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THE ROLE OF ENDOTHELIUM DYSFUNCTION IN THE

PATHOGENESIS OF HEART FAILURE

The endothelium plays a fundamental role in the reg-
ulation of numerous physiological functions, including
fibrinolysis, thrombosis, inflammation, cell growth and
the maintenance of vascular tone (1). In particular, for its
regulation of vascular tone, the endothelium releases a
series of vasoactive substances, some of which are
vasoconstrictive (for example, endothelin), while others
are vasodilatory (for example, nitric oxide). Nitric oxide
(NO) is synthesized from the amino acid L-arginine and,
once produced in the endothelial cells through the ef-

fect NO synthase, diffuses into the underlying smooth
muscle cells of the arterial walls where it causes the
conversion of guanosine triphosphate (GTP) into cyclic
guanosine monophosphate (cGMP) which, in its turn,
causes vasodilation through the reduction of the intra-
cellular concentration of calcium ions (Fig. 1). 

Clinical data have shown that heart failure can
progress independently of the hemodynamic state of
the patient, which has focused research on new, poten-
tial mechanisms underlying this progression. Patients
with chronic heart failure (CHF) have altered vascular re-
activity (2-4), as shown by reduced vasodilation in both
the coronary arteries (5) and the brachial artery (6) in re-
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sponse to an acetylcholine infusion. The reduced re-
sponse to acetylcholine is a manifestation of impaired
endothelial-dependent vascular reactivity, i.e. the
change in vascular tone that requires a healthy en-
dothelium and the presence of NO. Endothelial-inde-
pendent vascular reactivity, on the other hand, is large-
ly preserved in patients with CHF, as demonstrated by
the almost completely normal vasodilatory response to
an infusion of nitroprusside, a direct NO donor, in the
forearm (6).

The change in vascular reactivity observed in pa-
tients with heart failure has a series of hemodynamic
consequences, including increases in total peripheral
resistance and afterload, worsening of cardiac perfor-
mance and a reduction in tolerance to exercise. There-
fore, the endothelial dysfunction observed during the
course of heart failure is one of the factors underlying
the progression of the disease and it is extremely im-
portant to be able to measure it and monitor any
changes that may occur (Fig. 2).

An increase in the generation of reactive oxygen
species (ROS), produces not only a triggering apoptosis
of muscle cells, but also loss of endogenous NO activi-
ty due to endothelial dysfunction (4, 5). The clinical con-
seguences of persistent impaired NO activity and in-
creased radical oxigen species activity lead mainly to
endothelial dysfunction and myocardial dysfunction, re-
duction of myocardial pump function- or low -reflow

phenomenon. Many actions are under the direction of
NO: vasodilation, inhibition af platelet aggregation, re-
duction of proliferation and inflammation, antioxidant
property (scavenging of O2), a direct or indirect increase
in myocardial contractility, prevention of neutrophyl 
adhesion.

The alteration of vasodilatory capacity in the coro-
nary, pulmonary and peripheral circulations by endothe-
lial dysfunction is present in patients with CHF, due to
ischemic or non-ischemic aetiology (6, 7). In CHF many
signs and symptoms are present but none prevails, it is
as in a theatral performance where many actors alter-
nate on the stand but no one is a main actor, all con-
tribute to the representation. At the same way in CHF an
increased endothelial dysfunction induces increasing of
the peripheral vascular resistance, reducting flow to the
skeletal muscles, particularly during exercise, and um-
balance the regulation of pulmonary blood flow with g
mismatch between the regulation of flow and perfusion.
The alteration in the regulation of myocardial blood flow,
leading to a mismatch demand and the metabolic sup-
ply with myocardial ischemia even in the presence of
coronary vessels unjured by lesions detectable by coro-
narography. Neglia et al, using positron emission to-
mography, observed that the vasodilation of coronary
vessels in patients with idiopathic dilated cardiomyopa-
thy and myocardial dysfunction (mild-moderate) was
compromised and hypothesized that etiology was

Fig. 1 - Synthesis and inactivation of NO. Fig. 2 - Endothelial function and heart failure.
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linked to functional alterations in the coronary microcir-
culation (8). The perfusion abnormalities were not corre-
lated with clinical functional class or hemodynamic fac-
tors, suggesting a primary involvement of the coronary
resistance vessels. These data, confirmed by other
studies, leaded to study the microcirculatory function in
CHF, with important pathophysiological and prognostic
implications (9). The principal mechanism of endothelial
dysfunction in CHF is increased or abnormal producti-
ion of reactive oxygen species (ROS), imply a reduction
of the bioavailability of NO and increasing local oxida-
tive stress, with production of peroxynitrites by direct
reaction with NO, and inducing further oxidative dam-
age to the endothelium (10, 11). Studies carried out on
animal models demonstrated that increase of free radi-
cals or a reduction of antioxidant defenses interfere with
myocyte functions, reduce myocardial contractility, pro-
duce a damage of the cardiac tissue and induce apop-
tosis (12) (Fig. 3).

