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concomitantly in the venous and arterial
circulation.6
Accordingly, we evaluated the haemodynamic response to a continuous infusion of
glyceryl trinitrate over 24 hours in patients
with chronic heart failure to determine
whether the susceptibility to the development
of tolerance is different in the venous bed and
in the pulmonary and systemic arteriolar circulation. At the end of the infusion N-acetylcysteine was administered and blood samples
were drawn for measurement of plasma renin
activity and the packed cell volume to evaluate the possible underlying mechanisms.

Abstract
Objective-To investigate whether the
susceptibility to tolerance to glyceryl
trinitrate is similar in different vascular
beds in patients with chronic heart failure.
Patients-Twenty patients with heart
failure underwent a continuous infusion
of glyceryl trinitrate over 24 hours
followed by administration of N-acetylcysteine (5 g intravenously) in a bolus.
Main
outcome
measures-Haemodynamic measurements under control
conditions, at peak titration of glyceryl
trinitrate at 24 hours, and after N-acetylcysteine; plasma renin activity and
packed cell volume.
Results-After 24 hours of infusion the
acute reduction in right atrial pressure
had largely waned, while pulmonary vascular resistance remained improved and
systemic resistance, which was not
reduced at peak titration, significantly
decreased with respect to control conditions. The effects of N-acetylcysteine and
hormonal responses were different in
patients who did and did not develop tolerance to glyceryl trinitrate.
Conclusions-The haemodynamic profile
of glyceryl trinitrate changed substantially during the study from a predominantly venodilator action at peak titration
to a predominantly arteriolar dilatation
after 24 hours of infusion. The different
effects of N-acetylcysteine and the
different hormonal responses confirm the
multifactorial pathogenesis of tolerance
to glyceryl trinitrate.

We studied 20 patients (12 men and 8
women, age range 39-62 years) with moderate to severe heart failure undergoing diagnostic right heart catheterisation. The aetiology of
the disease was primary dilated cardiomiopathy in 15 patients and advanced coronary
artery disease with severe reduction in left
ventricular function in five. Ejection fraction
at left ventriculography was 21% (SE 2%).
Thirteen patients were receiving oral digoxin
and all were receiving oral furosemide at a
daily maintenance dose of 40-250 mg. The
patients continued to take digoxin and
frusemide during the study, but treatment
with angiotensin converting enzyme inhibitors
was discontinued at least four days before the
study and all other vasodilators, including
nitrates, were discontinued at least 48 hours
before the study. Patients gave informed consent before the study.

(Br Heart_ 1994;72:145-149)

METHODS

Although the development of tolerance to the
haemodynamic effects of glyceryl trinitrate in
patients with chronic heart failure has been
extensively described,'-3 the extent to which
the effects attenuate in different parts of the
circulation in humans is still controversial.
Leier et al reported preferential tolerance in
systemic than in pulmonary arterial circulation during long term treatment with isosorbide dinitrate in patients with congestive heart
failure.4 Makhoul et al observed a greater
degree of tolerance during infusion of glyceryl
trinitrate for 24 hours in right heart pressures
than for left heart haemodynamics in nine
patients with heart failure.5 The common
view, however, is that tolerance develops

Patients and methods
PATIENTS

Diagnostic right heart catheterisation was performed in all patients during the morning.
Patients were then moved to the coronary
care unit, where a Swan Ganz catheter was
positioned in the pulmonary artery for
measurements of right heart pressures and
cardiac output by thermodilution. The study
began in the afternoon, after the patients had
rested in bed for 5-6 hours. The following
haemodynamic variables were evaluated: right
atrial (RAP), pulmonary artery (PAP), and
pulmonary capillary wedge (PCWP)
pressures; systemic blood pressure (by cuff);
heart rate, cardiac output (CO, average of
three consecutive measurements); cardiac
index (CI = CO/body surface area), systemic
vascular resistance (SVR, 80 x (mean arterial
and
pressure - RAP)/CO);
pulmonary
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Table 1 Mean (SE) changes in haemodynamic variables during study
Right atrial Pulmonary artery
pressure
Blood pressure pressure
Heart rate
(mm Hg)
(mm Hg)
(mm Hg)
(beats/min)

