on pulmonary artery pres-
sures cannot be explained by a drug effect on the pul-
monary arterial vascular system, because pulmonary
resistance remained unchanged.

Thus, nanterinone has beneficial hemodynamic ef-
fects, as indicated by a significant increase in cardiac
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Table 3. Long-term hemodynamic gffecls of nanlerinone

Nanterinone Placebo
n = 6) (n = 5)
Pre- Post- Pre- Post-

treatment treatment treatment treatment
Heart rate {beatsfmin) 88.2 + 3.2 84.3 + 48 852 + 29 82.2 + 6.6
Mean arterial pressure (mmHg) 895 = 4.8 85.2 = 6.0 87 + 6.0 B86.4 + 5.0
Pulmonary wedge pressure (mmHg) 16.5 = 3.2 4.8 + 3.7 88 = 4.0 10.4 + 14
Cardiae index (Hmin/m? 2.1+ 02 2+03 23+ 03 2.4 =02
Stroke work index (gfm/m? 24,2 + 4.5 26.5 + 7.4 20.5 + 6.0 304 = 4.0
Systemic vascular resistance {dynesfsecfom ™) 1846 = 131 1901 = 220 1614 = 119 1505 + 140

and stroke index and a lowering of left ventricular
filling pressure, due at least to systemie unfoading of
the left ventricle and, possibly, to positive inotropic
properties without apparent positive chronotropic ef-
fects, both during acute administration and during
long-term treatment. The absence of any increase in
heart rate conforms with previous observations with
this compound in both in vitre experiments and stud-
ies in both anesthetized and unanesthetized dogs [2].
Of importance, in the present study changes in heart
rate also did not eccur in patients with low to normal
left ventrieutar filling pressures. As such, nanterinone
clearly differs from the phosphodiesterase inhibitor
milrinone. The latter increases heart rate in patients
with mild to moderate heart failure and low to normal
left ventricular filling pressures {8]. This inerease, in
the absence of a significant fall in blood pressure and/
or cardiac output, most likely reflects a direct, cAMP-
related effect on the heart. The absence of heart rate-
stimulating properties suggests that nanterinone does
not resemble predominant phosphodiesterase inhibi-
tors, such as milrinone.

Preload-dependent hemodynamic

effects of nanterinone

As the cardiovascular actions of nanterinone depend
at least in part on cAMP phosphodiesterase-inhibiting
properties, a combination of positive inotropic, arte-
rial dilating, and venodilating effects is to be ex-
pected. Drug-induced improvement of left ventricular
pump funetion in patients with heart failure will de-
pend entirely on the instantaneous contribution of
these separate effects, and on baseline cardiac fune-
ticn, in particular on the level of left ventricular filling
pressure. Whereas an increase in contractility will
lead to an increase in cavdiac output at any given pre-
load, the effect of afterload reductien may vary de-
pending on the magnitude of pre-existing left ventric-
ular filling pressure. More importantly, when the
latter is normalized or low as a result of diuretic and
ACE inhibitor therapy in mild heart failure, venedila-
tation may in fact be counteractive and offset the ef-
fect of arterial vasodilation and pesitive inotropism,

and thereby lead to a deterioration of cardiac pump
function, instead of the expected improvement. In-
deed, such a reduetion in cardiac output has been ob-
served with both predominant and partial phosphodi-
esterase-inhibiting agents in patients with mitd heart
failmre and a left ventricular filling pressure <16
mmHg (8,18].

In the present study, nanterinone had no such neg-
ative effeets on cardiac pump function. The compound
improved cardiac output in both patients with ele-
vated wedge pressures and in those with normal to
low left ventricular filling pressures. However, the
improvement in pump function was more pronounced
in these with a high preload. Alse, stroke volume or
work did not increase in patients with normal to low
left ventricular filling pressures, despite comparable
reductions in systemic vascular resistance and, hence,
unloading effects on the left ventriele. Thus, both the
absence of heart rate effects and different preload-
dependent hemodynamic properties suggest that, at
least as far as cardiovascular properties are cen-
cerned, nanterinone may differ from milrinone, a pro-
totype of the predominant phosphodiesterase inhibi-
tors. This could be important where long-term
treatment is cencerned. Possibly as a result of
preload-dependent reductions in cardiac output
in mild to moderate heart failure patients, milrinone
loses its systemic arterial vasodilator effect, perhaps
as a result of secondary neurchormonal stimulation
[1,19,20]. Although toe few patients wanted to partici-
pate in the long-term study, there was no evidence of
a hemodynamic deterioration in the six patients who
continued with nanterinone.

The present study suggests that nanterinone in-
duces beneficial hemodynamic effects in patients with
mild to moderate heart failure. Further evaluation of
this compound in heart failure is necessary to investi-
gate whether these acute hemodynamic effects trans-
late into long-term clinical improvement. Preliminary
data from a long-term, multicenter, placebo-con-
trolled study indeed indicate that nanterinone, in dos-
ages ranging between 1.5 and 3 mg daily, improves
exercise capacity in mild heart failure 5],
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Contrasting Preload-Dependent Hemodynamic
and Neurohumoral Effects of Isomazole,
a Partial Phosphodiesterase Inhibitor
and Calcium Sensitizer

MARTIN VAN DER ENT, MD, WILLEM J. REMME, MD, PhD,
G. LOUIS BARTELS, MD, PETER W. DE LEEUW, MD, PhD,*

DIEDERIK C.A. VAN HOOGENHUYZE, MD, DICK A.CM. KRUIISSEN, MD

Zuiderziekenhiis, Rotterdam; Maastricht, The Netherlands

ABSTRACT

Buckground: Currently evaluated positive inotropic agents that act predominantly through
phosphodicsterase 1[E-inhibiting praperties. have been disappointing in the treatment of
heant faiture. Lack of efficacy as a result of diminished cellular cyclic adenosine monophos-
phate and vasoditating tolerance and side effects are prevalent. In contrast, calcium sensiti-
zatjon is preserved in heart failure and agents that combine phosphodicsterase-inhibiting
and calcivm-sensilizing properties may be more efficacious. Isomazole is such a novel agent
with combined properties. This study investigated the acute hemodynamic and neurohor-
monal effects of intravénous isomazote (3 pg/kg/min for 30 minuies).

Methods and Resubis: The effects of preexisting preload were evaluated in 18 patients with
heart failure. New York Hearl Association class [, and elevated {(>15 mmHg.n = H,
greup 1) and normal (n = 7. group [1} pulmonary wedge pressure at baseline. In the overall
group, isomazole increased myocardial contractility and relaxation and decreased systemic
resistance by 20%. Left and right filling pressures fell by 35-45%, accompanted by a 69%
reduction in cardiac atrial natriuretic peptide release. In contrast, levels of arterial norepi-
nephirine and renin both increased by 27%. Cardiac output increased in group 1 {23%), but
fell in group IE (18%). accompanied by a 51% increase in arterial norepinephrine. Cardiac
atrial natriuretic peplide decreased in group I, but not in group 1L

Conclusions: Isomazole induced positive inotropic and lusitropic effects and arterial
vasodilation in all patients. Cardiac pump function improved only in group 1, accompanied
by a reduction in sympathetic activity and renin-angiotensin and aldosterone levels and a
more pronounced decrease in cardiac atrial natriuretic peptide release. In contrast, in
patients with normal to low pretoad, the further reduction in pretoad led to a dewerioration
of pump function and increased svmpathetic tone,

Key words: phosphodiesterase inhibitors. cafcium sensitization, heart failure. humans. neu-
rohormones. myocardial function,
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Despite recent developments, currently available
heart failure therapy is not universaily efficacious and is
often limited by side effects, One approach that has
been pursued for many years aims at improving the
impaired cardiovascular function. the primarv event in
heart failure. Agents used in this context include drugs
that combine both positive inotropic effects and vasodi-
lating properties, that is, inodilalor compounds.
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Orally active inodilator agents that have been gvalu-
ated in humans all share phosphodiesterase (PDE) I11-
inhibiting actions, which lead to an increase in cellular
cyclic adenosine monophasphate {cAMP) levels and
subsequentty to enhanced inotropy and cardiac relax-
ation and lo vasodilation. Agents with predominant
PDE-inhibiting properties, such as milrinone and enox-
imone, acutely improve cardiovascular pump function in
heart failure. in part the result of arterial vasodilation;
however, lale tolerance has been reporied (1). More-
over. cellular cAMP levels are reduced in failing hearis
possibly as a resuli of heta-receptor down-regulation,
which may alse explain the Tack of tong-term efficacy of
these cAMP-dependent inedilators. Side effects are of
concern. including ventricular archythmias and the like-
lihood of myecardial oxvgen consumption increasing,
which is unfavorable in patients with ischemic heart dis-
case. Comversely. agents that share partial PDE-inhibit-
ing properties and additional inotropic properiies such
as calcium-sensitizing effects may be more efficaciovs.
Thraugh the additional inotropic properties they are
less dependent on the contribution of PDE-inhibition
with fewer side effects. Moreover, the pracess of calcium
sensitization remains intact in failing hearts On (he
downside. calcium sensitization slows relaxation (2).
which is already impaired in failing hearts, Whether the
laner becomes clinically relevant, however. depends on
the relative contribution of PDE-inhibition. which in
turn enhances refaxation. even in heart failure. In this
study, we investigated the acute hemodynanic and myo-
cardial energetic effects of isomazole, an agent with cal-
cium-sensitizing properties and. in addition. partial
PDE-irhibiting effects. administered intravenously to
patienis with myocardial dysfunction as a resuit of isch-
emic cardiomyopathy or idiopathic dilated cardiomyop-
athy. As vasodilator agents may cause reflex neurohor-
monal responses. which may counteract their direct
vascular effect, we also evaluated neurchormonat
changes. Furthermore. we compared the effect of isoma-
zole in patients with normal versus elevated left ventric-
ular end-diastolic pressures. as previous studies have
shown that the level of left ventricular filling pressure
may determine the acute hemodynamic effects of PDE
[§1 inhibition (3).