Excessive ROS can derive from different sources: ac-
tivation of xanthine oxidases during ischemia-reperfu-
sion phenomena, auto-oxidation of catecholamines,
and cytokine-mediated activation of NO synthase (13,
14). The production of pro-inflammatory cytokines and
neutrophil activation seen in CHF seems to be involved
in endothelial dysfunction, with production of ROS and
altered regulation of the expression of endothelial NO
synthase (15).

In ischemic and non-ischemic heart failure the pres-
ence of endothelial dysfunction and reduced NO
bioavailability contribute to the process of left ventricu-
lar remodeling; the impaired NO production seems to be
involved in the depressed contractility and apoptosis
(16), and in the altered vascular response to circulating
vasoactive substances (Fig. 4). Morever, NO regulates
the myocardial use of substrates and the mitochondrial
respiratory chain (17). In CHF has been observed that
there is a reduction in NO release in basal conditions,
decreased sensitivity to NO synthase inhibition, a
change in NO-mediated processes and an increase in
oxidative stress. In patients with CHF the autoregulato-
ry mechanism of peripheral vasodilatation activated by
hypoxia during low output states is altered because
there is a reduction of release of NO from S-nitrosohe-
moglobin (18). 

Patients with CHF showed a reduction in the plasma
thiol pool, evaluated as total sulphydryl groups; this has
been suggested linked to an increased interaction be-
tween free radicals and membrane proteins. Other data
indicated the presence of levels of red cell glutathione in
patients with CHF. Therefore, it is not possible to sug-
gest an interpretation of effect of this scavenger in the
antioxidant defense system in heart failure (10, 19). 

Ultrasound studies of the brachial artery are a rela-
tively simple, non-invasive and well reproducible
method for evaluating endothelial function in all patients

Fig. 3 - NO and heart failure. Fig. 4 - Reduced bioavailability of vascular NO in heart failure:
pathogenic mechanisms.
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with impaired cardiac contractility. Numerous studies
exploiting this method have demonstrated the role of
endothelial function in predicting the progression of
heart failure and the risk of mortality (Figs. 5-8).

The possibility that abnormalities in vasodilatory ca-
pacity, due to the mechanisms described above, could
cause progression of myocardial dysfunction towards
heart failure opens up new prospects for the prevention
and treatment of cardiac insufficiency. Contemporane-
ously, new, non-invasive techniques for evaluating both
endothelial-dependent and endothelial-independent

vascular reactivity are helping to clarify the pathophysi-
ological mechanisms underlying microcirculatory ab-
normalities and can be used to evaluate the efficacy of
treatments with vasodilators, such as NO donors, in
slowing the progression of these abnormalities. Organic
nitrates are the oldest drugs used in patients coronary
artery disease and heart failure. For example, i.v. nitro-
glycerin is considered the first line therapy for unstable
angina and oral nitrates might be of special use in patients
with impaired left ventricular function, overt congestive
heart failure, intermittent coronary vasoconstriction or

Fig. 5 - Flow-mediated vasodilatation (FMD) in patients with differ-
ent New York Heart Association (NYHA) classes of heart failure. It
can be seen that patients in NYHA class IV have worse endothelial
function than those in the other classes.

Fig. 6 - Cumulative event-free survival rate in patients with CHF
stratified according to the median flow-mediated dilation (FMD). 

Fig. 7 - It was evaluated whether the levels of brain natriuretic pep-
tide (BNP) had an independent prognostic value from flow-mediat-
ed dilation (FMD) with regards to the outcome of patients with
heart failure. Patients in group A, who had the greatest FMD and
lowest levels of BNP, had the best survival.