N-acetylcysteme
Ftest

83-2 (3-5)
82-6 (30)
87-3 (3 4)
87-5 (3-3)
4-4

117-8
106-3
112-8
112-5
8-0

(3 2)
(3 7)
(2 3)
(3 4)

vascular resistance (PVR, 80 x (mean PAPPCWP)/CO). Haemodynamic measurements
were obtained at baseline; at peak glyceryl
trinitrate titration, after 24 hours and 10 minutes after N-acetylcysteine administration.
Glyceryl trinitrate was infused intravenously
by means of a calibrated pump at a rate of 10
,ug/min, the dosage increasing progressively by
20-40 ug/min every 5-10 minutes; the end
point of glyceryl trinitrate titration was a 30%
reduction in PAP or a 20% reduction in
PCWP without having reduced systolic pressure to less than 90 mm Hg. Glyceryl trinitrate infusion continued at the same dosage
Figure 1 Mean (SE)
changes in right atrial
pressure (RAP), systemic
vascular resistance
(SVR), and pulmonary
vascular resistance (PVR)
during infusion. C, control
conditions; T, peak
nitroglycerin titration;
NAC, N acetylcysteine.
*P < 0 05 v previous
value.
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for 24 hours. After the 24 hours haemodynamic measurements, N-acetylcysteine was
administered intravenously (5 g in 100 ml 5%
dextrose in water, given over 20 minutes),
while continuing to infuse glyceryl trinitrate.
N-acetylcysteine preparations were supplied
by Zambon Group SpA, Milan. Blood samples were drawn under control conditions, at
the end of glyceryl trinitrate titration, and
after 24 hours of infusion for determination of
plasma renin activity (radioimmunoassay) and
the packed cell volume.
TOLERANCE

The effects of N-acetylcysteine, as well as the
changes in packed cell volume and plasma
renin activity, were evaluated in patients with
and without tolerance to glyceryl trinitrate in
the venous bed or in the systemic and pulmonary arterial bed (using RAP as indicator
of the venous effects of glyceryl trinitrate and
SVR and PVR as indicators of glyceryl trinitrate action on systemic and pulmonary arterioles). We therefore defined tolerance in each
patient and for each haemodynamic variable
as a >20% loss of the acute effects of triglyceryl nitrate provided that the drug modified
the given variable at peak titration by at least
20%.
STATISTICAL ANALYSIS
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Data are expressed as means (SE). Sequential
data obtained in the different phases of the
protocol were analysed by a repeated measures analysis of variance followed, when a
-significant change was found, by Scheff6's
multiple comparison test. Changes in plasma
renin activity and packed cell volume at 24
hours with respect to control conditions were
evaluated by a paired t test. The effects of
N-acetylcysteine in different subgroups of
patients with or without tolerance to glyceryl
trinitrate were also evaluated by a paired t

1-

E 1600

*
r

1400 -

c>

1200 -

C
C

T
T

2 h
24 h

NAC

250 -

test.

Results
HHAEMODYNAMIC MEASUREMENTS (TABLE 1,
FIGURE 1)

200 -

*

a)C
'a

150

-

II
C

T

24 h

NAC

Glyceryl trinitrate was infused at a mean
dosage of 85 (13) ,ug/min. Heart rate did not
change significantly during the study period.
Systolic blood pressure decreased by an average of 10% at peak titration and was slightly
increased after 24 hours but not modified by
N-acetylcysteine (these changes did not reach
significance). Right atrial pressure decreased
by an average 61% at peak titration (P <
0 05); after 24 hours most of this effect was
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Figure 2 Individual changes in right atrial pressure (RAP), systemic vascular resistance (SVR), and pulmonary vascular resistance (PVR) after Nacetykysteine (NAC) administration in patients who developed and did not develop tolerance to glyceryl trinitrate during infusion.

lost (-19% v control, P < 0 05 v peak titration); no change occurred after N-acetylcysteine. Pulmonary artery pressure showed a
33% decrease at peak titration (P < 0 05);
after 24 hours it increased slightly (9%, P <
0 05 v peak titration), increasing further after
N-acetylcysteine (9%, P < 0 05 v 24 hours).
Pulmonary capillary wedge pressure
decreased by an average 39% at peak titration
(P < 0 05); at 24 hours it was significantly
increased with respect to peak titration (P <
005) and further increased after N-acetylcysteine (P < 0 05 v 24 hours). Pulmonary
vascular resistance significantly decreased at
peak titration (-31%, P < 0 05); no further
change occurred after 24 hours and after
N-acetylcysteine. Cardiac index showed no
significant change during glyceryl trinitrate
infusion. Systemic vascular resistance showed a
slight decrease at peak titration (-6%, NS);
after 24 hours, however, this resistance was
significantly lower than under control conditions (- 16%, P < 0 05); no change occurred
after N-acetylcysteine.
EFFECTS OF N-ACETYLCYSTEINE

