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REVIEW

Endothelium-dependent contractions in hypertension
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1 Endothelial cells, under given circumstances, can initiate contraction (constriction) of the vascular
smooth muscle cells that surround them. Such endothelium-dependent, acute increases in contractile
tone can be due to the withdrawal of the production of nitric oxide, to the production of
vasoconstrictor peptides (angiotensin II, endothelin-1), to the formation of oxygen-derived free
radicals (superoxide anions) and/or the release of vasoconstrictor metabolites of arachidonic acid. The
latter have been termed endothelium-derived contracting factor (EDCF) as they can contribute to
moment-to-moment changes in contractile activity of the underlying vascular smooth muscle cells.

2 To judge from animal experiments, EDCF-mediated responses are exacerbated by aging,
spontaneous hypertension and diabetes.

3 To judge from human studies, they contribute to the blunting of endothelium-dependent
vasodilatations in aged subjects and essential hypertensive patients.

4 Since EDCF causes vasoconstriction by activation of the TP-receptors on the vascular smooth
muscle cells, selective antagonists at these receptors prevent endothelium-dependent contractions, and
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curtail the endothelial dysfunction in hypertension and diabetes.
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Introduction

In 1980, Furchgott & Zawadzki (1980) reported the obligatory
role of the endothelium in the relaxation of isolated arteries to
acetylcholine (ACh). This pivotal discovery not only led to the
unmasking of the overall important role of nitric oxide (NO)
as an intercellular messenger but also to the quest for other
endothelium-derived relaxing factors (EDRF), in particular
endothelium-derived hyperpolarizing factor (EDHF) (Furch-
gott & Vanhoutte, 1989; Liischer & Vanhoutte, 1990;
Vanhoutte, 1993). Furthermore, it soon became obvious that
in veins, under given circumstances, the endothelial cells cause
contractions, rather than relaxations of the surrounding
vascular smooth muscle cells (De Mey & Vanhoutte, 1982).
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These endothelium-dependent responses were attributed to the
production of a diffusible factor(s), termed ‘endothelium-
derived contracting factor’ (EDCF; Figure 1). This review
summarizes the current knowledge on endothelium-dependent
contractions. After briefly discussing the withdrawal of the
release of NO or the production of vasoconstrictor peptides,
it will focus on acute endothelium-dependent increases in tone
of the vascular smooth muscle that involve the production of
oxygen-derived free radicals and metabolites of arachidonic
acid, which ultimately activate endoperoxides-thromboxane
A2 receptors (TP-receptors) on vascular smooth muscle cells
(Furchgott & Vanhoutte, 1989; Liischer & Vanhoutte,
1990; Vanhoutte et al., 1991; Vanhoutte, 1993; 1996; 2001;
Vanhoutte & Boulanger, 1995; Katusic, 1996; Kojda &
Harrison, 1999; Mclntyre et al., 1999; Cai & Harrison,
2000). Since there is little direct experimental evidence
supporting the view that acute changes in the release of
vasoconstrictor peptides produced at (angiotensin II) or by
(endothelin-1) endothelial cells contribute to acute endothe-
lium-dependent contractions, this possibility will not be
considered further. Likewise, the nature and role of the
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Figure 1 Under certain conditions, the endothelial cells, when
activated by neurohumoral mediators, subjected to sudden stretch
or exposed to the Ca®* ionophore A23187, release a vasoconstrictor
substance(s), termed endothelium-derived contracting factor
(EDCEF(s)), which diffuses to the underlying vascular smooth muscle
and initiates its contraction. AA =arachidonic acid, ACh =acetyl
choline, ADP = adenosine diphosphate, ET =endothelin, 5-HT = 5-
hydroxytryptamine, M =muscarinic receptor, P = purinoceptor,
O =membrane receptors.

putative EDCFs released from the human umbilical vein
(Saifeddine et al., 1998) or the rabbit renal artery (Streefkerk
et al., 2003) will not be discussed.

