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Summary

There is increasing evidence that relatively constant plasma nitrate concentrations

induced by 3-times-daily administration of isosorbide dinitrate can lead to an attenuation
or even complete loss of the drug’s anti-ischaemic effects (nitrate tolerance). We therefore
assessed the dependence of nitrate rolerance development from the haemodynamic and
anti-ischaemic effects of a slow-release tablet formulation of isosorbide dinitrate 80mg,
administered according to different daily dosage regimens in patients with angina. It
was found that a once-daily regimen, with its consequent peak and trough plasma nitrate
concentrations, is capable of protecting against exercise-induced myocardial ischaemia
Sfor about 12 hours with the circumvention of nitrate tolerance.

Nitrates have been used sublingually for more
than 100 years to curtail anginal attacks and orally
for more than 25 years to prevent symptomatic
episodes (Brunton 1857; Carr 1985). Nitrates are
highly effective in all the various forms of angina;
they act, in contrast to f-blockers and calcium
antagonists, by reducing preload via venodilation
(Fuchs et al. 1983; Ganz & Marcus 1972). Nitrates
may improve haemodynamics independently of
myocardial contractility and thus, in contrast to f3-
blockers and calcium antagonists, are relatively
simple to administer (Cohn 1985; Frishman 1985).
The adverse effects of nitrates (headache, nausea
and hypotension) are usually restricted to the initial
phase of therapy. Thus, nitrates seem to be an anti-
ischaemic medication of first choice. However,
towards the end of the last decade, there was
increasing evidence of a significant attenuation or
even loss of the anti-ischaemic effects during long

term oral treatment (nitrate tolerance) [Abrams
1980; Aronow & Chesluk 1970; Blasini et al. 1980;
Flaherty 1985; Goldbarg et al. 1969; Jansen et al.
1982; Leier 1985; Livesley et al. 1973; Parker et al.
1983]. In all these studies, nitrates were administer-
ed at least 3 times daily, which suggested there
might be a relationship between constant plasma
nitrate concentrations and the development of
tolerance.

Until 1982 there had been no studies assessing
the possible development of tolerance with once-
or twice-daily nitrate regimens. We therefore
investigated the haemodynamic and anti-ischaemic
effects of isosorbide dinitrate administered at
different dosage intervals (Silber et al. 1983).
Relatively high single doses of isosorbide dinitrate
80mg as a slow-release tablet were administered to
achieve the longest possible duration of action with
a single dose. These tablets were administered once
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daily at 8.00 am (24-hour dose interval) or twice
daily at 8.00 am and 8.00 pm (12-hour dose
interval). The possible development of tolerance
was evaluated from the results of exercise testing
at identical work loads on the first and fifteenth
day of treatment. As dosage intervals of 12 hours
lead to constant plasma concentrations, the initially
beneficial effects of isosorbide dinitrate on exercise-
induced ST segment depression and on left
ventricular ejection fraction were considerably
attenuated after 2 weeks of treatment. In contrast,
the once-daily regimen, with its intermittent peaks
of plasma nitrate concentration, showed identical
results on the fifteenth day compared with the first
day. The concept of preventing tolerance
development by the ingestion of a relatively high
single dose of slow-release nitrate once daily was
subsequently confirmed by other authors (Blasini
et al. 1985; Ohlmeier et al. 1986).

The purpose of this paper is to summarise the
haemodynamic and anti-ischaemic effects of a
slow-release formulation of isosorbide dinitrate and
to discuss the problem of nitrate tolerance from a
clinical point of view.

