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Endothelial dysfunction contributesto the maintenance of peripheral vasoconstriction and abnormal
vascular compliancein chronic heart failure. Endothelial dysfunction resultsin an imbalance between
vasodilation and vasoconstriction, particularly when adjustmentsin blood flow arerequired. Recently,
new factor shave been recognized to deter mine endothelial dysfunction: a) disturbancesof theL -argi-
nine/nitric oxide pathway, either at the enzymatic or substratelevel; b) increased synthesis of endothelin-
1; c) microvessdl structural remodeling; d) increased adhesive propertiesto blood cell components; and
€) apoptotic cell injury. The under standing of the complex interplay among these factorsisthe basis
for development of new tar geted strategiesto correct endothelial dysfunction in chronic heart failure.

(Ital Heart J 2000; 1 (10): 656-661)

I ntroduction

Chronic heart failure (CHF) isacomplex
syndrome in which abnormalities of car-
diac, hemodynamic, neurohumoral, im-
munologic, and peripheral functions take
place. Endothelial dysfunction is a newly
discovered hallmark of CHF. It contributes
to increased baseline peripheral vascular
tone and accounts for impaired vasodila-
tion during exercisein patientswith CHF. In
turn, high peripheral vascular resistance in-
creases cardiac afterload and further im-
pairs cardiac function. Since endothelial
dysfunction is important in maintaining
symptoms of CHF, pharmacological and
rehabilitative treatments aimed at normal-
izing endothelial function have been devel-
oped®3.

Endothdia dysfunction has been demon-
strated in patients with CHF as reduced va-
sodilation in response to acetylcholine in-
fusion and reactive hyperemia#s. Both these
effects are mediated by endothelium-derived
nitric oxide (NO). However in CHF, en-
dothelial dysfunction is characterized not
only by impaired vasodilation but also by in-
creased synthesis of endothelial vasocon-
stricting factors, vascular remodeling, in-
creased adhesive properties, and activated
apoptotic processes. Several basic mecha
nisms accounting for endothelial dysfunction
in CHF have beenidentified (Tablel). This
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review focuses on some of the latest findings
inthisfield.

Vasodilation

During CHF there is an imbalance be-
tween vasodilating and vasoconstricting fac-
tors. Among vasodilating factors, NO isun-
doubtedly the most important. Thisgasrad-
ical, which is synthesized from the amino
acid L-arginine by the enzyme NO synthase
(NOS), causes vasodilation by activating
soluble guanylate cyclase which leadsto re-
duced intracellular calcium concentration
in smooth muscle cells. Baseline NO is re-
duced in patients with CHF since infusion of
NG-monomethyl-L-arginine (L-NMMA) —a
selective NOS inhibitor — into the brachial
artery causes a smaller reduction in basal
forearm blood flow compared to control
subjectss?. Moreover, stimulated NO isre-
duced since acetyl choline-induced periphera
vasodilation aswell asreactive hyperemiais
impaired in CHF&1L, Finally, exercise-in-
duced peripheral vasodilation is also im-
paired in CHF!2, The reduced NO avail-
ability may be due to reduced production or
increased degradation of NO. Both these
eventsarelikely to occur in CHF. A marked
reduction in endothelial NOS (eNOS) was
observed in the thoracic aorta and in the
skeletal muscle microvascul ature of ratsand
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Tablel. Endothelial dysfunction in chronic heart failure: basic mechanisms and (patho)physiological effects.

Causes

Effects

| NO synthesis

| eNOS protein

| Vasodilator prostaglandins

| Bradykinin (1 ACE/kininase activity)
| Intracellular L-arginine (?)

| L-arginine delivery to eNOS (?)

1 NO degradation

1 Vasoconstricting prostaglandins

1 Angiotensin Il (TACE/kininase activity)
1 Oxidative stress

1 Endothelin-1

1 Adhesion molecules

1 Apoptosis

1 Arginase activity (?)

1 Vascular CNP (?)

| Vasodilation

| Vessel distensibility

| Flow distribution

| Cardiac function

| Exercise tolerance

1 Vasoconstriction

1 VSMC proliferation

1 Vessel and heart remodeling
1 Myocyte hypertrophy

1 Myocyte apoptosis (?)

1 Interstitial fibrosis

1 Blood cellg/endothelium interactions
1 Skeletal abnormalities

ACE = angiotensin-converting enzyme; CNP = C-type natriuretic peptide; eNOS = endothelial nitric oxide synthase; NO = nitric ox-

ide; VSMC = vascular smooth muscle cells.

