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INTRODUCTION

Nitrates have been widely used in cardiology for over
100 yrs. These drugs are excellent agents for the treat-
ment of coronary syndromes (namely stable angina, un-
stable angina and myocardial infarction) and patients
with chronic congestive heart failure (HF) or acute HF.
Their leading hemodynamical effect is the reduction of
cardiac preload by venodilation and an increase in ve-
nous capacitance. Nitrates also induce the vasorelax-
ation of both normal and stenotic coronary arteries and
coronary collateral vessels; therefore, preventing

episodic coronary constriction. They have been shown
to reduce left ventricular diastolic pressure, left ventric-
ular volume and mitral regurgitation. Finally, anti-
platelet and endothelial protective actions have been
suggested (1).
The nitrate compounds most commonly used in clinical
practice are nitroglycerin (NTG), isosorbide-dinitrate
(ISDN) and isosorbide-5-mononitrate (5MN). They are
available in different dosage forms including sublingual,
intravenous (i.v.), oral and transdermal preparations
(Tab. I). Rapid and short-acting preparations are excel-
lent in treating acute coronary syndromes or angina at-
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strips. Preparation was stimulated by different spasmogenic agents: KCl, angiotensin II (A) and
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(10–4 M). In another series of experiments, preparations were pre-incubated with the maximum
inhibitory concentration of each nitrate to evaluate the induction of tolerance. After incubation a
loss of vasodilator effect of nearly 50-60% was observed for all the nitrates considered except
2MN, in which the loss of effect was significantly lower (36%). The cyclic GMP (cGMP) levels
measured in the preparations were lower in the presence of 2MN than in the other compounds.
These data suggest that 2MN is able to induce a lesser cGMP increase and a lesser tolerance in-
duction; since these observations seem to be correlated the vasodilator effect of 2MN probably in-
volves mechanisms other than  guanylyl cyclase stimulation. (Heart International 2007; 3: 112-21)
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tacks; long-term chronic administration is useful in
treatment of silent or symptomatic ischemic heart dis-
ease and HF.

MECHANISMS OF ACTION

The organic nitrates are pro-drugs and need to be enzy-
matically degraded to produce their effects. Once ad-
sorbed, they undergo biological transformation in live
and vascular smooth muscle cells (SMCs) yielding nitric
oxide (NO). The bioactivation involves P450 enzyme(s)
in the smooth endoplasmic reticulum.
NO in an important factor physiologically produced in
many tissues and involved in several biological roles.
Endogenous NO was originally identified as endotheli-
um-derived relaxing factor (EDRF). It exerts vasodilata-
tion effects, reduces platelet aggregation and controls
endothelial function. NO acts stimulating guanylyl cy-
clase leading to the formation of cyclic GMP (cGMP)
from guanosine triphosphate. cGMP leads to the relax-
ation of SMCs through the activation of specific cGMP-
dependent kinases and the phosphorylation of several
proteins. This biochemical cascade brings about the in-
hibition of calcium influx into the cell (2) and the de-
phosphorylation of myosin light-chains, preventing
actin-myosin interaction.

Recently, it has been proposed that NO could also acti-
vate, directly or through a second messenger, the
potassium channels on SMC membrane, determining
hyperpolarization and consequent relaxation.
Finally, recent studies have discovered an alternative
metabolic pathway for NTG (but not for other nitrate
compounds) that seems to be the most active at thera-
peutic dosages. This pathway involves mitochondrial
enzymes and the respiratory chain to yield NO or a re-
lated species (NOX) (3). These findings could partially
explain the difference in both potency and tolerance in-
duction of NTG in comparison with other compounds.

TOLERANCE DEVELOPMENT

A crucial problem in the clinical use of nitrates is the tol-
erance phenomenon. Tolerance is defined as a condi-
tion in which the body becomes accustomed to a drug,
so that the previous dose no longer produces the previ-
ously obtained effect and progressively larger doses are
needed. Since the therapeutic properties of nitrates
were discovered, it was soon recognized that long-term
treatments resulted in tolerance development. In man-
aging coronary heart disease, the attenuation or loss of
one or several of the beneficial effects of these drugs
has frequently been observed. All regimens using fre-
quent doses of long-acting nitrates (more than twice
daily) or continuous delivery systems (patches, continu-
ous i.v. infusion) will rapidly develop tolerance, often oc-
curring within 24 hr (4).
Several mechanisms have been proposed to explain nitrate
tolerance such as sulfhydryl donor depletion, neurohormon-
al activation or intravascular plasma volume expansion.