1. Patients and Methods
1.1 Inclusion Criteria and Patients

The criteria for enrolment were based on
angiographically proven coronary artery disease
(= 75% stenosis of at least 1 of the 3 major
coronary arteries), stable exercise-induced angina
pectoris, and a reproducible exercise-induced ST
segment depression of = 0.15mV (= 1.5mm)
responding to isosorbide dinitrate. A good nitrate
response was defined as a reduction of exercise-
induced ST segment depression of > Imm 2 hours
after the ingestion of .a sustained-release tablet
formulation of isosorbide dinitrate 80mg (Isoket®
retard 80, Pharma Schwarz, West Germany).
Patients with inconclusive exercise ECGs (e.g.
resting ST abnormalities, bundle-branch block,
pacemaker, digitalis, pre-excitation syndromes) and
those with atrial fibrillation, with complex and/or
frequent arrhythmias, were excluded as well as
patients with a documented myocardial infarction

within 3 months before enrolment. Informed
consent was obtained from all patients. Further
prerequisites were a history of no or minimal nitrate
headache and a high likelihood of good
cooperation. Patients with hypertension controlled
by f-blockers were not entered.

According to these criteria, 22 patients aged 32
to 67 years (mean 52 + 9 years) were included. Nine
patients suffered from 1-vessel disease, 7 from
2-vessel and 6 from 3-vessel disease. The maximal
comparable work load during control conditions
was 50 to 140W (mean 94 + 30W).

1.2 Study Protocol

During a single-blind washout period of 4 days,
placebo tablets that were visually identical with the
active drug were ingested and all anti-ischaemic
medication was discontinued with only sublingual
glyceryl trinitrate (nitroglycerin) allowed. Patients
complaining of resting angina during this period
were excluded from further investigation. On the
fifth day, isosorbide dinitrate 80mg as a slow-
release tablet formulation was administered
immediately after the acquisition of the rest and
exercise data during control conditions in the early
morning. Simultaneous recordings of exercise-ECG
and exercise-radionuclide ventriculography were
obtained according to identical protocols 2, 6 and
12 hours after the ingestion.

Exercise tests were performed on an
electronically braked bicycle ergometer, which is
self adjusting and provides constant work loads,
in semi-supine position (30° inclination) with the
legs below heart level. The attending staff and
environment were kept as constant as possible.
Depending on the individual exercise capacity (as
derived from previous stress tests), exercise was
started with 50 or 80W and, if possible, increased
automatically by a programmable computer (ELP
500, Bosch) by 30W every 3 minutes. The end-point
of the control exercise test, i.c. after the washout
period, was defined as angina pectoris associated
with ST segment depression of > 1.5mm. The
subsequent exercise tests were then performed until
this individual work load had been reached. The
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12-lead ECG (Schiller) was documented with a
chart speed of 50 mm/sec at 1.5 and 2.5 minutes
of each work load stage. ST segment depression
was measured 80 msec after the J-point in the
precordial lead that showed maximal ST depression
during the control exercise test. RR intervals were
determined from the strips recorded with 50
mm/sec. Blood pressures were measured by
standard cuff sphygmomanometry, always on the
right arm and by the same person.

Radionuclide ventriculography was performed
at rest and simultaneously with the ECG during
exercise. The attenuation of radiation was negligible
when silver electrodes were used (Red dot, 3M).
After standard stannous in vivo labelling of red
blood cells with approximately 25 mCi (925 MBq)
technetium 99m, the data were acquired with a low
energy, all-purpose collimator and a 10-inch mobile
Anger gamma camera (Dyna Camera 4, Picker),
automatically setting an asymmetric energy window
of 15% at 140 keV and using a microprocessor for
the control of homogeneity. The data were stored
on 80 Mbyte disks of the dedicated on-line
computer (MDS/Az2). By use of the equilibrium
multiple-gated acquisition technique (MUGA), 21
frames per cardiac cycle were generated; each
premature beat and the 2 postextrasystolic
contractions were rejected. Ventriculograms were
acquired for 6 minutes at rest and for the last 2
minutes of each exercise step in a modified LAO-
position that best isolated the left ventricle. After
temporal and spatial smoothing of the images,
digitised in a 64 X 64 matrix, the left ventricular
ejection fraction was calculated by a count-rate
method applying a semi-automatic, clinically
validated algorithm. Briefly, the left ventricular
border was automatically determined by the
computer within a rectangle placed by the operator
arbitrarily around the left ventricule. The algorithm
used identifies the left ventricular border on a
frame-by-frame base, by use of constant thresholds
and second derivative criteria. Each frame was
reviewed by the operator. For background
correction the region of interest was automatically
set 5 pixels inferolateral to the left ventricular free
wall of the end-systolic frame. Care was taken to