Fig. 8 - Survival in relation to exhaled nitric oxide (NO). The sub-
jects who produced more NO had a higher probability of survival.
(NdT) – add key to the y axis SURVIVAL.
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coronary artery spasm. Many studies with oral nitrate
treatment in coronary artery disease and heart failure have
clearly shown that these drugs are not only effective and
safe but can also exert additional beneficial effects con-
tributing to their therapeutic value (20). Among these, the
impact of nitrates on the development of endothelial dys-
function seems to be of particular importance. Organic
nitrates deliver NO directly to the vascular wall and are
enzymatically de-nitrated to NO and the de-nitrated
metabolites. During this enzymatic conversion which is
most likely mediated by cytochrome P 450 type en-
zymes such as CYP3A4 three electrons are transferred
to the nitrate nitrogen. Both vascular endothelial and
smooth muscle express the enzymes necessary to gen-
erate NO from organic nitrates. The NO release from or-
ganic nitrates in the vascular wall induces the well
known vasodilator effects. As outlined above, NO exerts
many other cardiovascular effects beside vasodilation.
Therefore, it is likely that the release of NO by organic
nitrates is associated with antiaggregatory, antiadhe-
sive, antiproliferative and antioxidative effects, all of
which are considered to be vasoprotective. This hy-
pothesis has been tested in animal models. Initial stud-
ies with the NO-donor pentaerythritol tetranitrate have
suggested that this is the case. A subsequent study has
investigated whether high ISMN doses given in a com-
monly used eccentric dosing regimen impacts on the
progression of atherosclerosis and endothelial dysfunc-
tion. The study was conducted in cholesterol-fed New
Zealand White rabbits which received either vehicle, 1
mg ISMN/kg BW or 100 mg ISMN/kg BW in the morning

and in the early afternoon. The study design is depicted
in the Figure 9.

After 16 weeks of treatment, cross sections of the
thoracic aorta were stained with sudan IV and intima-
media thickness was measured. The 200 mg ISMN-
group (C) had a significantly smaller intimamedia-thick-
ness than the high fat vehicle group (B) and the 2 mg
ISMN group (not shown). These data suggest that treat-
ment with ISMN can reduce the progression of athero-
sclerosis in an animal model.

The authors also measured the function of the en-
dothelium by applying increasing concentrations of
acetylcholine. As expected, the high fat diet elicited a
strong endothelial dysfunction. The maximally possible
vasodilation was inhibited by >70%. It is obvious that
treatment with 200 mg ISMN/kg BW/day resulted in a
marked reduction in endothelial dysfunction. Therefore,
the reduction of morphologic changes by ISMN is asso-
ciated with an improvement in endothelial function.
These data suggest that treatment of coronary artery
disease patients with the organic nitrate can be useful.

The marked effects of ISMN on the development of
atherosclerosis and endothelial dysfunction might be
partially explained by the complete inhibition of vascu-
lar oxidative stress.

Figure 10 shows the cumulative generation of vascu-
lar superoxide production was greatly enhanced in ath-
erosclerosis. Treatment with high ISMN doses com-
pletely inhibited this part of the pathomechanism of ath-
erosclerosis. Nevertheless, atherosclerosis still oc-
curred in the animals which demonstrates the multifac-
torial nature of the atherosclerosis pathogenesis and
suggests that antioxidative effects are involved in the
antiatherosclerotic effects of nitrates. In summary we
conclude that high oral dose of ISMN could offer a va-
soprotective therapeutic intervention in atherosclerosis.

MONONITRATES

IS-2-MN, like IS-5-MN, is a metabolite of ISDN, from
which it is formed by a denitrification reaction catalyzed
by a glutathione-dependent hepatic nitrate-reductase. 

IS-2-MN, being a catabolite of ISDN, has the same
pharmacodynamic characteristics of this latter drug,
such that it has been hypothesized that it could be used
as a treatment for angina pectoris, coronary heart 

Fig. 9 - Cross section of the thoracic aorta of rabbit.
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disease, myocardial infarction and heart failure. Its mech-
anism of action is the same as that of ISDN: it increases
NO synthesis which, by stimulating guanylcyclase, in-
duces an increase in cGMP synthesis and, therefore, va-
sodilation through a reduction in intracellular calcium. 

The pharmacokinetics of IS-2-MN have been evaluat-
ed in healthy volunteers both after oral administration
(20 mg) and after intravenous injection (5 mg). Following
oral administration, peak concentration is reached after
about 25 min and the drug has a half-life of 2.1 hr. Like
IS-5-MN, IS-2-MN has a relatively simple pharmacoki-
netic behaviour in young subjects, which can be repre-
sented by a two-compartment system.

Published pharmacokinetic studies (20, 21) have re-
ported that IS-2-MN has a short elimination half-life
(T1/2 = 1.81 ± 0.09 h), which is about half that of IS-5-MN
(T1/2 = 4.58 ± 0.76 h). The clearance of IS-2-MN is high-
er (21.7 – 23.2 l/h) than that of IS-5-MN (6.5 – 8.5 l/h)
whereas the volume of distribution is more or less the
same. 