Depletion of sulfhydryl groups 

Depletion of intracellular sulfhydryl groups has widely
been considered one of the most important causes of
nitrate tolerance development. Sulfhydryl groups are
needed for the conversion of nitrates to NO in vascular
microsomes. This hypothesis was supported by animal
and clinical studies showing that the administration of
relatively large doses of cysteine or N-acetylcysteine
(critical intracellular sulfhydryl co-factors) could prevent
or reverse the tolerance to the vasodilator action of re-
peated NTG administration (5).

TABLE I - NITRATE PREPARATIONS, ROUTES OF ADMINISTRA-
TIONS AND PHARMACOKINETICS

Drug and route Onset of action Duration of
(minutes) action (hours)

Sublingual
- NTG 2-5 1-2
- ISDN 5-7 2-3

Oral
- ISDN 30 3-6
- 5MN 30 3-6
- ISDN, 5MN (SR) 60-120 12-16

Transdermal
- ISDN 30-60 3-24
- NTG 30-60 12-16

Intravenous 1-2 During infusion
- NTG, ISDN and 30 min after

NTG: nitroglycerin; ISDN: isosorbide-dinitrate; 5MN: isosorbide-
5-mononitrate; SR: sustained release
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Neurohormonal activation and plasma volume
expansion

Another propounded theory involves the activation of
neurohormonal mechanisms such as the sympathetic
nervous system and the renin-angiotensin-aldosterone
system (RAAS). The persisting reduction of preload and
blood pressure (BP) after sustained nitrate administra-
tion stimulates a compensatory activation of both these
systems. Moreover, a drop in renal blood flow was sug-
gested to be a further mechanism contributing to RAAS
activation; this stimulation has been observed especial-
ly in patients with HF treated with nitrates. Long-lasting
NTG treatment as been associated with increases in
plasma renin activity. These responses may act to at-
tenuate or reverse the hemodynamical effects of ni-
trates. Many authors defined all of these neurohormon-
al adjustments as ‘’pseudotolerance’’ (6).
Venous dilation induced by nitrates brings about a re-
duction in the capillary hydrostatic pressure and major
water retention in the intravascular space. This leads to
hemodilution, plasma volume expansion and a rise in
BP. According to this hypothesis hematocrit reductions
have been observed after nitrate treatments (7).

Free radical production

Recently, a theory involving endothelial molecular
mechanisms was proposed to explain tolerance. Stud-
ies demonstrated that nitrate treatments are associated
with increased superoxide production by the endotheli-

um (8-10). It has been observed that superoxide in en-
dothelial and smooth muscle vascular cells reacts with
NO, generating peroxynitrite. Studies suggested that
the mechanism underlying the development of toler-
ance was the sequestration of NO by superoxide free
radicals (3). These observations are supported by sev-
eral studies suggesting that the concurrent administra-
tion of antioxidants (such as vitamins C and E, ebselen)
could lead to a reduction in nitrate tolerance.

RELATIONSHIP BETWEEN THE MECHANISM OF ACTION

AND NITRATE TOLERANCE INDUCTION OF DIFFERENT

NITRATES

Introduction
Studies concerning the action of NTG (Fig. 1) and other
nitroderivates pointed out that these substances induce
vasodilatation through the activation of specific ‘’sites’’
in vascular cells (2). Two different locations of these
sites have been proposed, namely the endothelial
and/or the SMC plasma membranes; moreover, two cor-
responding post-receptor events have been suggested
to play a role. The first is consistent with a release of in-
hibitory prostanoids (PGF2 , PGE2) from the endotheli-
um (11, 12), while the second with a cGMP accumula-
tion in SMC through the activation of the guanylate cy-
clase on the cell membrane (13, 14). However, some
studies have challenged the possible involvement of
prostaglandins. Despite the ability of cultured endothe-
lial cells to produce prostacyclin in response to NTG,
the blockade of cyclooxygenase with indomethacin
does not modify vasodilator activity of NTG in coronary
vessels in situ (15, 16).
Contrarily, a large increase of cGMP levels was demon-
strated in vascular SMCs in response to different ni-
troderivatives, including NTG (17-19), ISDN (20) and
5MN (21); therefore, suggesting a direct involvement of
the nucleotide as a peculiar second messenger, but not
exclusive (22) to this class of drugs. Biochemical events
leading to the rise of cGMP levels involve the formation
of NO or nitrothiols (RSNO) in the presence of sulfhydryl
groups (SH). Both NO and RSNO stimulate guanylate
cyclase to produce cGMP which, in turn, limits calcium
availability in the intracellular spaces (17) and interferes
with the activation of the contractile system (23). As
previously noted, the key role of SH groups in cGMP
synthesis was emphasized in order to explain a possible