avoid surrounding structures unrelated to
background activity. Ejection fractions calculated
with this computer program correlate well with
those determined from biplane contrast
ventriculography and are highly reproducible.

1.3 Plasma Nitrate Concentrations

Blood samples were withdrawn, according to
standard requirements, into precooled, heparinised
glass tubes (—20°C). After immediate centrifugation
(4000 rev/min for 10 minutes at —4°C) they were
kept frozen (—40°C) until assay. Plasma was
analysed for isosorbide dinitrate and its metabolites
(isosorbide 5-mononitrate and isosorbide
2-mononitrate) by a gas chromatographic electron
capture method (ECD, Hewlett Packard 5880 A)
[Lutz et al. 1984]. Plasma samples were collected
6 and 12 hours after tablet ingestion.

1.4 Statistical Analysis

All exercise parameters were compared at
maximal intraindividual identical work loads and
evaluated blind with respect to the time of data
acquisition. Statistical analysis was performed by
the 2-tailed Wilcoxon’s test for matched pairs.
Probabilities (p) were considered significant at the
p < 0.05 level. The p values were corrected by use
of Bonferroni’s adjustment (Cupples et al. 1984).
All data are expressed as the mean = 1 standard
deviation.

2. Results
2.1 Heart Rate

The changes in heart rate after administration
of isosorbide dinitrate are shown in figure 1. Heart
rate at rest increased from 70 + 12 to 86 = 15 (24%),
84 + 14 (21%) and 77 + 16 (11%) beats/min at 2,
6 and 12 hours, respectively. During exercise, there
was also a significant increase in heart rate from
126 + 22 to 135 + 20 (7%), 136 = 17 (8% ) and 130
+ 17 (3%) beats/min at 2, 6 and 12 hours,
respectively.
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2.2 Blood Pressure

Blood pressure changes after administration are
shown in figure 2. Systolic blood pressure at rest
decreased significantly from 134 + 19t0 126 £+ 17
(—6%), 120 + 15 (—10%) and 127 + 14 (—5%) mm
Hg at 2, 6 and 12 hours, respectively. The corres-
ponding values during exercise, however, did not
reach statistical significance: from 126 + 22 to 135
+ 20, 136 + 17 and 130 + 17mm Hg, respectively.
Diastolic blood pressure at rest did not decrease
significantly: 92 * 10, 90 + 10, 87 £+ 10 and 90
+ 9mm Hg at 0, 2, 6 and 12 hours, respectively.
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Fig. 1. Heart rate at rest and during exercise (at maximal
comparable work load) before and after the ingestion of a slow-
release formulation of isosorbide dinitrate 80mg; significance levels
** =p<0.01, *** = p<0.001.
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Fig. 2. Systolic and diastolic blood pressure at rest and during
exercise (at maximal comparable work load) before and after the
ingestion of a slow-release formulation of isosorbide dinitrate 80mg;
significance levels * = p<0.05, ** = p<0.01, *** = p<0.001.

Fig. 3. Left ventricular ejection fraction at rest and during exercise
(at maximal comparable work load) before and after the ingestion
of a slow-release formulation of isosorbide dinitrate 80mg;
significance levels *** = p < 0.001.

Diastolic pressure during exercise decreased
significantly from 108 + 11 to 102 + 12 (—6%), 97
+ 12 (—11%) and 100 + 13 (—8%) mm Hg at 2,6
and 12 hours, respectively.