Materials and Methods

Patient Selection

Alter informed conseait and after approvul by the fo-
cal Ethical Review Committee. 18 patients. | female and
17 males. mean age 397 = 2.0 vears {range. 43-74
yeurs). with mild (0 moderate heart failure. New York
Heart Assaciation classification THIL panicipated in

the study. Lelt ventricular ejection {raction, measured
angrographically. had to be <45%. Patients with renal
and hepatic insufficiency, insulin-dependent diabetes
mellitus, body weight <40 kg or >100 kp, obstructive
valvular disease. a myocardial infarction <1 month old,
or a supine systolic blood pressure <]00 mmHg were
excluded. The etiology of hearl faifure was ischemic car-
diomyopathy in 16 patients and idiopathic dilated cardio-
myopathy in 2 patients. A palients were normotensive
al entry. Two patients were on digitalis treatment, 12 re-
ceived diurclics. 5 converting enzyme inhibitors, 5 cal-
cium antagonists. 8 beta-1-blocking agents, and 9 fong-
acling nitrates. Digitalis and diuretic treatment were
continued until 24 hours before the study, Other cardiac
therapy was withdrawn 3 10 5 days prestudy, At entry, 13
patients were New York Heart Association class Hand S
class HI. Average gjection fraction was 22.1 = 1.6%
{range. [0-35%) and average left ventricular end-dia-
stolic volume measured 1£] = 7 mL/m? (range. 59-164
mL/n?). Clinical and angiographic criteria are given in
Table 1.

Catheterization Procedures
and Instrumentation

Studies were carried out during teft and right heart
catheterization. performed in the morning. afler an
overnight {ast and without premedication. Alter routine
coronary arferiography. carried out according to the
Seldinger technique, a No. 7-F Wilton Webster coronary
sinus thermodilution pacing catheter was positioned via
a brachial vein in the midportion of the coronary sinus.
such that the proximal thermistor was at Jeast 2 cm be-
yord the orifice of the coronary sinus and its position
stable. The absence of atrial reflux was assessed by a bo-
fus injection of 16 mE 5% glucose at roem temperature
in the right atrium. Next, a No. 8-F Sentron piglail nti-
crotip manometer was positioned in the left ventricle
through a Na. 9-F arterial Desilet introducer system in
the femorat artery. The side arm of this system was used
to record arierial pressures. Finally. a No. 7-F balloon-
tipped triple-lumen thermaodilution catheler was ad-
vanced into the pulmonary artery through a femoral
vein. Care was taken Lhat the catheler tip was stable
without haseline drift on the thermodifution signal.

The position of the catheters was recorded on video
disk and regutarly checked throughout the study.

Hemodynamic Measurements
and Calculations

After calibration of the fAuid-filled catheters with a
zero reference level set at midehest. the micromanome-
ter pressure was balanced to xero and superimposed on
the conventional pressure iracings. Pressures in the right
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Tabie 1. Patient Characteristics

Baseline Baseling
LVEDT > 13mmHg LVEDP <15 mmHg
Al Patieats {Group 1} {Group IT)

No. 13 H 7
Male/female 171 11 0
Age {range) 60+ 2(43-74) 61 + 3 {43-74) 59 A {50-68)
NYHA dass Hal 1474 o 52
Paevious infarction 16 9 7
Number of diseased vessels

None 2 1 1

I vessel 3 1 2

2 vessels 7 4] 1

Jvessels 6 3 3
LV cjection feaction { %} 242 21 =2 2442
LV ¢ad-diastolic volume (mlfm®) 1n = 121 =8 90 = 10¢
Modication

Angioleasin-conmverting enzyme inhibitors 3 4 1

Digoxin 2 2 —

Diuretics 12 8 4

Nitrates L 4 3

Calcium antagonisis 5 1 2

Beta-blockers s 1 5

LV, left ventsicular: LVEDP lefl ventricular end-diastolic pressure: NYHA. New York Heart Association.

< A0S, graup [ versus group (1

atrium and femoral and pulmonary arteries were mea-
sured using Bentley transducers (Bentley—Baxter. Uden,
The Netherlands). Pressure and flow signals and the first
derivative of left ventricular pressure {(LV dP/dt) were
recorded on paper al different paper speeds (ie. 10-25
mmy/s). using an RMC 1100 Cath Lab System (Nihon
Kohden). Cardiac output was measured on-line by a
Mennen Cath Lab Computer System {Mennen Medical,
Rekovot, Israel). All pressures and pressure-derived
contractility indices were determined on-line through-
out lhe study. In a beat-to-beat analysis. this system
averages 15-20 consecutive beals 1o level out respira-
tory variations. Isovolumetric pressure-derived contrac-
tility indices {peak positive dP/dt, dP/dU/P at 40 mmHg
[Veem). and Vo, total pressure) and peak negative dP/dt
were calculated and displayed on-line. In contrast. the
isovolumetric relaxation index Tau was measured off-
line (4). Throughout the stedy contractility and relax-
ation parameters were measured at a fixed heart rate set
at 15 beats above baseline heart rate. All other hemody-
namic measurements were carried out at basal. unfixed
heart rates. Thermodilution cardiac output was deter-
mined in triplicate with a variation <5%. Coronary si-
nus blood flow was measured during a continuous 30-
second infusion of 30 to 35 mL 3% glucose ai room tem-
perature. Although both pulsatile and mean Row curves
were recorded, calculations were made from the latter,
according to the formuja coronary blood flow {mL./myin) =
Vo X [Ty — F)(Tw — To) — 1] % LOB. where T is blood
temperature before injection, T; temperature of injec-

tale. T, tlemperature of mixture of coronary sinus blood
and injectate, and V; rate of injection (mL/min}). On-line
presentation of 1-second measurements allow for proper
estimation of the stability of the flow signal.

Al the end of the study. the pressure curves {from the
femoral artery were compared with a simultaneous re-
carding from the aortic rool (o compensate for any dif-
ference between proximal and distai arterial pressures.

Left Ventricular Angiography

Left ventricular angiography was performed in the 30
RAQ projection. Nonionic contrast material {0.65 mL/
kg body weight), was injected by a Medrad infusion sys-
tem at a rale of 14 mL/s. All angiograms were performed
in midrespiration, at a fixed pacing heart 1ate, 15 beats
above basal heart rate. Left ventricular volumes were de-
termined semiaulomatically, using the Mennen Angic
Cath Lab Program and calculated by the area-length
method. corrected by Heitzens’ formula (3).

Metabolic Measurements

Sampling of 1 mL of blood was carried out from the
lef1 veniricle and the coronary sinus for instantanecus
determination of oxygen saturation values on an OSM-
8l oximeter {Waters Associates). For lactate. exactly |
mL of blood was collected simultaneously fraom the left
ventricle and the coronary sinus and transferred quickly
into preccoled glass tubes comaining 2 mL of ice-cold
(1.6 M HCIO,. mixed thoroughly. and kept on ice. Inune-
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diately aflter the study, the samples were weighed and
centrifuged for 20 minutes at a speed of 2000g. There-
upon, the supernatant was frozen for subsequent assay
of lactate. The latler was carried out in triplicate by an
enzymatic technique as previously described {6).

Neurohormonal Measurements

The levels of catecholamines {norepinephrine, epi-
nephrine. dopamine), active plasma renin concentra-
tion. angiotensin 1. and aldosterone were assessed by
collecting a minimum of 12 mL of blood simultaneously
from the left ventricle and coronary sinus in precooled
syringes.

For the assay of angiotensin H.2 mL was immediately
transferred into ice-cold {ubes containing an inhibitor
solution (24 mg EDTA {1.3 mg 1.10-0-phenanthroline,
and ({1 mg of captopril in 50 pL}. Blood samples were
immediately centrifuged (10 min. 4°C, 3(X})g} and the
plasma was stored at —-70°C. Determination was done
hv SepPak extraction and high-performance liquid chro-
matography (7). For catecholamines. 2 to 3 mL of blood
was transferred into chilled heparinized wbes conlain-
ing 3 mg glutathicne and centrifuged within 15 minutes
al 4°C at 3000g. Plasma was stored a1 ~70°C. Determi-
nation of catecholamines (norepinephrine, epinephrine,
dopamine) was done by high-performance lquid chro-
matography with fluorometric detection (8). For the de-
termination of enzymatically active renin,2 mL of blood
was collected in tubes containing 2.4 mg EDTA. Sam-
ples were centrifuged (10 min. 4°C, 3000g) and plasma
stored at —20°C. Determination was done by radioim-
munoassay (9}. Aldosterone was measured with a com-
mercially available radioimmunoassy kit (Coat-A-
Count. Diagnostic Products, Los Angeles, CA) in plasma
oblained from 2 mL of blood collecied in 2.4 mg of
EDTA. Angiotensin I-converting enzyme {ACE) was
measured in plasma prepared from heparinized blood
by a colorimetric method (Fujirebio ACE Color Kit, Bi-
pharma Diagnostics, Amsierdam, The Netherlands).
Atrial natriurctic peptide (ANP) was determined in
plasma prepared from 2 mL of blood collected in a tube
containing 2.4 mg EDTA and 500 KIE Trasylol and
stored at —~70°C. Atrial natriuretic peptide was mea-
sured with a commerciaily available radicimmunoassay
{ETS. Wijchen. The Netherlands).

Calculations

From the measured variables. the following parame-
ters were derived: Coronary vascular resistance {mm-
He/ mL/ min) was calculaled as the difference between
niean arlerial pressure (mmHg) and left ventricular
mean diastolic pressure {mmHg) divided by coronary si-
nus bloed Row (mL/min}. Systemic vascular resistance

{dyn-s cm~3} was derived as (mean arlerial pressure
{mmHg] — mean right atrial pressure [mmHg)/cardiac
outpul {L/min]) X 80. Stroke work index (g-m/m?) was
calculated as stroke index (mL/beat/m?} X (mean arte-
rial pressure [mmHg] — left ventricular end-diastolic
pressure fmmHg}) X 0.0136. Myoccardial oxygen extrac-
tiont (mL OymL} was calculated as arterial — coronary
venous oxygen contenl {mbL/Oy/mL}) and myocardial ox-
ygen consumption (mi/min} as the product of myocar-
dial oxygen extraction {mL/Oy/mL) and corenary blood
flow (ml/min}. Percemage myacardial lactate exirac-
tion was calculated as 100 X (arlerial laciate content
[mmol/L]} — coronary venous lactate content [mmol/L)/
arterial laclate content [mmol/L]}), Myocardial [actate
{mmol/L) uptake was determined by multiplying the
difference in arterial and coronary venous laclate con-
tent {mmol/L) by coronary blood flow {ml/min}. Myo-
cardial catecholamine {nmol/min), angiotensin I (pmol/
min), renin {(pmolfL/h). and aldosterone {pmol/min)
balances were calculated by multiplying the respective
differences in arterial and coronary levels by the instan-
laneous coronary sinus blood flow {(mL/min).