Fig. 1 - Molecular structure of NTG.
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mechanism of the nitrate tolerance phenomenon.
Although several mechanisms of tolerance induction
have been suggested, new compounds are synthesized
in an attempt to limit tolerance development and, at the
same time, to obtain longer acting drugs. An example is
isosorbide-2-mononitrate (2MN) that differs from ISDN
for the absence of NO2 group in position 5 (Fig. 2).
The vasodilator activity of 2MN was evaluated on differ-
ent isolated preparations in comparison with other com-
pounds most commonly used in clinical practice, name-
ly NTG, ISDN and 5MN. Isolated rabbit hairs and aortic
strips were used as experimental models to evaluate
drugs acting on coronary resistances and vascular con-
tractility.

Materials and methods
White New Zealand rabbits of both sexes weighing 2-
2.5 kg were used. The animals were sacrificed by cervi-
cal dislocation. The hearts were quickly removed and
placed into an ice-cold Ringer-Lock solution, oxygenat-
ed with 100% O2 and containing in mM: NaCl 136.9, KCl
2.68, MgCl2 1.7, NaHPO4 0.42, NaHCO3 3.93, and glu-
cose 5.55 (pH 7.4). Immediately after the removal of the
heart, the thoracic segments of the aorta were sub-
merged and placed in modified Krebs-Henseleit solu-

tion containing in mM: NaCl 113, KCl 4.7, CaCl2 1.9, NaH-
CO3 25, MgSO2 1.2, KH2PO4 1.2 and glucose 11.5. The
solution was bubbled with 95% O2 and 5% CO2 (pH 7).

Heart preparations
A previously described procedure was followed (24). Af-
ter the removal of the pericardium and surrounding tis-
sues, the hearts were perfused with Ringer-Locke solu-
tion according to the non-recirculating Lagendorff tech-
nique (24). The perfusion fluid was continuously gassed
with 100% O2, maintained at 37 °C and delivered to the
aortic inflow cannula at a constant rate of 22-24 ml/min
using a peristaltic pump (Gilson, Miniplus HP2HF, Villers
- Le Bel, France). The perfusion pressure was measured
by a Statham transducer connected to the side arm of
the perfusion cannula. Since retrograde flow (coronary
flow) was held constant during the experiment, the
coronary perfusion pressure represented a direct mea-
sure of coronary resistance. A fluid filled balloon con-
nected to a pressure transducer was inserted into the
left ventricular cavity through an opening in the left atri-
um; therefore, obtaining an isovolumically beating
preparation (25). Both left ventricular pressure (LVP) and
coronary perfusion pressure (CPP) were simultaneously
recorded by a polygraph (ITE Biomedica, Florence,
Italy). With the exception of those experiments in which
the chronotropic effect was evaluated, the hearts were
electrically paced in order to exclude LVP variations due
to heart rate (HR) changes. Rectangular pulses (1 ms
width at 0.5 V up to threshold stimulation) were applied to
the preparation through two platinum electrodes, one
connected to the metal inflow of the cannula and the oth-
er directly in the ventricular apex. The stimulation fre-
quency was 10% greater than the basal HR. Hearts were
left to equilibrate for 30 min before the administration of
drugs. Drugs were administered into the perfusion fluid
and allowed to act until the maximum effect was ob-
tained. (5-15 min). NTG, ISDN, 5MN and 2MN were dis-
solved in distilled water and administration was per-
formed according to the cumulative doses method (26).