2.3 Double-Product

The rate-pressure product during resting control
conditions was 9407 + 2489mm Hg - beats/min and
became significantly elevated to 10,892 +
2463mm Hg - beats/min (16%) at 2 hours. At 6
hours (10,141 + 2233mm Hg - beats/min, 8%) and
at 12 hours (9867 + 2615mm Hg - beats/min, 5%),
the increase was no longer significantly elevated
compared with baseline. Also, during exercise,
statistical significance could be demonstrated only
2 hours after drug administration (23,157 + 5559
vs 25,900 + 4757mm Hg - beats/min, 12%). Values
at 6 and 12 hours were 25,212 + 4861 (9%)
and 24,333 + 4658 (5%) mm Hg - beats/min,
respectively.

2.4 Left Ventricular Ejection Fraction

Left ventricular ejection fraction at rest showed
a non-significant tendency to increase from 60 +
8% to 63 = 9%, 63 + 8% and 64 + 7% at 2, 6 and
12 hours, respectively. During exercise, the ejection
fraction increased significantly from 52 + 13% to
64 + 12%, 65 + 12% and 64 = 10% at 2, 6 and
12 hours, respectively (fig. 3)
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2.5 ST Segment Depression

The exercise-induced ST sgement depression was
significantly reduced from 2.2 + 0.6mm to 0.5 =
0.7mm (=77%) 2 hours after drug administration
and was similar (0.6 + 0.6mm, —73%) at 6 hours.
At 12 hours, the ST segment depression (1.7 =+
0.8mm, —26%) still differed significantly from
baseline (fig. 4).

2.6 Plasma Nitrate Concentrations

Six hours after drug ingestion, concentrations
of isosorbide dinitrate, isosorbide 2-mononitrate
and isosorbide S-mononitrate were 24 + 25, 76 +
41 and 380 + 183 pug/L, respectively. The
corresponding values at 12 hours were 5 + 5, 37
+ 23 and 292 + 8.0 ug/L.

3. Discussion
3.1 Nitrate Tolerance

Any discussion of nitrate tolerance must make
a clear distinction between the different drug
effects. There is unanimous agreement on the
development of tolerance with reference to nitrate-
induced headache (Crandall et al. 1931). The less
commonly encountered nitrate-induced side effects,
such as vertigo and nausea, also usually vanish
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Fig. 4. Exercise-induced ST segment depression (at maximal
comparable work load) before and after the ingestion of a slow-
release formulation of isosorbide dinitrate 80mg; significance levels
*** = p<0.001.

during long term therapy. Reports on the
development of tolerance to the hypotensive effects
of nitrates are almost as old as the use of nitrates
themselves: in 1888 Stewart criticised glyceryl
trinitrate as being a ‘drug which is often of little
service, because tolerance is too readily established’
(Stewart 1905). The possibility of the development
of tolerance to the reduction in blood pressure and
increase in heart rate, at least at rest, is generally
accepted during long term oral nitrate therapy,
especially when the drug is administered 3 or more
times daily (Bogaert & De Schaepdryver 1968;
Brunner et al. 1974; Schneider et al. 1984).
However, there is still substantial controversy
concerning the development of tolerance to the anti-
ischaemic (antianginal) effects of nitrates.

Many studies have failed to show any evidence
of weakening or loss of antianginal efficacy during
long term oral nitrate therapy using at least 3-times-
daily administration. Three open studies found no
change in increased exercise capacity during
treatment with conventional isosorbide dinitrate 20
to 50mg 4 times daily for 12 to 40 weeks (Danahy
& Aronow 1977) and sustained-release glyceryl
trinitrate 2.6mg 3 times daily for 24 weeks (Winsor
& Berger 1975) and 6.5mg 3 to 6 times daily for
12 weeks (Davidov & Mroczek 1977). In a double-
blind study, Lee et al. (1978) found an unchanged
positive effect on exercise capacity in 28 patients
after 4 weeks of treatment with conventional
isosorbide dinitrate 40mg 3 times daily.
Unattenuated anti-ischaemic efficacy has also been
described in a randomised double-blind crossover
study in which 11 patients were given conventional
isosorbide dinitrate 80mg 6 times daily for 4 weeks
(Schneider et al. 1984).