Study Protocol

Patients were studied 45 10 60 minules after the last
coronary angiogram and 25 to 30 minuies afler instru-
mentation. Consequently. all studies were performed
between 10:30 and 11:30 a.m. with the patient resting
and supine for approximately 1.5 to 2 hours. First, mul-
tiple control measurements of all hemodynamic vari-
ables were performed to ensure stable baseline values.
Next, arlerial and coronary venous blood samples for
metabolic and neurchormenal paramelters were collect-
ed, and, subsequently, left ventricutar angiography was
carried out. After a 10-minule stabilizalion period, iso-
mazole was administered in a dose of 3 pg/kg/min due-
ing 30 minutes. Repeat hemodynamic. metabolic, and
electrocardiographic measurements were carried oul
every 10 minutes for | hour following drug administra-
tivn at both basal and fixed heart rates, Neurohormones
were determined 5. 30, and 60 minutes after isomazole
administration. At the end of the study, 60 mintutes after
isomazole administration. a second left ventricular an-
giogram was made in a fashion tdentical to the control
angiogram.

Statistical Analysis

All data are presented as group means = SEM. As
several studies with PDE inhibitors have shown that pa-
tients with high LV filling pressures have a different re-
spanse than patients with lower filling pressures,
patients were divided based on LV end-diastolic pres-
sire >15 mmHg or <15 mmHg for subgroup analysis
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{group I,n = 11, high LVED? and group 11, n = 7, low
LVEDPF, respectively). Changes per assessment period
from control values were evaluated using an analysis of
variance for repeated measurements with missing val-
ues; baseline differences and differences during treat-
ment belween subgroups were analyzed using an un-
paired Student ¢-test. All software was provided by SAS/
STAT statistical software (SAS, Cary. NC). A (wo-tailed
P value <005 was indicative of a significant difference.

Results

Isomazole was welil tolerated. No adverse events oc-
curred. Overall study group and subgroup characteris-
tics are given in Table 1.

Systemic Hemodynamic Effects

Overall Patient Group Analysis, Isomazole resulted
in an improvement of myocardiat function. The contrac-
tifity parameters V. Vo, and dP/dt positive in-
creased significantly by 19, 18, and 15%. respectiveiy.
with & maximal effect 20 minutes afler onset of infusion.
Simultancousdy. Tau and Tau, improved with maximum
reductions of 27% and 18% (P < .001). respectively.
Sysiemic resistance decreased by 20% a1 20 minutes.
Heart rale increased temporarily by only 5% at 30 min-
utes (2 << .05) and mean arterial and lefl ventricular sys-
tolic pressures gradually decreased with a significant

12% reduction at 30 minutes after enset of infusion. In
contrast, cardiac pump function remained unaltered
during 1he study, as neither cardiac output nor stroke
volume or stroke work index changed during the inves-
tigation. Left ventricular end.diastolic pressure fell from
2t mmHg (baseline} to 11 mmHg (40 minutes, £ <
0001, and right atrial pressure decreased by 35% (P <
.0001). Left ventricular angiography showed no change
in LV ejection fraction after isomazole. Left ventricular
end-diastelic and systolic volumes had decreased signil-
icantly bul comparably 60 minutes afier isomazole, from
1F] to 99 mL/m? and 87 to 76 mL/m. respectively {(both
# < 05 versus control values) {Table 2}.

Subgroup Analysis. At baseline, cardiac pump fune-
tion and contractility and relaxation indices were signif-
icantly lower and leart rate higher in patients with a
high LVEDP {Table 3}. Isomazole improved all conirac-
lility and relaxation indices to a similar extent in both
groups. In contrast. cardiac output increased in group |
{23%). but decreased by 8% in group I (both P <
AHIE). Similar changes were noled for stroke volume and
stroke work index. Concomitantly. in group I systemic
vascular resistance fell by 24% (P <.0001) after 20 min-
utes. but did not change in group ! (Figs. 1. 2). Left ven-
tricular lilling pressures and right atrial pressure de-
clined significantly bul comparably in both groups. Left
ventricular ejection fraction did not change in either
group. Lefi ventricular end-diastolic volumes decreased
by 13 and 6% and end-systolic volumes by 13 and 10%

Table 2. Sequential Systemic Hemodynamic Effects of Isomazale (Overall Patient Group)

Minutes After Isomazole Administration

Paramerer Control 1t 20 K.t} 40 50 &

Basal heart rare
EVSP(mmHg) 1243 124% 1200 113 H6® 116% b1
MAP {mmEig) Y3 =12 91 Bhe heyd #1e Tl BY*
LVEDP {mmHg} Az 2 15 12* M= i 13+ 12*
RAP {mmHg}) 8 3 6% 5 f* 5e f*
PAMP {mmHg) 21x2 (1.5 17+ 16 17* t7¢ 18¢
HR (beats'min) B3 H7 yo* g2~ 89* & 88
CO {imin) 17 =03 49 KA 47 48 46 4.6
SVI{mEsheatim’) AN B 296 L1 1 184 217 214
S\ (g/mfm?) Ll =24 n 33 2.1 2446 281 8.7
SVR (dvn-sem ) 1605 = 12+ 146nt 13167 12667 F374% 144+ 4547
PVR {dyn-scmi—¥) 132=n 121 136 143 153 150 166

Fixed heart rate
dPrdy pesitive tmmHgfs) [201 = a} Hes* [497# [ZHEY 1416+ L3 1432+
dPd1 negative {mmHg's) 114y = 57 1228 1203 1147 1141 1212 1174
Veew [$econd - f) Ry RIS A A kil 2y 29
Vi (s2C0ONY "1} =2 b g Ehi 47 45 3=
TFau (millisecandst h=a (XN (i A7 iy (10 1

CO. cardiac output: HR. heart rate: LVED, left ventricular end-diastnlie pressure: LVSP 1R ventric-
ular systolic pressore: MAP. mean arterial pressure: PAME pulmonary wtery mean presure: PVR. pul-
nuanary vascular resstance: RAR right arteraal pressure; $VI, siroke volume index: SVR. systentic
vaseular resistapee: SWIL strohe wark indes: Vo s, dPAITIP ar 40 mmHg V.. el pressure, Data are

means = SEM {contral) and mcans (isomazaled
=4 < {13 versus control.
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Table 3. Baseline Systemi¢c Hemodynamic Variables

All Patients Group | Group 11
LV end-diastolic pressure {mmHg) 16.5 {14-30) 30 (19-31) 14 (11-15)*
Mean pulmanary artery pressure (mmHg) 21.5(14-30.5) 24(22-32) B3 {12-20)*
Right atrial pressure (mmHg) 6{5-11} 19 (6-14) 3 (4-6)*
Cardiac output (mL/min) 4.37 (3.83-5.65} 3.98(3.44443) 5.92 (4.38-6.28)
Stroke volume index {ml/m?) 28.7{23-34) 25.1 (21.6-31.6) 30.4(28.9-37.4)*

Systentic resistance (dyn-s cm=5)
Stroke work index (g/m/m?)

1487 {1362-1790)
293 (22.1-36.2)

1334 (1165-1465)*
374 (33.1-45.6)"

1683 (149321 16)
226 (19-28.5)

Vienn {s2cond-1} 242 (206-29.7) 233{19.5-24.6) 2.9 (26,4311
Vona (second 1) 327 (33.2-44.2) 35.2(30.9-37.8) 45.2 {30.2-45.4)*
Tau {millisecands) 84 (65-100) 99(91-117) 65 (61-71)*

Group I: LV end-diastolic pressure > 15 mm Hg. n = 11, group 112 £V end-diastolic pressure < 15 mmHg, n = 7.
Baseline values and statistically significant differences between patienis with elevated LV end-diastolic pressure {(group
[) 2nd patients with normal LV end-diastolic pressure {group 11). Data are presented as medians {intraquartile range).
LV, keft ventricular; Vs dPIT/P at 40 mmHg: Vo, 1013l pressure.

*P <05, group | versus group 11

in groups I and I1, respectively (all P < 001 vs baseline.
no group difference}.

Coronary Hemodynamic Effects and
Myocardial Energetics

Overall Patient Group and Subgroup Analysis, Nei-
ther coronary flow or resistance nor myocardial oxygen
demand was affected by isomazole, In contrast, myocar-
dial oxygen consumption decreased significantly, by
19% at 30 minutes after isomazole in the overall group
(Table 4). Subgroup analysis did not indicate any change
in coronary hemodynamics and myocardial energetics in
either group. Myocardial lactate extraction did not
change throughout the study.

Effects of Isomazole on Circulating
Neurohormones and Cardiac
Neurchormonal Balance

Overall Patient Group Analysis, Arierial norepineph-
rine fevels increased after 30 minutes by 27% from 329 =
50 to 420 = 59 pg/mL (£ < .01) and remained elevated
throughout the study. Also, arterial renin activity in-
creased by 27% from 30 = 13 10 38 = 14 WUimL (P <
.05} at 60 minutes. Arterial ANP levels did not change.
but coronary venous ANP levels fell progressively with a
59% decrease {P < 001} at 60 minutes. As arterial ANP
did not change, cardiac ANP release was significantly re-
duced by 54% from 214 * 42 10 106 * 29 ng/min at 30
minutes and by 69% (to 68 = 15 ng/min) at 60 minutes
after onset of isomazole infusion, Other circulating neu-
rohormones and cardiac neurchormonal balances re-
mained unaltered (Table 5).

Subgroup Analysis. There were no baseline differ-
ences in neurohormonal levels between the groups. Ar-
terial norepinephrine increased in group I by 54% from
242 * 61 10371 % 80 pg/mL (P < .001). No other neuro-
hormonal changes occurred in this group. In group I, ar-

terial norepinephrine remained unaltered, but arterial
angiotensin [ levels fell significantly by 22%, whereas
corenary venous aldosterone and ANP levels and car-
diac ANP refease decreased by 34, 57, and 67% after 60
minutes, respectively (Fig. 3).

Discussion

Isomazole is a novel compound with calcium-sensitiz-
ing propertics and partial cAMP-PDE Ill-inhibiting
effects {10). Studies in the in vivo model as well as in
isolated organs have shown a profound increase in con-
tractility. together with a modest increase in heart rate
{11-13}. In an experimental model of LV dysfunction,
isomnazole resulted in a marked hemodynamic improve-
ment, with an increase in contractility and cardiac out-
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Fig. L. Maximum percentage changes from baseline values in-
dicate an improvement of cardiacindex (CI), stroke volume in.
dex (SVI). stroke work index {(SWI}. and systemic resistance
{SVR) in group F{LV end-diastolic pressure > 15 mmig} but
not in group {F (left ventricular {LV] end-diastolic pressure <
15 mmHg). Heart rate (HR) is not affected in either group.
whereas mean arterial pressure (MAP) is affected simitarlv in
both groups.
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Fig. 2. Isomazole improved cardiac function in patients with
elevated prefoad enly. Concomitantiy. systemic vascular resis-
tance was reduced in these patients as well. Baseline cardiac in-
dex and systemic resistance differed significantly between both
groups.

put and a reduction in LV filling pressure and systemic
resistance. Thus far, only limited dala are available re-
garding the hemodynamic profile and neurchormonal
response of intravenous isomazole in patients with LV
dysfunction (12,14).