Aorta preparations
The media was then separated from the connective tis-
sue and from the adventitia, spirally cut strips of tho-
racic aorta were set up, according to the Furchgott
technique (27). Spirally cut strips (2 cm long, 3 cm wide)
were placed in 10 mL of organ bath at 37 °C containing

Fig. 2 - Molecular structure of ISDN, 5MN and 2MN.
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Krebs-Henseleit solution, composition as described
above. Contractions were measured by an isometric
transducer connected to a pen-writing recorder
(Unirecord, Basile, Milan, Italy). An initial tension of 2 x
10-3 kg was applied for 120 sec before drug administra-
tion. Spasmogenic compounds, KCl (10-1 M) and an-
giotensin II (10-6 M) were administered directly into the
organ bath. When the contractions reached a plateau
(usually 5-10 min after administration) the nitrates were
administered according to the cumulative doses
method (28). Some aortic strips were rubbed to elimi-
nate the endothelial function. The ablation of the en-
dothelial structure was pharmacologically verified by
the acetylcholine test (29, 30) and the inhibitory effect of
the nitrates was then evaluated, as described for non-
rubbed preparations.

Induction of tolerance
Aortic strips were left to incubate for 120 min in the
presence of a  nitroderivate concentration able to exert
the maximum inhibitory effect on the noradrenaline
(10–6 M) induced contraction. Preparations were then
washed and a contraction with noradrenaline was in-
duced. Inhibitory activity of the nitroderivates was then
determined and compared with the inhibition obtained
in the control experiment.

Cyclic-GMP measurement
Cyclic GMP content was determined in a series of aor-
tic strips set up as described above. The nucleotide lev-
els were measured both in control experiments, where
only the stimulant (KCl, noradrenaline or angiotensin II)
was administered to the organ bath, and in the presence
of different nitrates, administered at the top of the
plateau elicited by the stimulant and left acting for 2
min. At this time, preparations were frozen with a pre-
cooled clamp and put in liquid nitrogen; a standard pro-
cedure was followed (31). Frozen strips were then ho-
mogenized in 1 mL of 6% trichloroacetic acid and cen-
trifuged at low speed for 20 min. The supernatant frac-
tions were extracted four times with 5 mL of water-sat-
urated diethyl ether.
The aqueous extract was dehydrated at 60 °C under a
stream of nitrogen. Residual materials were recon-
structed with sodium acetate buffer and assayed by a
radioimmunoassay kit (Amersham, USA), to evaluate
the cyclic GMP content.

Data evaluation
Results are expressed as mean ± SEM of six-eight inde-
pendent experiments. Inhibitory responses on basal
LVP and CPP were calculated as a percentage of inhibi-
tion, while coronary spasm as a percentage of inhibition
on the CPP increases. Statistical analysis was per-
formed by analysis of variance and test of simple main
effect. Student’s t-test was performed for the compari-
son of maximum effects of calcium curves. The level of
significance was considered as p<0.05.

Drugs
The following drugs were used: nitroglycerin (Simes),
isosorbide dinitrate (Wyeth), isosorbide-5-mononitrate
(Chiesi Farmaceutici), isosorbide-2-mononitrate, vaso-
pressin (Sandoz), noradrenaline (Merck), angiotensin II
(Hypertensiva Ciba).

Results
Heart
Thirty minutes after set-up, isolated rabbit hearts devel-
oped a basal LVP value of 58.9 ± 5.1 mmHg and basal
CPP of 68.3 ± 3.8 mmHg. In control group experiments,
variations <10% of these values were measured in the
following 3 hr. Heart rate was 148 ± 7 bpm at the begin-
ning of the experiment and then spontaneously de-
creased to 115 ± 5 bpm.
Vasopressin 10–9 M induced a long-lasting coronary
spasm, being able to increase CPP of 71.5 ± 4.7 mmHg.
An erratic reduction of LVP was sporadically observed.

Effects of nitroderivates 
NTG and other compounds did not substantially modify
basal CPP, LVP and HR up to 10–4 M.
When administered in the presence of a vasopressin in-
duced spasm they induced a prompt vasodilator effect.
Vasodilation was different according to different com-
pounds.
NTG (10–7 M - 10–4 M) and 2MN (10–5 M and 10–4 M) 
resolved vasopressin induced spasm, while 5MN and
ISDN were less potent and effective. We considered the
effects obtained with concentrations of 10–5 M to give
an idea of these differences (Fig. 3).
It was evident that NTG was the more effective com-
pound, being able to reduce coronary spasm by
80%, while 2MN was actually more active than 5MN
and ISDN.