dogs with CHF3-15, A gpecific decrease in synthetic
activity of the L-arginine-NO metabolic pathway has
been demonstrated in patients with CHF, NYHA func-
tional class|I-11116, Moreover, we have recently report-
ed a reduction in eNOS protein in human endothelial
cells cultured with the serum of patients with CHF,
NYHA functional class V7. Thereduced periphera en-
dothelial shear stress, secondary to impairment of left
ventricular function, and the activated immune system
are likely to be involved in the down-regulation of
eNOS in CHF. Indeed laminar shear stress is a me-
chanical stimulus able to turn on eNOS while the cy-
tokine tumor necrosisfactor-a (TNF-a) turnsit off17-19,
Reduced eNOS synthetic activity seemsto berelated a-
so to reduced availability of intracellular L-arginine
since oral supplementation of L-arginine increases ex-
ercise-induced blood flow in patients with CHF20.21,
Indeed in the endothelia cell membrane, the existence
of a complex between an L-arginine transporter, the
cationic amino acid transporter-1, and eNOS2 raises the
possibility, yet to be tested, that L-arginine delivery to
eNOS is dtered in the endothelium of patients with
CHEF. Alternatively, induction by inflammatory molecules
of arginase, another L-arginine consuming enzyme, can
lower theintracellular pool of L-argininez3. Also thishy-
pothesis needs to be tested in patients with CHF. In-
creased degradation of NO is also possible due to in-
creased oxygen free radical formation?2425, The radical
NO and superoxide actualy react to form peroxyni-
trite, astrong oxidant with only minimal vasodilating ac-
tivity. In patients with CHF, increased levels of malon-
dialdehyde, a marker of lipid peroxidation induced by
oxygen freeradicals, are linked to disease severity26.27,
In addition, thereis anegative relationship between ex-
ercise-induced malondial dehyde and exercise capacity
in CHF, suggesting that exercise intolerance may be
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related to oxidative stressin this conditions. Indirect ev-
idence of increased free oxygen radicalsin CHF is pro-
vided by the fact that vitamin C improves endothdia dys-
function2®. In an experimental model of heart failure
secondary to myocardial infarction, vascular NADH ox-
idase was the likely source of vascular superoxides0.
Such an oxidase is easily activated by angiotensin 11
and TNF-a, consistently with the activation of both the
renin-angiotensin and the cytokine systemsin CHF. Fi-
nally, avery recent report on eNOS knockout mice sug-
gests that reduced synthesis of NO and increased pro-
duction of oxygen freeradicals are causally linkeds!. This
study indeed shows that endothelium-derived NO isacrit-
ical determinant for the expression of vascular superoxide
dismutase, the major enzymatic cellular defense against
oxygen radicals.

Another isoform of NOS, theinducible NOS (iNOS),
isactivated in CHF. The iINOS isinduced by cytokines
which are activated in CHF, such as TNF-a. Since
iNOSisahigh-output isoform, it is potentially cytotoxic.
In fact, in patients with CHF, impaired myocardia re-
sponsiveness to B-adrenergic stimulation and exercisein-
tolerance are related to INOS expression in cardiac and
skeletal myocytes, respectively32.33, However, although
thereisanindication of induced INOSin the vascular en-
dothelium and smooth muscle cells of the failing human
heart34:35, a possible role for iNOS in endothelia dys-
function in CHF is unclear.

Vasoconstriction

Endothelin-1 (ET-1) is the most potent endotheli-
um-derived vasoconstrictor3é, Plasmalevels of this pep-
tide are elevated in patients with CHF and are associat-
ed with hemodynamic impairment37-40, Endothelial cells
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increase ET-1 synthesisin response to angiotensin I1, no-
radrenaline and cytokines, these humoral factors being
chronically activated in CHF4, Although the failing
heart is a producer of ET-1, decreased NO release and
reduced endothelial shear stress may also contribute to
increased ET-1 synthesis as a consequence of reduced pe-
ripheral blood flow in CHF4243, ET-1 induced vasocon-
striction depends on activation of the smooth muscle
dominant ET, receptors. ETg receptors can mediate
both vasodilation and vasoconstriction according to en-
dothelial or smooth muscle ETy activation#+45, Chron-
ic treatment of CHF rats with BQ-123, an ET 4 receptor
antagonist, ameliorates pulmonary hypertension and re-
duces afterload to the I eft ventricle resulting inimproved
survival ratef246, Acute and short-term blockade of en-
dogenous ET-1 with bosentan, a mixed ET,/ETg non-
peptide antagonist, significantly improves hemody-
namicsin patients with CHF reducing systemic and pul-
monary vascular resistances with aresulting increasein
stroke volume and cardiac output3847, In addition, both
BQ-123 and phosphoramidon, an endothelin-converting
enzyme inhibitor, cause vasodilation in patients with
CHF already receiving an angiotensin-converting en-
zyme inhibitor48. Finally, acute infusion of sitaxsentan,
aspecific ET , receptor antagonist, causes selective pul-
monary versus systemic vasodilation associated with a
reduction in plasma ET-1 in patients with moderate to se-
vere CHF receiving conventional therapy49.