In this study, isomazole increased contractility, im-
proved relaxation, induced systemic vasodilation, and
resulted in a significant reduction in LV filling pressure.,
Cardiac output, however. was not affected; neither was
stroke volume or stroke work. Our observations in pa-
tients with LY dysfunction and mild to moderate heart
failure differ from studies in more severe heart failure

with agents with combined PDE-inhibiting and calci-
um-sensitizing properties, such as pimobendan, in
which cardiac output generally improves {15). Sub-
group analysis in our study revealed that the lack of im-
provement in cardiac output with isomazole is preload
dependent. Cardiac output increases in patients with
elevated LV filling pressures, but falls in patients with a
normal preload (Fig. 4). Taking into account the more
pronounced reduction in right atrial and LV systolic
pressure and systemic resistance in group I against the
background of a comparable inotrepic effect in both
patient groups, it would seem that the balanced vasodi-
lating effect of the drug is more effective when LV fill-
ing pressures are elevated. The fall in cardiac output in
conditions with low LV filling pressures reflects previ-
ous observations with nitrates, at least at the lower
dose levels, where venodilating properties prevail. In
our siudy, isomazole clearly reduced right ventricular
filling pressures, suggestive of a venodilating effect. A
similar, preload-dependent effect on cardiac pump
function has been reported for milrinone (3}, Another
explanation for the better effect or isomazole in group [
relates to wall stress. By decreasing abrormal wall
stress through after- and preload reduction, cardiac
function may improve more in these patients, with en-
larged ventricles, than in those in whom changes in wall
stress are less important, that is, in patients with nor-
mal ventricular size and normal to fow filling pressures.
‘This may be particularly true when the underlying eti-
ology is ischemic cardiomyopathy.

Effects of Isomazole on Relaxation

For a number of reasons, calcium sensitization consti-
tutes a more optimal approach (o the positive inotropic
support in heart failure than PDE inhibition (16). Hs
major drawback concerns slowing of relaxation, which
may be considerable when agents with exclusive calcium
sensilizing properties are used {17). This negative effect
on relaxation may also counteract an improvement in

Table 4. Sequential Coronary Hemodymanic Effects of Isomazale (Overall Patient Group)

Minutes After Isomazole Administration

Parameter Control L0 20 30 40 50 &
CSBF {mLinin) 150 + 16 150 136 133 129 £35 136
CVR {mmHg/mi /min) 037 £ 0408 0.76 075 0.7 078 0.72 14
MVo; {mlimin) (9.2 +23 8.5 16.5 157+ [5.9¢ 169 16.2
DpP N9 =03 (0¥ 107 104 10.3 10.2 10.3
Lactate extraction (%) 225233 148 ks 16,2 126 167 155
Lactiate uprake {melfmin) 205+ 158 15.4 7 it 16,4 14,4 6.9

CSBF coronary sinus blood flow: CVR. coronary vascular resistance: DP. double {rate-pressure) prod-
uct: MVO,. myocardial oxygen consumption, Data are means * SEM {control) and means {isomazole}.

*P < {1 versus control.
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Table 5, Effects of Isomazole on Circulating Neurohormones and Cardiac
Neurohormonal Balance (Qverall Patient Group)

Neurchormone Control 30 Minutes 66 Minutes
Norepingphrine

Acrterial {pg/mL) 349253 444 L 61 436 *+ 58+

Coranary venous (pg/mlL) 461 + 8y 532 > 76° 556 + B6*

Cardiac balance (pp/min) -248 12 -13x53 ~167 % 6.4
Epinephrine

Arterial (pg/mL) 144 *+ 61 123 £ 50 128 = 44

Coronary venous (pg/mL) 101 £ 42 85 + 40 89 =35

Cardiac balance {pg/min} 629 5822 61 +21
Dopamine

Arlesial (pg/ml} 4727 6713 45+ 8

Coronary venous {pg/mt.) L] 435 47+ 7

Cardiac balance (pU/min) 045 =083 4.6 + 248 -0 £ U89
Renin

Arterial (nU/mL) KIERE| M s 40y = 16*

Coranary venous (pl¥ml) =13 RXESR] kR A

Cardizc balance (nU/min} 93 x 03 267 £ 426 494 = 445
Angiotensin {1

Arterial {pgfmL} 54 156 217

Coronary venous {pg/ml) xS 11x7 137

Cardiac balance {pg/min} 0.5 202 B =004 0,76 + 03
Aldosterone

Anterial (pg/mL}) 173 = 54 1H=5 152 + 82

Coronary venous { pg/mL} I 12F *+ 30 1M 247

Curdiac halance {pg/min) (12 = 047 152 = 1192 .92 + 2.56
Atrial natriuretic peptide

Arterial {pg/mL) 32 x| 2383 M+ 164

Caronary veaaus {ppfmL} [R5 £ 393 Y84 = g 768 = 14*

Cardiac balance (ng/min} —221 £ 6 =103 % 3[* =71 x 15%

Data are means = SEM.
*P < 435 versus control,

comtractility (18). Additional cAMP-dependent proper-
ties, for instance by way of partial PDE inhibition, may
oppose these negalive effects on relaxation. In this study,
the isovolumetric relaxation parameters Tau, Tauy, and
Tau, improved rather than deteriorated, indicating the
existence of PDE-inhibiting properties of isomazole.
Similar lusitropic effects have been observed in studies
with pimobendan, a comparable-type agent (15,19).

Coronary Hemodynamics, Myocardial
Energetics, and Metabolism

Coronary flow and resistance were not affected by
isomazole. The reduction in myocardial oxygen con-
sumption in the absence of alterations in coronary flow
and resistance is consistent with previous findings with
pimobendan (15). but differs from observations with
predominant PDE inhibitors such as milrinone and
enoximone under similar conditions. in which coronary
ftow and myocardial oxvgen consumption increase see-
ondary to increased mvyocardial oxygen demand (20.21),
The absence of this nonfavorable effect on myocardial
energy expenditure with isomazole possibly relates toits
calcium-sensitizing properties as the acute vasodilating
properties in this study were comparable to those in the

latter studies. In several jn vitro and in vive experiments
calcium sensitization increased cardiac contractile force,
wilhout additional energy cost.

Circulating Neurohormoenes and Cardiac
Neurchormonal Balance

Enhanced sympathetic andfor renin-angiotensin ac-
tivity often results from acute vasodilating maneuvers
and may lead to reflex vasoconstriction and tachyphy-
laxis (22.23). In this study, arterial norepinephrine and
renin levels increased in the overall group, most likely
related to the concomitant reduction in arterial pres-
sure. In contrast, coronary venous ANP levels and car-
diac ANP release decreased. most likely reflecting the
reduction in LV and right ventricular filling pressures.
Subgroup analysis in this study indicated that the arte-
rial norepinephrine levels did not change in patients
with elevated LV filling pressures, bul, in contrast, rose
significantly in patients with low to gormal filling pres-
sures. in whom cardiac output fell during isomazole ad-
ministration. Secondary to this sympathetic activation in
the latter, svstemic vascular resistance increased signifi-
canthy. cottnteracting the vasodilating effects of isoma-
zole. In patients with increased preload the renin-angio-
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Fig. 3. Atrial natriuretic peptide {ANP) was reduced in the
coronary sinus of patients with efevated wedge pressure only.
Cardiac ANP release was reduced significantly more in these
patients than in patients with normal wedge pressures al base-
fine.

tensin system became less activated. most likely
reflecting the improvement in cardiac oulput without
sympathetic activation. This improvement in cardiac
pump function and the numerically greater reduction in
right ventricular and LV filling pressures in these pa-
tients translated into a significantly greater reduciion in
coronary venous ANP levels and in cardiac ANP re-
lease. Previous investigators have indicated a direct re-
lation between circutatory ANP levels and changes in
right atrial pressure (24,23},

Limitations of the Study

Although patient characteristics are quite simitar in
both groups. considerable differences in hemodynamic
parameters.such as LV and right ventricular filling pres-
sures. cardiac output, and systemic resistance. are ob-
served. This may be related to the withdrawal of pre-
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Fig. 4. [ndividual changes from baseline. The firal values of
the changes from baseline are marked with plus signs. The ma-
jorily of patients in group | (baseline [L.V] lelt ventricular end-
diastolic pressure > 15 mmHg) have an increasing cardiac in-
dex, whereas patients in group Ti generally have a slight de-
crease in cardiac index.

study medication, which was quite different in both
groups. In group I, there were more patients on ACE in-
hibitors, digoxin, and diuretics.

As there was no placebo group in this study there is
no indication 1o what extent regression to the mean and
random variation contributes to the observed effects;
however, the effect of regression to the mean was mini-
mized by wailing until a stable baseline situation was
reached. which was checked by multiple control mea-
surements. The acule effects observed afterward were
pronounced and clearly related to the substance under
investigation. The small number of patients, short dura-
tion of the study, and use of a single dose of isomazole
altow extrapolation to larger groups and longer duration
only with great caution. Also, this study does not allow
differentiation between PDE-inhibiting effects and cal-
cium-sensitizing effects. Their relative contribution to
the overail hemodynamic profile of isomazole is not pos-
sible to establish; however, the positive lusitropic and
the vasodilating effects ctearly point to the presence of
PDE-inhibiting properties. whereas the positive inotro-
pic effects elaborate the presence of calcium-sensitizing
properties.

Clinical Implications

Although during long-term oral use the hemodynam-
ic and neurchormonal effecis may be quite different
from those during acute. intravenous administration,
our study suggesis a favorable effect of intravenous iso-
mazole in conditions in which cardiac filling pressures
are elevated, that is, advanced or acute exacerbations of
heart failure. On the other hand, its usefulness is ques-
tionable in stable mild heart failure, particularly when
LV filling pressures are likelv Lo be normalized or even
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low due to concomitant ACE inhibition and diuretic
therapy.

[somazole, as a partial PDE inhibitor with calcium-

sensitizing properties, has a more favorable profile than
compaounds with predeminantly PDE-inhibiting proper-
ties, at least where myocardial oxygen consumption and
neurohormonal activation are concerned. As isomazole
was tolerated well in our study, further investigations for
evaluation of long-term effects, efficacy, and safety will
have to be performed.