In contrast, 7 clinical studies of 9 to 21 patients
considered there was tolerance development if
nitrates were ingested at least 3 times daily.
Goldbarg et al. (1969) reported no difference with
respect to anginal frequency and exercise capacity
when comparing isosorbide dinitrate 10mg 4 times
daily and placebo for 4 weeks. Similar findings were
also obtained by Aronow and Chesluk (1970) and
Livesley et al. (1973) when administering
conventional isosorbide dinitrate 4 and 3 times
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daily, respectively. Even if the coincidence of
having included only non-responders is very remote
in the total of 59 patients studied, it must be
emphasised that there were no data about the initial
response in these studies. Blasini et al. (1980) found
a total disappearance of anti-ischaemic effects
(anginal frequency and exercise-induced ST
depression) after 8 weeks’ oral administration of
sustained-release isosorbide dinitrate 20 to 40mg 3
times daily in 9 patients and 60mg 3 times daily in
10 patients. A subsequent study by the same
authors showed the same result when conventional
isosorbide dinitrate 40mg 4 times daily was
administered to 11 patients for 2 weeks (Rudolph
et al. 1983). Thadani et al. (1982) found that there
was a complete loss of effect 4 hours after drug
administration in 12 patients who received
conventional isosorbide dinitrate 15 to 120mg 4
times daily. However, 2 hours after drug
administration there was still a small effect on time
to onset of exercise-induced angina.

3.2 Possible Explanations for the
Controversy about Nitrate Tolerance

The use of different nitrate compounds cannot
explain the controversial results published, since the
development of tolerance has been observed not
only for glyceryl trinitrate and isosorbide dinitrate
but also for isosorbide S-mononitrate, the principal
active metabolite of isosorbide dinitrate (Jansen et
al. 1982). There is also no obvious relationship
between the total daily dosage and the development
of tolerance. On one hand, a relatively low dosage
of isosorbide dinitrate 60 mg/day may lead to a
marked reduction in the anti-ischaemic effects
(Blasini et al. 1980; Thadani et al. 1982); on the
other hand, a dosage of 480 mg/day showed
persistent anti-ischaemic potency (Schneider et al.
1984). The different times chosen for the first
exercise test after nitrate administration, ranging
from 30 minutes to 4 hours after drug
administration, do not offer any explanation for
the different findings (Blasini et al. 1980; Jansen
et al. 1982; Lee et al. 1978; Rudolph et al. 1983;
Schneider et al. 1984; Winsor & Berger 1975).

Neither can the question be answered by the kind
of exercise test performed: treadmill (Lee et al.
1978; Thadani et al. 1982; Winsor et al. 1975), arm-
assisted step test (Schneider et al. 1984), and bicycle
ergometry when sitting (Danahy & Aronow 1977)
or semi-supine with the legs above heart level
(Blasini et al. 1980). The duration of therapy cannot
account for the controversial results, since, after
only 1 week, a weakening of antianginal effect has
been noted (Thadani et al. 1982) and, on the other
hand, no attenuation has been seen after 40 weeks
(Danahy & Aronow 1977). A strict placebo-
controlled randomised double-blind crossover study
protocol is not the key answer for the interpretation
of the conflicting findings because no tolerance
development has been seen in such a study
(Schneider et al. 1984), whereas an attenuation has
been seen in an open study (Jansen et al. 1982).