Raddino et al

117

Aorta
As already observed in isolated hearts, not all ni-
troderivates modified the basal tone of the rabbit aorta
strips. When SMC contraction was induced by KCl or
angiotensin II, a marked vasodilator effect was ob-
tained. NTG was the most active compound in inhibiting
KCl-induced aortic contraction (10–8 - 10–5 M). ISDN
and 2MN were virtually equiactive, being able to inhibit
KCl-induced spasm in the same range of doses (10–8 -
10–4 M) and to the same extent (60%). 5MN was the less
effective compound (Fig. 4a).
The angiotensin II-induced spasm was highly sensitive
to the inhibitory action of all nitroderivate drugs used
(Fig. 4b), although NTG and ISDN were the more active
compounds (10–9 and 10–7 M).

Endothelium ablation did not modify the spasmolytic
activity of the different drugs tested in this study (Fig. 5).
In an attempt to correlate spasmolytic activity with
guanylate cyclase stimulation, we evaluated  cGMP lev-
els both in basal conditions and in the presence of ni-
trates (Tab. II).
Preparations were contracted with KCl, noradrenaline
and angiotensin II, a nitroderivative dose, known to pro-
duce the maximum inhibitory effect was administered
on the plateau of the contraction. In basal conditions,
no differences in the cGMP levels were measured, com-
paring data obtained in the presence of the three stimu-
lants. The extent of the vasodilator effect of the ni-
troderivates proved to be unrelated to the respective
cGMP levels, which were greater in the case of NTG
than in the other compounds. The maximum cGMP in-
duced by 2MN was equivalent to the one induced by IS-
DN and 5MN, but it was lesser if considered equiactive
to spasmolytic concentrations (Tab. II).
Induction of nitrate tolerance elicited a loss of activity of
all nitroderivates, as seen in Figure 6 for NTG. However,
the degree of desensitization was significantly lower in
the case of 2MN (Fig. 7).

Discussion
Results obtained in this study suggest that all ni-
troderivates tested were able to induce a vasodilator ef-
fect in coronary and aortic smooth muscle, even though
they differed in their activity and efficacy.
Considering the coronary district of the isolated rabbit
heart, the vasodilator effect of nitroderivates is virtually
undetectable on basal CPP, while it is particularly evi-
dent when coronary tone is pharmacologically in-
creased by vasopressin. NTG represented the most po-

TABLE II - RABBIT AORTIC-STRIPS

KCI Noradrenaline Angiotensin II

cGMP Inhibition cGMP Inhibition cGMP Inhibition

Control 61 0 76 0 79 0
NTG 264 90% 285 90% 240 100%
ISDN 141 60% 156 65% 122 100%
5MN 157 25% 212 55% 161 100%
2MN 158 70% 171 80% 135 100%

cGMP content (pmol/g) and degree of inhibition of aortic contractions elicited by different stimulants (% of maximum effect) measured in
basal conditions (control) and in the presence of nitroderivates. Doses of nitroderivatives are expressed in molar concentrations. Stan-
dard errors are less than 10% of the respective values

Fig. 3 - Rabbit heart: effects of NTG, ISDN, 5MN and 2MN at the
same concentration (10–5 M) in the vasopressin induced coronary
spasm.
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tent and efficacious compound, being able to induce a
decrease of 70% on vasopressin induced spasm. In
comparison, 2MN, 5MN and ISDN were significantly
less effective. These limited effects of compounds oth-
er than NTG are deemed of interest, especially in con-
sidering the high use of ISDN and 5MN in clinical prac-