[
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Chapter 7

A non-invasive selective assessment of type I fibre mitochondrial function
using *'P NMR spectroscopy.
Evidence for impaired oxidative phosphorylation rate in skeletal muscle

in patients with chronic heart failure.
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A non-invasive selective assessment of type | fibre
mitochondrial function using *'P NMR spectroscopy

Evidence for impaired oxidative phosphorylation rate in skeletal
muscle in patients with chronic heart failure

M. van der Ent*, J. A, L. Jenesont, W. J. Remme*, R. Bergert, R. Clampricottit
and F. Visser§

*Sticares Foundation, Rotterdam, The Netherlands; TLaboratory of Metabolic Diseases, University Children’s
Hospital, Utrecht, The Netherlands; {Streekziekenhuis De Honte, Terneuzen, The Netherlands: §Academisch
Ziekenhuis Vrife, Amsterdam, The Netherlands .

Background Skeletal muscle abnormalities contribute
considerably to the clinical expression of heart failure.
Deconditioning, underperfusion and an increased number
of type TIb glycolytical fibres lead to early lactate produg-
tion and muscle fatipue at low exercise levels. Aerobic
muscle metabolism may also be impaired, as suggested by
biopsy studies. Thus far, no data are available from non-
invasive studies to indicate the extent of aerobic muscle
dysfunction during low-grade exercise which does not
induce acidosis.

Methods and resuits Mitochondrial function of skeletal
muscle during fibre type I activation was studied in 22
patients with chronic heart failure [NYHA class IIE, left
ventricular ejection fraction 28 & 2%, (patients)} on ACE
inhibitors, diuretics and digoxin, and in 20 normal subjects,
using P NMR spectroscopy of a single right forearm
flexor muscle during three mild intermittent exercise levels
(0-40% of maximum voluntary contraction) and recovery
time. At rest, the inorganic phosphate/phosphocreatine
ratio was different [0-13 & 0-005 (patients) vs 0-09 + 0-002
{normal subjects), P=0-0001]. However, initracellular pH
was comparable. Local acidosis {tissue pH <69) was
avoided to prevent fibre type llb activation. Caiculated

resting phosphate potential levels were comparable, but the
slope and intercept of the linear relationship of phosphate
potential and workload were significantly lower in patients
than in normal subjects (11-7+07 vs 158+ 06 and
139+ 7 vs 196 £ 7, patients vs normal subjects, indicating
early exhaustion of intracellular energy at lower exercise
levels. Also, maximum calculated workload at which tissue
ADP stabilized was lower in patients than in normal
subjects {8847% wvs 120+£4% of maximum voluntary
workload, patients vs normal subjects. P<0-05). Time to
recovery to pre-test phosphocreatine levels was prolonged
by 46% in patients compared to normal subjects {£<0-05).

Conelustons In heart failure, oxidative fibre mitochon-
drial function in skeletal muscle is impaired, as reflected by
the reduced phosphate potential and oxidative phosphor-
yiation rate, early exhaustion and slowed recovery of intra-
cellular energy reserve al workloads, which do not affect
intracellular pH.

(Eur Heart J 1998; 19: 124-134)

Key Words: Heart failure, mitochondrial function,
P NMR spectroscopy, skeletal muscle. phosphorylation
rate, muscle fbre type.

Introduction

Reduced exercise tolerance is a typical clinical feature of’
the heart failure syndrome. Several studies have sug-
gested that besides deconditioning and underperfusion,
secondary to the reduction in cardiac pwmp function,
intrinsic changes in peripheral skefetal muscle contribute

Revision submitted 26 June 1997, and accepted 10 July 1997,

Correspondence: W. J. Remme, MD, PhD, Sticares Foundation,
P.O. Box 52006, 3007 LA Rotterdam, The Netherlands,

to this phenomenon!'l. Changes in the fibre type compo-
sition of skeletal muscle, and abnormadities in the energy
metabolism in skeletal muscle cells have been described
in *in vitro® studies®), In vivo investigations in muscle
biopsy specimens have also suggested that oxidative
ATP synthesis is impaired in heart failure patients.
Moreover, mitochondrial crista volumes are reduced,
which suggests mitochondrial dysfunction!?,

NP NMR studies during exercise in patients
with hear( failure have demonstrated abnormal meta-
bolic changes, such as early acidification, increased

119



phosphocreatine utilization and concomitantly increased
inorganic phosphate levels. Moreover, recovery to pre-
exercise phosphocreatine levels is slowed in some
patients!™ ", As vet, the extent to which this mitochon-
drial dysfunction contributes o the symptomatology of
heart failure is unclear. To address this issue ‘in vivo',
using *'P NMR speetroscopy techniques, it is required
that the oxidative capacity of a homogeneous popula-
tion of fibre types and, consequently, of comparable
mitochondrial coment is studied. Results from
*p NMR studies investigaling mitochondriat function
reported so far have been ambiguous as they did not
meet this requirement since both oxidative and glyco-
Iytic fibres were recruited in the voluntary exercise
regimens used'®l, In studies conducted on forearm flexor
muscles and employing voluntary handgrip exercise, this
could be attributed to poor control over the mechanical
workload on individual fibres within the population of
fibres under investigation®'H, Recently, an experimen-
tal design for *'P NMR measutrement of the work—cost
relationship in single human finger flexor muscle was
described in which the mechanical workload could be
carefully controlled, thus alicwing selective recruitment
of only oxidative fibres within the sampled muscle
massl

In the present study, we applied this experimen-
tal design to measure the variation in phosphate
metabolite concentrations and pH at different levels of
muscle power output in oxidative fibres of forearm
muscle of patients with stable, moderate heart failure.
Qur results indicate that mitochondrial dysfunction does
contribute to the reduced exercise tolerance of skeletal
muscle in heart failure,

Methods

Patients

After informed consent and after approval of the proto-
col by the local Ethical Review Committeg, 20 male and
two female patients with heart failure NYHA class 111
and a left ventricular ejection fraction <45% partici-
pated in the study. All patients had been on stable ACE
inhibitor and diuretic therapy for at least 4 weeks before
nitrates were withdrawn the day before the study; other
vaso-active medication was stopped 3-5 days pre-study,
depending on plasma half-lives. Control data of forearm
skeletal muscle bioenergetics were obtained from 20
heaithy untrained volunteers. Fifteen subjects were
male, five female, mean age 22 years {range 8-40 years).
The P NMR data of this group are reported else-
wherel!2l, Patient characteristics are shown in Table 1.

NMR measurements

"H MR images and 3'P NMR spectra were obtained
using a Philips S15 HP whole body NMR spectrometer

Table ! Patient characteristics

Number of patients 22
Sex 20 males, 2 females

Age 63 & 2 years (range 43-77 years)
NYHA class I
Previous infarction 15

Idiopathic cardiomyopathy

7
LV ¢jection fraction 26 £ 2% (range 10-44%)

Controls: 20 healthy, untrained volunteers, aged 8-40 years.

(Eindhoven, The Netherfands) operating at 1-5 T {clear
bore diameter after removal of the body coil: 70cm).
Positioning of the patients and localization of the flexor
digitorum profundus muscle of the right forearm was
performed using magnetic resonance imaging. 3'P NMR
spectra were obtained by collecting data from 50 exer-
cise cycles at each workload, using a 400 ms window
during exercise. Data from the spectrum before and
after the confracted state of the muscle were discarded.
Data processing was performed ofl-line,

Exercise protocol

The exercise protocol and equipment have been
described elsewherel'™. Briefly, exercise involved bulb-
squeezing with visual feedback of power-output on an
audio-signal using only the tips of the fourth and fifth
digit at three steady-state workloads normalized 1o
maximum voluntary contraction in a ramp protocol.
Rather than using fixed workloads for all, the Joad of the
second and third work level for each individual were set
by the supervising physician by monitoring on-line the
metabolic response to the first, lowest workload to
meet each subject’s individual oxidative capacity. The
frequency of bulb-squeezing was lour times per minute.
Power output was measured and recorded for calcula-
tion of actual power output at each workload. At the
end of each protocol, 1, the time to recovery to pre-study
phosphocreatine levels, was measured.

Calculation of metabolite concentrations

The ATP and total creatine concentrations were
assumed to be identical for normal subjects and patients.
‘The mean values of these metabolites reporied for
human upper leg muscle (8-2 my and 42-7 my, respect-
ively)!"® were used in our calculations. The phosphate
(Pi) and phosphocreatine (PCr) concentrations in the
resting state were calculated from the measured ratios
over ATP, using saturation correction factors of 1-2 and
i-4, respectively, determined from fully retaxed spectra.
Fhe average free ADP concentration in fibres within the
sampled muscle mass was calculated from the creatine
kinase equilibrium according to the equation:

[ADP)=[ATPJ[CrY(}-66 % L0°)(10™PHY[PCr] (1)
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where [-66 % 10° is the equilibrium constant for creatine
kinase reported by Veech!™ and [Cr] is the creatine
concentration. From these values, the conceniration-
dependent term In{[ATPY[ADP][Pi}} in M~ ! of the free
energy of ATP hydrolysis (AG,) or phosphate potential
was calculated.

Determination of oxidative phosphorylation
capacity

Two measures of the muscle’s capacity for oxidative
phosphorylation were oblained based on the steady-
state equations relating to cellular ATP consumption
rate (dominated by ATPase rate) and ATP synthesis rate
{dominated by mitochondrial ATPase rate at constant
pH 7-0). The derivation of the steady-staie equations
that were used has been described previousiy!'?. The
first equation concerns a linear function of the phos-
phate potential vs steady-state power output data of the
form:

P=m x In{ATPYJADP][PiN+b 2
where m and b are parameters containing kinetic pro-
portionality and proton-coupling stoichiometry con-
stanis of oxidative phosphorylation (dimensions: %
maximum voluntary contraction X mol.l ™! and % maxi-
mum voluntary contraction, respectively), The absolute
value of m proportionally reflects the cellular oxidative
phosphorylation capacity and was used as the first ‘in
vivo' measure of the latter!"l. Secondly, an estimate of
the maximal steady-state power output (which is oxidat-
ive ATP fuelled) was obtained for each subject from the
fit of a hyperbolic function to the [ADP] vs steady-state
power output data of the form:

P=Cl| x [ADPYADP]+Km}—C2 3
where P is the steady-state power generated by muscle
fibres (maximum voluntary contraction ~ "), Cl and C2
are parameters reflecting maximal and basal oxidative
phosphorylation rate (dimension: both in % maximum
voluntary contraction) and Km is the J[ADP] at half-
maximal respiration rate (in pM) for the given boundary
condition of the total adenine nucleotide and creatine
content of the flexor digitorum profundus muscle. At
high {ADP] values, the function given by the equation
approaches a value of {C1-C2), the maximal steady-
state power output (% maximum voluntary contraction)
which was used as the second measure of the cellular
capacity for oxidative phosphorylation,

Statistical calculations

ANOVA linear and non-linear curve filting were per-
formed using SAS/STATE software (version 6:10). All
data are presented as mean + standard error of the

mean. Unpaired Student’s t-tests were performed on
measurement comparisons between groups where a P-
value <005 was considered statistically significant.