Since the development of tolerance to the
haemodynamic effects of nitrates is rapid, i.e.
within 1 to 2 days (Blasini et al. 1982; Crandall et
al. 1931; Dalal et al. 1983; Parker et al. 1983) and
is reversed rapidly within hours (Blasini et al. 1982;
Parker et al. 1985), patient compliance with dose
ingestion is pivotal in the development of tolerance.
The unreliable or irregular ingestion of doses can
blur the problem of nitrate tolerance in everyday
practice. Unfortunately, most studies have omitted
documentation of patient compliance (Aronow &
Chesluk 1970; Danahy & Aronow 1977; Davidov
& Mroczek 1977; Goldbarg et al. 1969; Livesley et
al. 1973; Thadani et al. 1982).

Counting the returned tablets or the
documentation of tablet intake on the basis of
patients’ diaries is not reliable. Any evaluation of
compliance such as this lies purely in the hands of
the patient. A daily assessment of plasma
concentrations is not feasible in long term studies.
A practicable method for a daily compliance test
is to determine the fluorescence in the patients’
urine attributable to the riboflavin added to the
tablets. In our studies the compliance assessed by
this method was 95%, undoubtedly higher than the
average compliance expected for routine
administration. In addition, one should keep in
mind that compliance refers not only to the fact
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of ingestion itself but also to the exact time of
ingesting the prescribed dose. Obviously it is not
easy to ingest the tablets regularly every 8 hours for
several weeks. Thus, it is conceivable that patients
may have introduced their own nitrate-poor interval
by modifying the study protocol. In fact, it was
shown that a 3-times-daily regimen with the last
ingestion at 5.00 pm did not lead to the
development of tolerance (Parker et al. 1985).
Nitrate tolerance frequently develops with the use
of transdermal glyceryl trinitrate patches (Abrams
1984; Parker & Fung 1984; Parker et al. 1984;
Reichek et al. 1983), since it is unlikely that patients
are non-compliant, and constant plasma nitrate
concentrations are maintained.

3.3 Causes of Tolerance Development

Animal (Sponer et al. 1981) and human
(Thadani et al. 1982) studies have shown that the
development of tolerance during long term nitrate
therapy cannot be compensated for by increasing
the dosage (even up to a level of 8 times the initial
dose). To explain the phenomenon of nitrate
tolerance one can also exclude reduced absorption
as well as a more rapid metabolism or faster
elimination of the administered nitrate or its active
metabolites on the simple evidence of raised plasma
concentrations during long term treatment (Fung
et al. 1980; Parker et al. 1983; Thadani et al.
1980b). Counter-regulatory mechanisms during
long term therapy (pseudo-tolerance) [Colucci et al.
1981; Packer et al. 1981], which occur as a reaction
to nitrate-induced venous pooling with its relative
volume deficiency and decrease in the intracardial
and systemic arterial pressures (baroreceptor
reflex), may lead both to stimulation of the renin-
angiotensin-aldosterone system with its
concomitant fluid retention and vasoconstriction,
and to a compensatory raised vasoconstrictor tone
(Lange et al. 1972; Olivari et al. 1983). The essential
difference between ‘true’ and pseudo-tolerance
becomes clear once the medication is abruptly
withdrawn. In the case of a true loss of effect on
the vascular smooth muscle, there are no changes
in the symptoms or haemodynamics, while an