Vascular structure

The endothelium has an important role in the regu-
lation of vascular architecture and chronic alterations of
hemodynamic stress can mediate vascular remodeling.
This process involves rearrangements of the vascular
wall components, i.e. endothelial cells, vascular smooth
muscle cells and collagen matrix. The two main en-
dothdia products have striking effectsin this setting: NO
inhibits mitogenesis and proliferation of vascular smooth
muscle cells whereas ET-1 is mitogenic and activates
protooncogene expression in vascular smooth muscle
cells’0-52, Chronic inhibition of NO inratsincreaseswall
to lumen ratio and stimulates perivascular fibrosisss.
The importance of NO in maintaining the vascular ar-
chitectureisalso confirmed by studies on eNOS knock-
out mice. In these animalsthe natural remodeling process
occurring after reduction in arterial blood flow is absentss,
In ratswith experimentally induced CHF, differential he-
modynamic stress induces regional endothelial dys-
function and remodeling (defined as increased medial
cross-sectional area, thickness, vascular smooth muscle
cell number, elastin, and collagen content) in the pul-
monary artery but not in the thoracic aortad. In arenal
hypertension-induced rat model of CHF, structural
changesin the cardiac microvascul ature also occurss. In
patients with severe CHF, indirect evidence of vascular
remodeling, i.e. an abnormal increasein forearm blood
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flow and vasodilation to nitroprusside, is reportedsé. In
the same patients, also direct evidence of structural ab-
normalities is described such as increased thickness of
capillary basement membrane in both cardiac and skele-
tal muscles and increased hyalinosisin subcutaneous ves-
sels57-61, Moreover, areduction in microvascular densi-
ty of skeletal musclesisinversely related to peak oxy-
gen consumption, suggesting a possible link with exer-
cise intolerances2. These structural abnormalities, as
well as dilative function, improve after cardiac trans-
plantation in patients with dilated cardiomyopathys3.

It is possible that proinflammatory cytokines, an-
giotensin I and noradrenaline, which are all activated in
CHF, contribute to vascular remodeling. Thesefactorsin-
deed stimulate the formation of activated forms of met-
alloproteases, enzymes involved in the digestion of the
vascular extracellular matrixé465, However, the contri-
bution of structural remodeling and decreased distensi-
bility of small vesselsto the progression of CHF is still
unknown.

Adhesion properties

Increased adhesiveness of the vascular endothelium
is another feature of the dysfunctional endothelium in
CHF. The phenotypic pattern of endothelial cellsisin-
deed atered in failing hearts and moves toward an in-
creased expression of cell adhesion molecules’667. Ad-
hesion molecules mediate the interaction between leuko-
cytesand endothelial cellsand play akey rolein the mi-
gration of leukocytes through the endothelial layer. The
intercellular adhesion molecule (ICAM)-1 is the most
sengtive and correlates with the degree of inflammati ongs.
The induction of the vascular cell adhesion molecule
(VCAM)-1 and selectins, which are not condtitutively ex-
pressed, also confirm the occurrence of endothelia ac-
tivation in dilated cardiomyopathy®8. Such an induction
has been related to increased cytokines in CHF. In-
flammatory molecules indeed induce the expression of
endothelial adhesion molecules both in in vitro and in
vivo experiments. On the contrary, NO selectively reduces
endothelial expression of adhesion molecules®. There-
fore, reduced NO availability occurring in CHF may
promote the shift from an anti-adhesive to a pro-adhe-
sive endothelial surface as well. Induction of adhesive
moleculesis adynamic process ending with the shedding
of the adhesion receptors’; in fact, soluble forms of
adhesion molecules areincreased in the blood of patients
with CHF and have a negative prognostic value, sug-
gesting that endothelial activation is relevant to the
pathophysiology of CHF71-73,

Apoptotic processes

Apoptosisis an active gene-directed process of cell
suicide which leads to activation of tightly regulated
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enzymes (e.g. caspases) and culminatesin DNA cleav-
age and nuclear and cytoplasm shrinkage. Ultimately, the
fate of apoptotic bodiesis phagocytosis. Apoptosisisa
newly discovered determinant of endothelial dysfunc-
tion in CHF whereas apoptosis in the myocytes of the
failing heart has been an extensively studied topic74. De-
spite the fact that inflammatory cytokines, angiotensin
I, catecholamines, bacterial lipopolysaccharides and
oxidative stress, dl factors activated in CHF75.76, have
adverse effects on both endothelial function and integri-
ty77-8L, only few reports in CHF have been released up
to date. Apoptotic endothelial cell damageisevidentin
theinterstitial capillaries of leg skeletal muscles of rats
with CHF82. In cultured human endothelial cells, the
serum of patients with CHF favors apoptosist’. Blood
levels of the cytokine TNF-a partialy accounted for such
an effect, once again highlighting the close link be-
tween inflammation and endothelial dysfunction in
CHF!7, The possihility that apoptosis contributesto en-
dothelia dysfunction in the peripheral vessels of patients
with CHF isinteresting but needs further investigation.

Conclusions

The original concept of endothelial dysfunction re-
sulting in reduced NO-dependent vasodilating function
in CHF is currently being revised. New aspects of en-
dothelial dysfunction emerge from both animal and hu-
man studies, thus leading to new issues to be addressed
aswell.
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