Results

Accurate, MRI-guided, surface coil placement on the
superficial region of the flexor digitorum profundus,
corresponding to fibres involved in flexing of the fourth
and fifth digit, was achieved in all patients. Also, exercise
was completed by all patients according to protocol. In
the resting state, phosphocreatine levels were lower in
patients than in normal individuals (334+0-5 vs
36-6 & 0-6 my, respectively) and phosphate levels were
higher (4 3 £ 0-2 vs 3-2+0-1 m», respectively). Conse-
quently, the phosphate/phosphocreatine ratio was differ-
ent (013 £ 0-005 in patients vs 0-09 £+ -002 in normals).
Intracellular pH in patients was similar to that in normal
individuals (7-05 £ 003 vs 7-06 £0:02, respectively).
During exercise, the magnitude of changes in phosphate
and phosphocreatine was greater in patients, as Hlus-
trated in Fig. 1, which shows a typical series of
HPNMR specira obtained from forearm muscle of 2
control and a patient at identical power output levels.
Imporiantly, intracellular pH decreased only to
696+ 0-F1 at the highest workload both in normal
individuals and in patients. This is also illustrated in

Fig. 1, by the observation that the line widths of
phosphate and phosphocreatine were similar at ali
power output levels. In seven patients, intracellular pH
intermittently dropped to low values (695671} during
the first workload, but recovered {o the normal range of
values at subsequent workleads, Data from these work-
loads were excluded from the analysis. Figure 2 shows
the linear correlation of the concentration-dependent
term of the phosphate potential (In(ATP/ADP x Pi},
and power outpui predicted by equation (2} for the
pooled data of all 22 patients {r*=0-72). At zero work-
load, ie. the resting state, the phosphate potential was
comparable in both groups. Individuat line fitting used
to calculate slope m, had corrected r-square values
ranging from 0-86 to 0-99. Compared to normal individ-
uals, both the average slope m and intercept b were
significantly lower, -7+ 3-0% maximum voluntary
contraction X M and 139+ 8% maximum voluntary
contraction in patients than in normal individuals
(158 £ 25 % maximum voluntary contraction ¥ mot.] ™!
and 196+ T % maximum voluntary contraction). Aver-
age values for m and b in patients were approximately
70% of normal phosphorylation rates. Figure 3 shows
the variation of the average intracellular [ADP} in fibres
with power output for the pooled data of ail 22 patients.
In patients, higher intracellular [ADP] levels are associ-
ated with lower power output levels compared to normal
individuals. In addition to the phosphorylation rates,
the average CI value for maximal O, consumption,
estimated for each individual separately, differed signifi-
cantly, 574 20% maximum voluntary contraction in
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Figure 1 Presentation of *P NMR spectra taken at rest and during exercise from the flexor
digitorum profundus muscle in patients with chronic heart faifure and normal untrained individuals.
Note the rapid decline in the phosphocreatine (PCr) peak and the rapld incline in the inerganic
phosphate peak (Pi) in heart failure patients compared to normals, already at very low exercise levels.
Also, at the highest exercise leve), the peak widths are still narrow, which is indicative of stable

intraceliular pH.
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Figure 2 Graph showing the linear relationship between the phosphate potential and maximum voluntary contraction
(MVC). Nete that the slope m and intercept b are significantly lower In heart failure patients (CHF) compared to
normal individuals (controls), which is indicative of lower phosphorylation rates. A¢ zero workload the average values

for the phosphate potential are comparable in both groups.

patients vs 120+ 17 % maximum voluntary contraction
in normal individuals, a decrease of 53%. However,
values at zero workload were comparable in both
groups, The C2 value, indicative of basal O, consump-
tion, was comparable in both groups (29 £ 1 in normals
vs 25+4% maximum voluntary contraction in
patients). In contrast, maximal steady-state power
output (C1-C2), calculated for each individual from the
fit of the equation (3} to the [ADP} vs power output
data, was lower in patients (63 £3 vs 91 & 3% maxi-
mum voluntary contraction in normals). As Fig. 4
shows, there is a positive linear correlation between
slope m and (C1-C2). Adjusted 1 for this fitted line is
0-74. Along this line, a group-wise distribution of nor-
mal subjects and heart failure patients can be noticed,
where heart failure patients are associated with the

domain corresponding to lower mitochondriai function.
Individual data are displayed in Table 2. The calculated
time constant t of phosphocreatine resynthesis after
exercise was found to be significantly prolonged in the
group of heart failure patients, 65+ 19svs 42+ 11 sin
normal subjects, a prolongation of 55%,

Discussion

In the present study of skeletal muscle bioenergetics
in heart failure we observed a significantly altered
work-energy cost relationship of forearm finger flexor
muscle of patients with stable, moderate heart failure.
Importantly, the magnitude of changes in phospho-
creatine and phosphate levels and in intracellular pH to
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Figure 3 Graph showing the hyperbolic relationship between intracellular ADP concentrations and maximum
voluntary contraction (MVC), In CHF patients the CI value, indicating maximal O, consumption, is significantly lower
than In normals. The basal O, consumption however, is comparable irn both groups, C1-C2, which represents the
maximal ATP-fuelled steady-state power output, is significantly lower in CHF patients than in normals,
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Figure 4 Graph showing the linear correlation of phosphorylation
rate m against the maximal steady-state power output C1-C2. Corre-
lation between these parameters is highly significant, Along this line,
there is a difference in distribution between heart failure patients and
normal individuals, A =chronlc heart failure patients; O=controls,

exercise at normalized, submaximal workloads was (7-05) and homogeneous amongst fibres within the sam-
strikingly homogeneous for the 22 patients. No patients  pled muscle mass, as indicated by the narrow line width
exceeded the range of mean + 2 standard deviations for  of the phosphate peak (Fig. 1}, According to studies on
these parameters. This observation is in sharp contrast  the transition of aerobic to anaerobic metabolism in
with the findings in previously reported studies of fore- human forearm muscle employing both *'P NMR and
arm flexor muscle bioenergetics in heart failure patients, eclectromyography, this indicates that oxidative (type |
where a highly heterogeneous metabolic response te  and Ifa), and not glycolytic {IIb} fibres were recruited
identical exercise regimens was observed amongst during the voluntary exercise programme usedU'®'", In
patients™l, We attribute this homogeneity in our data to  addition, the maximum workload in this study was at a
the adequate control of the population of fibres that was  very modest level (no more than 40% of maximum
metabolically and mechanically sampled in the present  voluntary contraction). Thus, the maximum work
study. This was also illustrated by the observation that demanded by the protocol was not limited by the
in both patients and normat individuals at the highest number and oxidative capacily of mitochondria present
workload the lowest-measured intracelluiar pH was in the recruited fibres. Therefore, the present protocel
690, only 0-15 units lower than the resting state value  was not used to determine the exercise limit in these
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Table 2 Individual values of metabolic parameters assessed by *'P NMR spectros-

copy of human forearm muscle

Heart faifure patients

Normal individuals

Patient Baseline Cl-C2 m Patieat Baseline C1-€2 m
number PUPCr ratio number PUPCr ratie
1 013 76 i6 1 008 114 21
2 012 52 g 2 008 90 4
3 012 44 g 3 010 84 14
4 103 57 11 4 009 110 17
5 013 48 18 5 009 111 21
[} 014 78 16 6 0-08 79 14
7 012 40 8 7 009 (LX) 6
3 0-09 36 11 8 009 [ 17
9 013 66 12 9 a-10 92 5
1] 013 70 il 10 008 107 2
11 0-11 56 0 11 0-08 75 14
12 017 n i3 12 009 79 15
13 008 K| 13 13 0-08 12 12
14 015 54 I1 14 G190 82 15
£5 0-F5 72 13 15 0-10 94 17
16 0-15 94 13 15 0-09 84 15
17 0-t4 80 16 I? 007 37 15
18 013 76 15 18 0-1 86 15
19 015 50 131 19 0-07 77 14
20 017 8 19 20 0-t) 9% 16
21 008 41 6
22 010 54 7
% 0-13 63 117 X 0-09 91 158
+ SEM +0-005 +3 + 30 +SEM +0-002 *3 25

Average PIfPCr ratios at rest differ significantly between patients and normal individuals. Hewever,
these values do not refate fo the metabolic parameters of activated mitochondria during low-prade
exercise. Empaired maximum phosphorylation rates (m) and maximum ATP-fuelled steady-state
power outpul {C1-C2) can be associated with normal baseline PYPCr ratios and vice versa,

patients. In this protocol, work was only used to get the
mitochondria out of their resting state. The prerequisite
condition for valid interpretation of our results with
respect to mitochondrial functionality, ie. that the
measurements have to be performed in a population of
fibres that is relatively constant in its mitochondrial
content in both patients and normal subjects, was there-
fore adequately met. This contrasts with previous studies
and is likely to contribute to the reproducibility of the
data obtained in our study. The use of a control group
that was not age matched in this study is justified. An *in
vitro' study by Trounce ef al. suggested that mitochon-
drial function declines with age!'®), however this was
most pronounced in the age group over 75, which had
skeletal muscle respiration rates of about half the rate in
younger subjects. In our study, respiration rates were
reduced by about 50% independent of age, whercas all
our patiends were younger than 75 years. Moreover,
previous studies fatled to observe age-related differences
in skeletal muscle bioenergetics, using nuclear magnetic
resonance!™, This suggests that there were skeletal
muscle abnormalities other than functional changes in-
duced by age alone. Even so, the protocol used in our
study does not depend on changes in the number of
mitochondria or secondary muscular atrophy. This is
accounted for by the use of a relatively low power
output during exercise!’™,

In a small subgroup of patients, a transient rapid
decline of pH was observed during exercise at the first
workload only, recovering to the range of normal values
during exercise at subsequent workloads. Although local
blood flow was not measured in this study, this may be
interpreted as reftecting a temporal flow impairment
causing rapid deoxygenation and increased anaerobic
glycolytic flux. Apparently, spontaneous flow adaption
occurred at subsequent workloads in view of the tran-
sient nature of the deeline in pH. This phenomenon
has also been observed in normal subjects, albeit
less commonly™™. Since this was only observed in a
small subgroup of patients, the results of the present
study can be considered supportive of the hypothesis
that flow impairment is not a major contributor to the
abnormalities of skeletal muscle bioenergetics in heart
failuref-21),

In patients, abnormal baseline phosphate/
phosphecreating ratios were observed in the presence of
normal baseline phosphorylation rates. In addition,
basal phosphorylation rates and oxygen consumption
were comparable in patients and normal subjects. How-
ever, the lower phosphorylation rates during exercise,
indicated by a lower value for slope m and intercept b
{Fig. 2), demonstrate that the intracellular energy buffer
is depleted more rapidly in patients than in normal
individuals. This is confirmed by the lower maximal O,
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consumption (Cl} and lower muximal steady-state
power output {C1-C2), reflected by more ADP produc-
tion at lower power output levels. Under conditions of
udequate flow and homogeneous, muscle fibre activa-
tion. this observation is in agreemeni with previous
studies of skeletal muscle energy metabolism®*7, Also,
the prolonged recovery after exercise is in line with a
reduced capacity for oxidative phosphorylation,

In the present study, skeletal muscle mitachon-
drial dysfunction was present and is most likely involved
in the clinical status of our heart failure patients. *In
vivo' oxidative phosphorylation capacity parameters
were all reduced to the same extent, i.¢. approximately
by 30%. In a plotted representation of maximal phos-
phorylation rates and maximum steady-state power out-
put, reflecting mitochondrial function (Fig. 4). heart
failure patients can be distinguished from normal sub-
jects. The protocol used provides us with a non-invasive
means of collecting ‘in vivo' data, which are highly
reproducible. Whether these values are related to the
severity or duration of heart fatlure cannot be deduced
from our study results.