interruption of medication in cases of pseudo-
tolerance may lead to undesirable withdrawal
phenomena. In fact, evidence for relevant counter-
regulatory mechanisms has been found in workers
in the dynamite and pharmaceutical industries,
who, in former days, were exposed to high doses
of transcutaneous nitrate. During the weekend
break, typical anginal symptoms, even myocardial
infarctions and sudden death, were found after the
termination of the exposure to nitrates (Klock 1975;
Lange et al. 1972; Lund et al. 1968). However, such
extreme withdrawal phenomena can occur only
under these extraordinary non-clinical conditions.
Although it is true that patients without heart
disease were found to have an increase in the
plasma noradrenaline level despite unchanged
plasma renin levels, relevant withdrawal
phenomena were not found (Olivari et al. 1983).
The problem in assessing the clinical importance
of counter-regulatory mechanisms arises from the
different circumstances of patients with and
without heart disease. In the case of patients with
congestive heart failure, there was no incidence of
a further increase in plasma noradrenaline with
unchanged plasma renin, either during or after
withdrawal of continual glyceryl trinitrate
administration (Olivari et al. 1983). These low-level
withdrawal phenomena were interpreted as being
caused by an ‘endogenous vasoconstrictor tone’,
independent of the renin-angiotensin-aldosterone
system and the plasma noradrenaline levels. On the
basis of these findings, taken together with the
failure of animal experiments to demonstrate a
further rise in plasma renin levels during long term
therapy (Kraupp et al. 1980), the renin-angiotensin-
aldosterone system can hardly be considered
responsible for nitrate tolerance, particularly since
its development occurs without an increase in
bodyweight (Packer et al. 1981). Nitrate-induced
increase in the plasma noradrenaline level must be
differentiated from that which is dependent upon
cardiac disease itself. However, the former appears
to be slight (Francis et al. 1983). Withdrawal
phenomena must be allocated a minor role in terms
of clinical relevance. After induction of nitrate
tolerance with isosorbide dinitrate in patients with



Haemodynamic and Anti-Ischaemic Effects of Slow-Release Formulation 76

congestive heart failure, the stopping of medication
failed to reveal any withdrawal phenomena (Blasini
et al. 1982).

The anti-ischaemic effect of nitrates in stable,
exercise-induced angina is caused by a reduction in
myocardial oxygen demand. It is reduced as a result
of the reduction in afterload, but, above all,
because of the reduction in ventricular preload,
which is due to a drop in the left ventricular end-
diastolic pressure and volume. Since the possibility
of tolerance development with regard to a reduction
in the ventricular afterload has been generally
accepted and, furthermore, no importance can be
attributed to the direct coronary dilation in patients
with reproducible, exercise-induced ischaemia, the
loss of anti-ischaemic effects must be seen as a
decrease in its venous dilation properties (reduced
‘venous pooling’ capability). Therefore, venous
plethysmography has been used by Zelis et al.
(1975) to demonstrate a loss of efficacy during long
term nitrate therapy. The development of tolerance
to long term nitrate therapy as seen in the reduction
in preload has been objectively proven at rest
(Blasini et al. 1982) as well as under ergometric
exercise measuring of pulmonary arterial pressure
(Jansen et al. 1982).

The fundamental mechanism of tolerance
development after long term therapy with nitrates
must be regarded as a loss of its effect on the
vessel’s smooth muscle. This was seen in isolated
vessel specimens (Herman & Bogaert 1971;
Needleman & Johnson 1973). The vasodilator
properties of nitrates appear to be mediated by
cyclic guanosine monophosphate (¢cGMP) via the
activation of guanylate cyclase (Béhme et al. 1978;
Keith et al. 1982; Kukovetz & Holzmann 1983).
Since in vitro, despite the induction of nitrate
tolerance, the vessels remain responsive to cGMP,
the loss of the effects during long term nitrate
application can be traced back to the reduced
activation of guanylate cyclase (Keith et al. 1982).
Nitrates require sulfhydryl groups for the
stimulation of guanylate cyclase (Needleman et al.
1973). The sulfhydryl groups, referred to in earlier
work as ‘nitrate receptors’ whose destruction (e.g.
by alkylation or treatment with oxidation

substances or ‘auto-oxidation’ by high-dose nitrates)
led to a reduction in the efficacy of glyceryl
trinitrate (Herman et al. 1971), are, according to
more recent research, components of thiols, which
act in their capacity as ‘substrate’ within the
framework of nitrate metabolism for the synthesis
of S-nitrosothiols in the smooth muscle cells. As
cysteine represents the principal sulfhydryl donor
(Ignarro & Gruetter 1980; Winniford et al. 1986),
the development of nitrate tolerance may possibly
be caused by a rapidly occurring exhaustion of the
‘cysteine pool’ with a subsequently reduced
production of S-nitrosothiols (Kukovetz &
Holzmann 1983; Torresi et al. 1985). In a clinical
study, there was evidence for the enhanced efficacy
of intravenously administered glyceryl trinitrate on
the systemic and pulmonary capillary pressure when
used in conjunction with N-acetylcysteine in
patients with coronary artery disease (Horowitz et
al. 1983). Recently Packer et al. (1986) proved the
reversibility of induced nitrate tolerance by adding
N-acetylcysteine to the glyceryl trinitrate infusion
in patients with congestive heart failure. These are,
however, preliminary results and should be
confirmed by other investigators.