Figure 2 shows individual changes after Nacetylcysteine administration in patients with
or without glyceryl trinitrate tolerance in the
venous bed or in the systemic or pulmonary
arteriolar circulation. Venous tolerance was
found in 12 patients. N-acetylcysteine significantly decreased right atrial pressure in
patients with venous tolerance (from 6 9
(1-0) to 5-7 (1{0) mm Hg, P < 0-05), but it
increased right atrial pressure in patients without venous tolerance (from- 19 (1-0) to 3'7
(141) mm Hg, P < 0,05). Systemic arteriolar
tolerance was found in 3 patients and pulmonary arteriolar tolerance in 5; because the
patients with systemic or pulmonary arteriolar
tolerance were few the statistical evaluation of
N-acetylcysteine effects was performed on
Table 2 Changes in packed cell volume and plasma renin activity in whole population
and patients according to presence of venous or arteriolar tolerance
Arteriolar tolerance
Venous tolerance
Yes
No
No
Yes
All patients
Control
24 hours
P value

39 4 (0-9)
35-5 (1 1)

Control
24 hours
P value

5-9 (1-4)
7 5 (1-8)
0-08

<0-01

Packed cell volume
39-0 (1-3)
39-8 (1-4)
35-7 (1-6)
35-1 (1-4)

<0Q01

<0-01
Plasma renin activity
6-7 (2 3)
5-5 (1-8)
6-8 (2 9)
8-0 (2 3)
NS
<0-02

<0-01

39-2 (1-0)
35-1 (1-0)
<0-01

4-5 (2-7)
8 0 (3 8)
0-08

NS

39-9 (2 4)
36-4 (2 9)

6-7 (1-7)
7-2 (2-1)

pooled data for systemic and pulmonary resistance. N-acetylcysteine significantly decreased
systemic and pulmonary vascular resistance
(P < 0-05) when the effects of glyceryl trinitrate on either or both became attenuated but
it did not change these resistances otherwise.
PLASMA RENIN ACTIVITY AND PACKED CELL
VOLUME (TABLE 2)

In the whole population plasma renin activity
showed a non-significant increase (26%, P =
0-08) at the end of the infusion period.
Plasma renin activity significantly increased,
however, in patients with venous tolerance
(47%, P < 0 02) but not in those without
such tolerance. Plasma renin activity also
tended to increase in patients who developed
systemic or pulmonary arteriolar tolerance, or
both 38%, P = 0-08 v control) but not in the
other patients. Packed cell volume significantly decreased in the whole population
(-10%, P < 0-01) and in all subgroups of
patients irrespective of the presence of tolerance to glyceryl trinitrate. Body weight
showed a non-significant increase, from 65-9
(1-8) to 66-2 (1-8) kg.
Discussion
DIFFERENTIAL TOLERANCE

Although continuous treatment with organic
nitrates can rapidly lead to the development of
tolerance in patients with heart failure, it is
still controversial whether tolerance to glyceryl trinitrate develops concomitantly in all
parts of the circulation. Olivari et al measured
sequential haemodynamic variables in nine
patients with congestive heart failure who
received a 30-40 cm2 transdermal preparation
of glyceryl trinitrate; after 24 hours, the initial
large decrease in right atrial pressure had
completely waned but mean pulmonary pressure remained lower than under control conditions; systemic vascular resistance tended to
decrease progressively during the 24 hours of
the study without reaching significance.7 Leier
et al, however, noticed a preferential tolerance
in the systemic arterial circulation in 13
patients with congestive heart failure.4 After
12 weeks of treatment with isosorbide dinitrate 40 mg four times a day resting and exercise systemic vascular resistance at rest and on
exercise returned to control values while pulmonary artery pressure and pulmonary vascular resistance remained improved; they did
not, however, report the effects of nitrates on
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EFFECTS OF N-ACETYLCYSTEINE

The administration of N-acetylcysteine in a
bolus significantly decreased right atrial pressure in the patients in whom the acute effects
of glyceryl trinitrate on right atrial pressure
were attenuated at the end of the infusion
period (partially reversing tolerance). Nacetylcysteine, however, significantly increased right atrial pressure in all other
patients; this paradoxical effect may be due to
the haemodynamic load imposed by the bolus
intravenous infusion of a bolus of N-acetylcysteine (100-150 ml) in patients with compromised ventricular function. Such an effect
was probably overwhelmed by the beneficial
action of the sulphydryl donor in patients with
tolerance. N-acetylcysteine also decreased
systemic and pulmonary vascular resistance
whenever the effects on arteriolar resistances
were attenuated but not otherwise. These
results confirm that the depletion of intracellular sulphydryl groups is one of the pathogenetic factors responsible for the
development of nitrate tolerance in patients
with heart failure.' A limitation of our study is

that we cannot say whether depletion of sulphydryl groups plays a greater part in arterial
or venous tolerance in these patients.
ROLE OF RENIN-ANGIOTENSIN SYSTEM AND
PLASMA EXPANSION