In conclusion, in patients with chronic heart
failure, aerobic ‘metabolism in peripheral muscle
becomes already impaired at very modest exercise levels
under conditions where acidosis is avoided and predomi-
nantly oxidative phosphorylation pathways are acti-
valed. Therefore, the cellular capacity for oxidative
phosphorylation is substantially reduced in these
patients compared to normal individuals.

In addition to the established lower mitochon-
drial density of skeletal muscle in heart failure, mito-
chondrial dysfunction may contribute to the clinical
feature of reduced exercise tolerance. The underlying
mechanisms are not entirely clear. Abnormal skeletal
muscle flow may be one cause, although in our study
abnormalities in aerobic metabolism aiready occurred
under conditions in which flow may be presumed to be
adequate. Peconditioning could be another reason.
Several studies suggest that exercise training may
improve skeletal muscle metabolism in heart failure
patients, although these studies do not focus on aerobic
metabolism, as was done in the present study™?),

The observation of intrinsic abnormalities in
oxidative phosphorylation in the present study supports
the potential usefulness of metabolic therapy aimed at
improving aerobic muscle metabolism. This novel form
of therapy is rapidly gaining interest in the management
of heart failure,

Note added in proof

H has since been learned that equation (3) that was used
to estimate the metabolic parameter CI-C2 is second,
not first order in [ADP) (Jeneson JAL, Wiseman RW,
Westerhofl HV, Kushmerick M The signal transduc-
tion function for oxidative phosphorylation is at least
second order in ADP. J Biol Chem, 1996, 271: 27995

¥7998). While this affects the absofute value of C1-C2
that is obtained from fitting eqn (3} to the {[ADP),
power-output) data, tiis would not aller the refutive
change in C1-C2 in palients versus controls that was
studied here (Fig. 4).

References

[1] Drexler H, Riede U, Munzei T. Konig H. Funke E. Jusi
H. Alterations of skeletal muscle in chronic heart failure.
Circulation 1992; 85 1751-9,

[2§ Sullivan MIJ. Greea HI, Cobb FR. Skeletal muscle bioener-
getics and histology in ambulatery patients with long-term
heart failure. Circulation 1990 81: 518-27.

[3] Drexier H. Riede U. Schifer H. Reduced oxidative capacity of
skeletal muscle in patients with severe heart failure (Abstr),
Circulation 1987: 76 {Suppl 1V) IV-178,

[4] Massie B. Conway M. Yonge R er of. Skeletal muscle metab-
olism in patients with congestive heart failure: refation te
ctinical severity and blood flow. Circulation 1987 76: 1009-
19.

[5] Massie B, Conway M, Rajagopalan B or ol Skeletal muscle
metabolistn during exercise under ischemic cenditions in con-
gestive heart failure. Evidence for abnormalities unselated to
blood Aow. Cicculation 1988; 78: 320-6.

[6] Rajagopalan B, Conway MA. Massie B. Radda GK. Altera-
tions of skeletal muscle metabolism in humans studied by
phosphorus 31 magnetic resonance spectroscopy in congestive
heart faiture. Am J Cardioj 1988: 62: 53E-57E.

[7] Mancini DM. Coyle E, Coggan A et al. Contribution of
intrinsie skelelal muscle changes 1o 3EP NMR skeletal muscle
metabolic abnormalities in patients with chronic heart failure,
Circulation 198%: 80: [335-46.

{8] Fleckenstein JL. Bertocei LA, Nunnally RL. Parkey RW,
Peshock RM. 1989 ARRS Executive Council Award, Exercise
enhanced MR imaging of variations in forsurm muscle
anatomy and use: importance in MR spectroscopy. Am J
Roentgenol 198%; 153: 693-8.

{9] Jeneson JA, Taylor I8, Vigneron DB e7 of. 1H MR imaping of
anatomica] compariments within the finger fAexor muscles of
the human forearm. Magn Reson Med 1990; £5: 491-6.

[10] Jeneson FA. Nelson S), Vigneron DB, Taylor JS, Murphy-
Boesch J, Brewn TR. Two-dimensional A[P-chemical shift
inmtaging of intramuscelar heterogeneity in exercising human
forearm muscle. Am J Physiol 1992; 263: C357-64.

[11] Jeneson JA, van Dobbenburgh }O, van Echteld CJ o of.
Experimental design of A1P MRS assessment of human fore-
arm muscle function: ressrictions impesed by funciional
anatomy. hMagn Resen Med 1993; 20: 634-40,

{§2] Jeneson JAL, Westerhoff HY, Brown TR. van Echield CJA,
Berger R. Quasi linear relationship between Gibbs free energy
of ATP hydrofysis and power-output in human forcarm
muscle. Am J Physiol 1995 268; C1474-84.

[13] Harris RC, Hultman E. Nordesjo LO. Glycogen, glycolytic
intermediates and high-energy phosphates determined in
biopsy samples of musculus quadriceps femoris of man at rest.
Methods and variance of values. Scand ¥ Clin Lab Invest
1974; 33: 109-20,

[14] Veech RE, Lawson JWR, Cornell NW, Krebs HA. Cytosolic
phospherylation potential. J Biol Chem 1979; 254: 653847,

[15] Westerhof HY, van Dam K. Thermodynamics and contrel of
biological frec-energy transduciion. Elsevier: Amsterdam,
1987.

[16] Hirakawa K, Yoshizaki K. Mormoto T, Watari H. The
transition from agrobic to anaerobic metabolism during exer-
cise in human skeletal muscle studied by 31P-NMR and
electromnyography {Abstr), Proceedings of the 11th Meeting of
the Society of Magnetic Resonance in Medicine, Berlin: 2724,

125



[17} Vestergaard-Poulsen P, Thomsen C, Sinkjaer T, Henriksen O,
Simultancous 31P NMR spectroscopy and EMG in exercising
and recovering human skeletal muscle: technical aspects,
Magn Reson Med 1994: 31: 93-162,

[18] Trounce b Byrne E, Marzuki S. Decline in skeletal muscle
mitochondrial respiratory chain function: possible factor in
apeing. Lancet 1989 Mar 25; 1: 637-9.

[19] Taylor DJ, Crowe M, Bore PJ, Styles P, Amold DL, Radda
GK. Examination of the energetics of aging skeletal muscle
using nuclear magnetic resonance. Gerontology 1984: 30: 2-7.

[20] Chance B, Leigh J5, Clark BI, et al. Control of oxidative
melabolism and oxygen delivery in human skeletal muscle: a

steady state analysis of the work/energy vost transfer function.
Proc Natl Acad S¢i USA 1985; 82: 8384-8.

f21] Wilson JR, Muncini DM. Factors contributing to the exercise
limitation of heart failuze. J Am Coll Cardiol 19%3; 22{Suppl
Ak 9IA-8A.

[22] Stration JR, Duan JF, Adamopoulos S, Kemp GJ. Coats AJ,
Rajagopaian BSO. Training partially reverses skeletal muscle
meiabolic abnormalities during exercise in heart failure, §
Appl Physiol 1994 76: 1575-82.

{23] Coats AJ. Adamopoulos 5, Meyer TE, Conway J, Sleight P.
Effecis of physical wraining in chronic heart failure. Lancet
1990; 335: 63-6.



Chapter 8

Summary
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Summary

Several studies have indicated that neurchumoral activation, involving
catecholamines, the renin-angiotensin system, ANP, aldosterone and vasopressin, is closely
related to mortality and morbidity in chronic heart failure, Hemodynamic effects of different
neurohorinones are either vasodilating or vaseconstrictive. In addition growth modulating and
promoting actions have been described,

The aim of the present thesis was to investigate neurohumoral changes in relation
hemodynamic parameters at different stages of heart failure and the effects of

pharmacological treatment on neurohormones.

Chapter | provides an overview of the known hemodynamic effects of the different
neurohormones and the effects on hemodynamics and neurohormones of different
medications like ACE-inhibitors, diuretics, vasodilator agents, digoxine, -blockers, calcium

antagonists, phosphodiesterase inhibitors and dopaminergic agents.

Chapter 2 presents a study on 107 patients with either normal LV function,
asymptomatic LV dysfunction or symptomatic LV dysfonction and compares these groups,
with respect to hemodynamic parameters and neurohumoral levels. Markedly impaired
myocardial function and nevrchumoral activation (catecholamines, renin, angiotensin Il and
ANP) were present in patients with symptomatic LV dysfunction. In contrast, in patients with
asymptomatic LV dysfunction only ANP levels were increased, in spite of significant
impaired myocardial and pump function. This suggests that ANP activation precedes
activation of other neurohormones and prevents or delays further deterioration towards
symptomatic LV dysfunction by direct vasodilation and natriuresis and by attenuation of the

repin-angiotensin system and catecholamine activation.

Chapter 3 addresses a study on 137 patients with normal LV function or asymptomatic
LV dysfunction, both with and without chronic p-blocker therapy, with respect to
hemodynamic parameters and neurohumoral levels. Cardiac output, myocardial contractility
and left ventricular relaxation were impaired in patients with normal LV function treated with

p-blockade, whereas these effects were not seen in the asymptomatic LV dysfunction group.
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In contrast, B-blockade reduced cardiac ANP release in patients with asymptomatic LV
dysfunction and increased cardiac ANP release in normal LV function. Thus, in patients with
normal LV function, chronic B-blockade results in a reduction in myocardial contractility and
cardiac pump function. Since these effects are much less pronounced or not present in
impaired LV function, chronic §-blockade does not further jeopardize cardiac function in

patients with asymptomatic LV dysfunction.