3.4 Duration of Action of a Single Dose

The measurements of haemodynamic changes
after a single dose are important to characterise the
duration of drug action (Udhoji & Heng 1984; Witt
et al. 1983; Wolf et al. 1981). These data, however,
may not be extrapolated to the situation of exercise-
induced myocardial ischaemia. Many authors have
assessed the duration of action of a single dose of
isosorbide dinitrate as conventional and slow-
release formulations. When considering the
duration of action of a single dose, it is not only
important to describe the time during which the
induced changes were statistically significant, but
much more to look at the duration of the maximal
effects obtained. Thus, single doses of conventional
isosorbide dinitrate 15 to 30mg showed significant
anti-ischaemic effects for 8 hours, and the maximal
effects were observed after 2 to 3 hours (Danahy
et al. 1977; Markis et al. 1979; Parker et al. 1985;



Haemodynamic and Anti-Ischaemic Effects of Slow-Release Formulation 71

Thadani et al. 1980a). Single doses of conventional
isosorbide dinitrate 40mg demonstrated a markedly
less pronounced anti-ischaemic effect at 6 hours
compared with 1 hour after drug ingestion (Reiniger
et al. 1984). There is unanimous agreement that
sustained-release formulations remarkably prolong
the duration of action of a single dose. Slow-release
isosorbide dinitrate 20 and 40mg show their
maximal anti-ischaemic effects for 5 to 6 hours
(Blasini et al. 1980; Brunner et al. 1974; Kenedi &
Giebler 1983; Lee et al. 1978). A significant anti-
ischaemic duration of action of 12 hours, however,
has been reported with high doses of slow-release
isosorbide dinitrate (see figs. 3 and 4) [Blasini et
al. 1985; Ohlmeier et al. 1986; Silber et al. 1983].

3.5 Practical Implications

Since a daily nitrate-poor interval is necessary
to circumvent the attenuation of the anti-ischaemic
effects, we recommend the once-daily
administration of a high single dose of nitrate as
a sustained-release formulation (beginning with
increasing doses starting with 20mg twice daily in
the morning and early afternoon). The application
of a once-daily high single dose as a slow-release
formulation leads to maximal possible anti-
ischaemic effects for about 6 hours with significant
protection for about 12 hours. Thus, it represents
the ideal compromise between the circumvention
of tolerance development and optimal nitrate
therapy.

According to this regimen, the maximum nitrate
plasma concentration is achieved during the day.
The problem of silent myocardial ischaemia during
the night should not be exaggerated, since silent
episodes seem to be much more frequent during the
day (Deanfield et al. 1985). Whether the relatively
low plasma concentrations during the night are
sufficient to prevent silent ischaemic episodes is still
unknown. In patients predominantly complaining
of nocturnal angina, the therapeutic maximum can
be shifted to the night, the dose being ingested only
in the evening.

Since it is obviously not possible to obtain
maximal anti-ischaemic protection for 24 hours

with nitrates alone, a combination therapy with a
B-blocker and/or calcium antagonist should be
recommended in certain patients if no
contraindications exist (Silber et al. 1986). In order
to optimise anti-ischaemic therapy, a combination
therapy should be preferred even when patients on
monotherapy with nitrates are free of angina and
still demonstrate signs of myocardial ischaemia
(Geft et al. 1982; Gottlieb et al. 1986).
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