tice (32, 33). As previously noted, recent studies have
described an alternative metabolic pathway for NTG in-
volving mitochondrial enzymes and respiratory chain
that could explain the greater potency of this drug when
compared to other nitroderivates (3).
However, some conclusions should be drawn. The stim-
ulus used to contract the coronary bed (ie vasopressin)
probably does not represent a physiological pattern in
experimentally reproducing the coronary spasm as it
occurs in humans; therefore, a direct correlation with
clinical results cannot be done.
Furthermore, the CPP increase is the result of the total
effect of vasopressin both in the epicardial and in the in-
tramyocardial coronary vessels. Since intramyocardial
vessels are probably more important for the mainte-
nance of coronary pressure in the retrograde-perfused
rabbit heart, a different selectivity of nitroderivates for
different coronary districts could also be considered;
other studies seem to suggest this (34, 35). Whether this
presumed selectivity is due to different calcium pools
involved in the excitation-contraction coupling in large
vs. small caliber vessel SMCs (36) or it arises from a pe-
culiar distribution of nitrate action sites is matter of
speculation. On the other hand, the coronary activity of
2MN, although of lower efficacy compared to NTG, is
deemed of interest because it has been obtained in the
complete absence of inotropic and chronotropic ef-
fects; in addition, the potential pharmacokinetic advan-
tages when this drug is given to patients in clinical prac-
tice should also be considered. Mononitrate forms of
isosorbide have 100% bioavailability and 2MN is the
most active one: the minimum critical plasma concen-
tration for therapeutic effect in vivo is approximately
100 ng/ml for 5MN and approximately 20 ng/ml for
2MN.
Aortic SMC preparations are a more suitable tool to de-
fine the site and the mechanism involved in the vasodi-
lation. The contractile activity can be induced by differ-
ent stimulants able to act and to interfere with rather
specific calcium sources (intra- and extracellular).
In these preparations, NTG is again the most effective
compound among the nitroderivatives tested, being
able to completely inhibit the contraction induced by
both KCl and angiotensin II. The action of NTG resulted
in being non-specific, and in being unable to distinguish
between extracellular (KCl) and intracellular (an-
giotensin II) mediated contractions.

Fig. 4 - Inhibitory effects of nitroderivates on spasm induced by
KCl (a), angiotensin II (b) and noradrenaline (c). In abscissa: doses
of nitrates expressed in molar concentrations. In ordinate: percent
of residual contraction.

A

B

C



Raddino et al

119

On the contrary, other nitroderivates used, showed a
greater level of inhibitory activity when tested on an-
giotensin-induced contractions; the inhibition on KCl-
induced contractions was limited except for ISDN.
These results suggest that isosorbide mono- a dinitrate
compounds preferentially interfere with intracellular cal-
cium availability, in a site apart from the membrane cal-
cium channels.
The measurement of cGMP reveals that all these drugs
increase the cellular content of this nucleotide; there-
fore, suggesting that the intracellular event leading to
the inhibition of contractility is induced through  guany-
late cyclase stimulation.
However, no relationship between the amount of mea-
sured cGMP and the extent of inhibitory activity was ob-
served. This fact seems to contrast with the most com-

monly accepted theories concerning nitrates mecha-
nism of action (13, 14). In spite of that, a dissociation of
cGMP levels and vasodilation has already been indicat-
ed in other studies using NTG and other nitrates in rat
aorta (19).
Based on these results, it could be speculated that the
amount of cGMP increase is peculiar for each ni-
troderivative, and it depends on different mechanisms
involved in vasodilatation. Different metabolic pathways
and pharmacodynamics could coexist contributing to
different vasodilatation effects.
These hypotheses could also explain the differences

Fig. 7 - Lack of inhibitory activity of NTG, ISDN, 5MN and 2MN af-
ter induction of tolerance as represented in Figure 6.

Fig. 6 - Aorta rabbit strips: original experiment showing NTG-in-
duced tolerance in a preparation pre-incubated with the same NTG
for 2 hr.

Fig. 5 - Rabbit aorta strips: percent of inhibitory effect of nitroderivatives tested at the maximum effective concentrations, on KCl (and an-
giotensin II) induced contractions in preparations with or without endothelium. Doses are expressed in molar concentrations. Standard er-
rors are less that 10% of respective value.
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observed regarding the development of tolerance. In
our experiment, tolerance development seemed to be
related to cGMP accumulation, being greater in the
case of NTG; therefore, confirming that SH group con-
sumption is an important molecular mechanism respon-
sible for this phenomenon. This reinforces the concept
that alternative mechanisms could be operative in the
case of 2MN, which induces a lesser degree of toler-
ance and a lesser increase of cGMP.
These findings, associated with a growing number of re-

cent observations, support the concept that nitrova-
sodilators do not represent a homogeneous class of
drugs.
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