In chapter 4 data on 12 patients with severe heart failure, undergoing treatment with
carmoxirole, a selective dopamine (D;) receptor agonist, are reported. Carmoxirole modulates
sympathetic activation, accompanied by decreases in vasopressin and ANP, and activation of
the renin-angiotensin system at higher dosages. These effects lead to a reduction in systemic
vascular resistance, lowering of heart rate, resulting in an improvement in cardiac pump
function and left and right filling pressures. Therefore, carmoxirole produces beneficial

effects on hemodynamic and neurohumoral parameters in heart failure,

Chapter 5 reports data from 12 patients with severe heart failure during chronic
treatment with trandolapril, a potent lipophilic ACE inhibitor. Neurohormones, systemic and
renal hemodynamics were studied, Long-term treatment with trandolapril resulted in sustained
reduction in norepinephrine, angiotensin II and aldosterone levels, reduced preload and
improved renal perfusion, indicated by a persistent increase in renal blood flow and

preservation of renal function in severe heart failure.

In chapter 6 the acute effects of two phosphodiesterase inhibitors, nanterinone and
isomazole, both with calcium sensitizing properties, are presented. Both improve myocardial
function, however this effect is preload dependent. Markedly reduced neurohumoral
activation was observed. In patients with normal or low prelead, determined as a pulmonary
capillary wedge pressure lower then [5 mmHg, treatment with phosphodiesterase inhibitors in
these studies led to a deterioration of pump function and increased sympathetic tone. This
implies that treatment with these agenfs may be beneficial only in patients with markedly

increased preload at the dosages used in these sfudies.

In chapter 7 the mitochondrial function of peripheral skeletal muscle in 22 patients
with heart failure NYHA class II-III, and 20 patients with normal LV function was
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investigated. We applied a novel non-invasive method, using *'P NMR spectroscopy, and
found that in heart failure, oxidative fiber mitochondrial function in skeletal muscle is

impaired, This may contribute to the clinical features of the heart failure syndrome,

Conclusion

Increased sympathetic drive and norepinephrine levels may be the most prominent
neurohumoral feature in the clinical syndrome of heart failure and are closely related to the
severity of heart failure and mortality, Activation of other neurohormones is a predominantly
compensatory mechanism to deal with this situation. Activation of ANP in early LV
dysfunction may prevent norepinephrine levels to become elevated and cause further
deterioration towards overt heart failure, In more advanced stages of heart failure the renin-
angiotensin system, aldosterone, vasopressin and other catecholamine become activated,
resulting in more increased sympathetic drive and vasoconstriction. Therefore,
pharmacological intervention to break the negative spiral of cascading neurohumoral
activation and deteriorating hemodynamic situation should be started early and adequately.
However, the use of phosphodiesterase inhibitiors should be restricted to the more severe
cases of heart failure. Careful hemodynamic monitoring and additional monitoring of
neurohwmoral status contributes to adequate pharmacological treatment of heart failure, and
should be performed in patients with progressive heart failure. It should be appreciated that, in
chronic heart failure, changes in energy metabolism occur in peripheral muscle, which may
lead to persisting symptoms in adequately treated heart failure,

Therefore, future research on heart failure should focus on modulation of
neurchumoral activation and improving quality of life and improvement of muscle function, if
possible. Improventent in quality of life may outweigh improved survival per se, from a

patient's point of view.
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Samenvatting

Verschillende studies hebben laten zien dat activatie van neurohormonen,
(catecholamines, het renine-angiotensine systeem, ANP, aldosterone en vasopressine) nauw
gerelateerd is aan mortaliteit en morbiditeit bij hart falen. Hemodynamische effecten van
verschillende neurchormonen zijn zowel vasoconsirictief als vasodilaterend van aard.
Daarnaast zijn groei beinvioedende en bevorderende eigenschappen beschreven,

Het doel van dit proefschrift was de neurohumorale veranderingen te onderzoeken in
relatie tot hemodynamische parameters bij verschillende stadia van hart falen en de effecten
van farmacologische behandeling op deze neurohormonen.

Hoofdstuk | geeft een overzicht van de bekende hemodynamische effecten van de
verschillende neurohormonen en de effecten op hemodynamiek en neurchormonen van
verschillende medicamenten, zoals ACE-remmers, diuretica, vasodilaterende stoffen,
digoxine, P-blokkers, calcium antagonisten, phosphodiesterase remmers en dopaminerge
stoffen.

It hoofdstuk 2 wordt ¢en studie besproken waarbij 107 pati¢nten met een normale LV
functie, asymptomatische LV disfunctic of symptomatische LV dysfunctie groepsgewijs met
eikaar worden vergeleken, met betrekking tot hemodynamische parameters en neurchormoon
spiegels. Patiénten met symptomatische LV disfunctie hadden een duidelijk verminderde
myocard functie en neurohumorale activatie {catecholamines, renine, angiotensine II en
ANP). Bij patiénten met asymptomatische LV disfunctie daarentegen, waren alleen ANP
spiegels verhoogd, terwijl er wel een duidelijk verminderde myocard en pompfunctie was, Dit
suggereert dat activatie van ANP opircedt voordat andere neurchormonen geactiveerd
worden, en dat dit verdere verslechtering naar symptomatisch hart falen voorkomt of
vertraagd. Dit door directe vasodilatatic en natriurese of indirect door vermindering van
activatie van het renine-angiotensine systeem en catecholamines.

Hoofdstuk 3 gaat over een studie met 137 patiénten met normale LV functie of
asymptomatische LV disfunctie, al dan niet behandeld met B-blokkade, met betrekking tot
hemodynamische parameters en neurohormoon spiegels. Onder behandeling met B-blokkade
waren, bij patiénten met normale LV functie, de cardiac output, finker ventrikel contractiliteit
en relaxatic verminderd, ferwijl dit bij patienten met asymptomatische LV disfunctie

behandeld met B-blokkade niet het geval was. In de laatste groep was de cardiale ANP
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productie verminderd, terwijl deze toegenomen was bij patiénten met normale LV functie,
behandeld met B-blokkade, De conclusie was dat chronisch B-blokkade myocard contractiliteit
en de pompfunctie verminderde. Aangezien deze effecten niet of nawwelijks gezien werden in
de groep met asymptomatisch LV disfunctie, wordt gesteld dat behandeling met chronische 8-
blokkade in deze groep geen risico geeft op verdere versiechtering.

In hoofdstuk 4 worden 12 patiénien met ernstig hart falen beschreven, die behandeld
worden met carmoxirole, een selectieve dopamine {I)2) recepfor agonist. Carmoxirole
verminderd sympatische activatie. Dit gaat gepaard met vermindering in vasopressine en ANP
spiegels en vermindering in activatie van het renine-angiotensine systeem, dit laatste met
hogere doseringen. Dit leidt tot een vermindering in systemische vaatweerstand en hart
frequentie. Dit leidt vervolgens tot een verbetering in cardiale pompfunctie en linker en
rechter ventrikel vullingsdrukken. De conclusie is dat behandeling met carmoxirole bij
patiénten met ecrstig hart falen een gunstiz effect heeft op hemodynamische en
neurchumorale parameters,

Hoofdstuk 5 gaat over 12 patiénten met ernstig hart falen die langdurig behandeld
worden met trandolapril, een krachtige lipofiele ACE-remmer. Er werden neurohumorale en
systemische en renale hemodynamische parameters bestudeerd, Langdutige behandeling met
trandolapril geeft een blijvende vermindering van norepinephrine, angiotensine Il en
aldosterone spiegels, Tevens wordt de preload en renale perfusie verbeterd, hetgeen wordt
aangegeven door een blijvende toename in renale perfusie en behoud van renale functie bij
patiénten met ernstig hart falen,

In hoofdstuk 6 worden de acute effecten van twee phosphodiesterase remmers
bestudeerd, te weten isomazole en nanterinone, Beiden hebben deels een calcium
sensitizerende werking, Beiden verbeteren de myocard functie en verminderen neurohumorale
activatie, Dit effect blijkt afhankelijk van de preload. Bij patiénten met een normale of lage
preload {gedefinieerd als een pulmonale wiggedruk van lager dan 15 mmHg) verslechterde de
pompfunctic en nam de sympatische fonus toe. Dit impliceert dat behandeling met deze
middelen, met de doseringen die in deze studie zijn gebruikt, mogelijk alleen gunstig is bij
patiénten met een duidelijk verhoogde preload.

In hoofdstuk 7 wordt de mitochondriale functie bestudeerd in perifere skeletspier bij
22 patiénten met hart falen (NYHA klasse TI-TH) en bij 20 patignten met normale LV functie.
Hierbij werd een nicuwe niet-invasieve methode toegepast, die gebruik maakt van *'P NMR

spectroscopie. We vonden dat bij patiénten met hart falen de mitochondriale functie van
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oxidatieve vezels in skeletspier verminderd is. Dit kan bijdragen tot de klinische symptomen

van het hart falen.

Conclusie

Toegenomen sympatische activiteit en norepinephrine spiegels lijkt de belangrijkste
neurohormonale parameter te zijn bij hart falen en is nauw gerelateerd aan de ernst van het
hart falen en mortaliteit. Activatie van andere neurchormonen treedt hierbij voornamelijk als
compensatoir mechanisme op. Activatie van ANP bij vroege LV disfunctie kan een stijging in
norepinephrine spiegels, en vervolgens verdere verslechtering naar hart falen, voorkomen. Bij
verder gevorderde stadia van hart falen ontstaat activatie van het renine-angiotensine systeem,
aldosterone, vasopressine en andere catecholamines. Dit resulteert in een toename in
sympatische activatie en vasoconstrictie. Om deze reden is het van belang dat
farmacologische behandeling vroeg en adequaat gebeurd. Het gebruik van phosphodiesterase
remmers dient beperkt te worden tot de ernstige gevallen van hart falen. Bij iedere patiént met
progressief hart falen dient de hemodynamische en neurohumorale status gemeten te worden
om adequate farmacologische behandeling in te kunnen stellen. Er dient rekening gehouden te
worden met het feit dat, bij chronisch hartfalen, er veranderingen optreden in het energie
metabolisme in perifere skelet spieren, waardoor bepaalde symptomen, ook bij adequaat
behandeld hart falen blijven bestaan.

Het is daarom van belang dat toekomstig onderzoek zich richt op vermindering van
neurohumorale activatie en verbetering van de kwaliteit van het leven en op verbetering van
de perifere spier functic, waar mogelijk. Van uit het oogpunt van de patient kan verbetering

van kwaliteit van het leven kan belangrijker zijn dan het verlengen van de levensduur,
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