IS-2-MN presents a high bioavailability (about 100%)
with fast and complete intestinal absorption and does not

undergo hepatic first-pass metabolism.
The pharmacokinetic profile of IS-2-MN does not ap-

pear to be significantly different in patients with renal in-
sufficiency. For the most part, this product of the bio-
transformation of ISDN is metabolized in the liver, through
redox reactions similar to those used for IS-5-M. The drug
is excreted in the urine unmodified and also in the form of
various different compounds, all of which are pharmaco-
logically active (23).

Table I summarizes the most important pharmacokinet-
ic and pharmacodynamic differences between ISDN and
the two mononitrates.

The induction of nitrate tolerance leads to a loss of ac-
tivity of all nitroderivates. As can be seen in Figure 11,
NTG induces tolerance in strips of rabbit aorta pre-incu-
bated with this compound for 2 hrs.

However the desensitization degree was significantly
less with IS-2-MN. 

Figure 12 shows the percentage decrease in the in-
hibitory activity for NTG, ISDN, IS-5-MN and IS-2-MN.

The short plasma half-life of IS-2-MN could be an ad-
vantage in preventing the development of tolerance, a
phenomenon that occurs frequently with the use of ISDN
and IS-5-MN and that is due predominantly to the pro-
longed occupation of the receptors for the nitrates, with
consequent depletion of the reduced sulphydryl groups
necessary for the therapeutic effect. 

The different types of formulations of IS-2-MN (Tab. II),
compared to those of IS-5-MN and ISDN, are also of sub-
stantial interest (L. Dei Cas: data on file):

FUTURE PROSPECTS FOR IS-2-MN

The pharmacodynamic and pharmacokinetic charac-
teristics of this mononitrate and, in particular, its very
high bioavailability, its lack of first-pass hepatic metab-
olism and almost equally balanced venous and arterial

Fig. 10 - Cumulative generation of vascular superoxide production.

TABLE I - MAIN PHARMACOKINETIC AND PHARMACODYNAMIC DIFFERENCES BETWEEN ISDN, IS-2-MN AND IS-5-MN

Characteristic ISDN IS-2-MN IS-5-MN

Hepatic metabolism X – –
Short half-life X X –
Long half-life – – X
> Arteriolar vasodilation X X –
Less induction of tolerance – X –
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vasodilating effects, suggest that it would be better tol-
erated by patients with liver disease or congestive heart
failure with hepatic damage; in addition, in the light of
the new evidence on the role of endothelial dysfunction
in the progression of heart failure. Furthermore, the
short half-life of IS-2-MN with its faster elimination
compared to that of IS-5-MN and lesser depletion of
sulphydryls lay the basis for less tolerance and main-
tained activity over time. The wide range of possible
pharmaceutical formulations of IS-2-MN makes up for
those lacking for IS-5-MN and renders it similar to ISDN
but with better pharmacokinetic bioavailability.

Furthermore, the oxidative stress plays a main role
in the progression of heart failure, the reduced occu-
pation of the receptors for NO by mononitrates with
less potency respect to ISDN or TNG could have im-
portant effects on the bioavailability of the sulphydryl
groups, particularly glutathione counteract oxidative
stress by a scavenger effect on the vascular system.

In conclusion, mononitrates play an important role in
the cardiovascular continuum because they are able
to interfere with the progression of the disease by the
substitution of endogenous NO in the endothelial ves-
sels and seem to inhibit atherosclerosis by high
mononitrates doses offering vasoprotective therapeu-
tic intervention in atherosclerosis.

Address for correspondence:
Prof. Maria Grazia Modena
Cattedra di Cardiologia
Azienda Ospedaliero-Universitaria Policlinico di Modena
Via del Pozzo, 71
41100 Modena
Italy
mariagrazia.modena@unimore.it

Fig. 11 - The figure shows the vasoconstriction of a strip of rabbit
aorta following the addition of noradrenaline 10–6 M. The subse-
quent addition of NTG 10–7 M produced dilatation, restoring base-
line values. Incubation with NTG 10–7 M for 2 hrs and the addition
of NTG 10–7 M caused an approximately 50% reduction in the va-
sodilation (L. Dei Cas: data on file).

Fig. 12 - The degree of desensitization with IS-2-MN compared to
with NTG, ISDN and IS-5-MN was less and with a significant in-
hibitory activity expressed as a % (L. Dei Cas: data on file).

TABLE II - DIFFERENT FORMULATIONS OF ISDN, IS-2-MN AND IS-5-MN

Type of formulation ISDN IS-2-MN IS-5-MN

Standard X X X
Delayed release X X X
Sublingual X X –
Intravenous X X –
Spray – X –
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