The activation of reflex vasoconstrictive forces
(including the sympathetic system and the
renin-angiotensin system) that offset the initial vasodilatation induced by nitrates has
been suggested as a primary mechanism for
the development of tolerance to these drugs,
both in experimental animals8 17 and in
patients with heart failure."3In other clinical
studies, however, circulating catecholamine
concentrations and plasma renin activity did
not increase during nitrate treatment.2718 In
our population plasma renin activity did not
show a significant increase after 24 hours of
glyceryl trinitrate infusion; the role of the
renin-angiotensin system is shown, however,
by the fact that plasma renin activity significantly increased in patients with venous tolerance and also tended to increase in those with
arteriolar tolerance without changing in
patients who did not develop tolerance. Thus,
the activation of the renin-angiotensin system added to the depletion of intracellular
sulphydryl groups to determine the development of glyceryl trinitrate tolerance, at least in
the venous bed. Interestingly, treatment with
angiotensin converting enzyme inhibitors
drugs completely prevented tolerance glyceryl
trinitrate tolerance in the forearm venous circulation of healthy volunteers.'9 The point,
however, is still controversial as the concomitant administration of captopril and high dose
intravenous nitroglycerin failed to alter the
extent of nitrate tolerance in nine patients
with heart failure, although captopril effectively prevented the increase of plasma renin
activity in these patients.20
The packed cell volume decreased in all
subgroups of patients, irrespective of the presence of tolerance. As body weight tended to
increase in our patients at the end of the 24
hour infusion period, the decrease in packed
cell volume was probably due also to the
intravenous fluid administration itself. The
data suggest that the increase in intravascular
volume cannot be considered in itself a sufficient factor for the development of tolerance
to glyceryl trinitrate though it may be a necessary cofactor.
In conclusion, in patients with chronic
heart failure a higher susceptibility to the
development of glyceryl trinitrate tolerance
was observed in the venous bed than in the
pulmonary or systemic arteriolar circulation.
The haemodynamic profile of the drug therefore shifted from a predominant venodilator
action at peak titration to a predominant arteriolar dilatation after 24 hours of continuous
infusion. The fact that tolerance is not an all
or none phenomenon but may affect different
vascular beds to a different extent in individual patients is a possibility that must be taken
into consideration to interpret the effects of
long term nitrate treatment in patients with
chronic heart failure.
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right atrial pressure. Makhoul et al noticed a
higher degree of tolerance in the venous and
pulmonary circulation than in the systemic
arterial bed in nine patients with congestive
heart failure who underwent a continuous
infusion of glyceryl trinitrate over 24 hours.5
In our patients the important reduction of
right atrial pressure observed at peak glyceryl
trinitrate titration had largely waned by 24
hours; on the contrary, pulmonary vascular
resistance remained improved and at the same
time systemic vascular resistance, which was
not significantly reduced at peak titration, was
significantly lower than under control conditions. Therefore, the haemodynamic profile of
the drug substantially changed during the
time course of the study, shifting from a predominantly venodilator action at peak titration to a predominantly pulmonary and
systemic arteriolar vasodilator action after 24
hours of infusion. These observations are in
accordance with previous data obtained in
animals,8 healthy humans,9 and patients with
ischaemic heart disease,10 indicating preferential venous tolerance during continuous
nitrate treatment.
Our results also show that the vasodepressor effects of glyceryl trinitrate attenuate more
rapidly in the venous bed than in the pulmonary circulation. Veins therefore seem to
be both the primary site of action of
nitrates" -'2 and the first organ to become
unresponsive to nitrates during continuous
exposure. An important limitation is that the
haemodynamic we measured do not permit a
precise evaluation of glyceryl trinitrate's
action on large conductance arteries; this
would have correctly required the calculation
of arterial compliance. Dilatation of conductance arteries is another pharmacological
effect of glyceryl trinitrate"3 with an important
role in hypertensive patients and in patients
with ischaemic heart disease'1'6; its relevance
in patients with heart failure is still unknown.
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