Animal experiments
Withdrawal of the release of NO

Endothelial nitric oxide synthase (eNOS; NOS III) is a
constitutive enzyme, controlled by the intracellular calcium
concentration. If this calcium concentration increases in
response to an augmented shear stress or to endothelium-
dependent vasodilators (e.g. ACh, bradykinin, catechola-
mines), the augmented production of NO results in greater
inhibition of the underlying medial smooth muscle. As a
consequence, if the latter possesses spontaneous, myogenic
tone, or is exposed to vasoconstrictor signals (e.g. augmented
sympathetic tone), a sudden withdrawal of the release of NO
evokes acute endothelium-dependent contractions in isolated
blood vessels (Figure 2; Katusic & Vanhoutte, 1989a), or acute
increases in peripheral resistance and/or arterial blood
pressure in the intact organism (e.g. Rees et al., 1989). In the
latter case, part of the response can be due to the withdrawal
of the inhibitory effect of NO on the production of
vasoconstrictor peptides, rather than that of its direct relaxing
effect on vascular smooth muscle (see Vanhoutte, 2000).
Possible causes of endothelium-dependent contractions due
to a reduced release of NO include those caused by anoxia,
particularly in arteries previously exposed to ischemia—
reperfusion injury (e.g. Grdser & Vanhoutte, 1991; Pearson
et al., 1996). In the intact organism, besides hypoxia (Pearson
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Figure 2 The arterial smooth muscle cells of the canine basilar
artery possess myogenic tone, which is inhibited by basally released
endothelial NO. Increasing concentrations of the NOS inhibitor
N-monomethyl-L-arginine (LNMNA) causes progressive contractions
in a preparation with (upper) but only a minimal increase in tension
in a ring where the endothelium has been removed (lower) (from
Katusic & Vanhoutte, 1989a; by permission of S. Karger).
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Figure 3 Effect of arachidonic acid during contractions to nor-
adrenaline of the pulmonary artery and the pulmonary vein, with
and without endothelium, of the same animal. In the former,
arachidonic acid causes a relaxation that is blunted by the removal
of the endothelium. In the vein, arachidonic acid causes an
endothelium-dependent contraction (data from De Mey & Van-
houtte, 1982, by permission of the AHA).

et al., 1996), they could theoretically be caused by a sudden
surge in the production of endogenous inhibitors of NOS, such
a asymmetric dimethyl arginine (ADMA; e.g. Vallance et al.,
1992; Lin et al., 2002; Tran et al., 2003).

Cyclooxygenase-dependent endothelium-dependent
contractions. occurrence

The first observations demonstrating the phenomenon of
endothelium-dependent contractions were made in isolated
veins of the dog (De Mey & Vanhoutte, 1982). Thus, in these
preparations, arachidonic acid and thrombin, which are
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Figure 4 Left: Rings with endothelium of canine basilar arteries
contract when exposed to ACh. However, the muscarinic agonist
has a direct inhibitory effect on the vascular smooth muscle cells.
Right: In rings with endothelium of the same artery, the
endothelium-dependent contractions to ACh are inhibited by
indomethacin (inhibitor of cyclooxygenases) not by dazoxiben
(inhibitor of thromboxane synthase) (data from Katusic et al.,
1988; by permission of the AHA).
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Figure 5 In rings without endothelium (lower) of SHR (left) and
WKY (right) ACh has no effect. In the presence of endothelium
(upper), the cholinergic transmitter induces concentration-depen-
dent, rhythmic increases in tension only in the SHR artery (data
from Liischer & Vanhoutte, 1986a; by permission of the AHA).
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endothelium-dependent dilators in isolated arteries, potentiated,
in an endothelium-dependent manner, contractions evoked by
alphal-adrenoceptor agonists (Figure 3). Similar findings have
been obtained in the pulmonary artery of the male rabbit
(Pfister & Campbell, 1996). Likewise, in the quiescent basilar
artery of the same species, ACh and the calcium ionophore
A23187, both potent endothelium-dependent dilators in most
blood vessels, evoked pronounced endothelium-dependent
contractions (Figure 4, left; Katusic er al., 1988). A similar
demonstration of the existence of EDCF-mediated increases in
tension was made in the aorta of the spontaneously hyperten-
sive rat (SHR; Figure 5; Liischer & Vanhoutte, 1986a,b;
Rapoport & Williams, 1996) and in carotid and renal arteries of
hypertensive Dahl rats (Zhu et al., 1999; Zhou et al., 2001), as
well as in isolated arteries of diabetic rabbits and rats
(Tesfamariam et al., 1989; 1990; Chang et al., 1993; Miyata
et al., 1993; Taylor et al., 1994; Keegan et al., 1995; Pieper,
1999) and in arteries of estrogen-deprived female rats (Davidge
& Zhang, 1998; Dantas et al., 1999). Thus, the concomitant
reduced release of NO and of EDCF most likely explains the
blunted endothelium-dependent relaxations to ACh in isolated
arteries of those diseased animals.

Metabolism of arachidonic acid

In canine veins, the endothelium-dependent augmentations of
the contractions to catecholamines were prevented by incuba-
tion with inhibitors of cyclooxygenase (COX) (Miller &
Vanhoutte, 1985). Likewise, inhibitors of the enzyme pre-
vented the endothelium-dependent contractions of the canine
basilar artery (Figure 4, right; Katusic et al., 1988; Miyamoto
et al., 1999) and the aorta of the SHR (Liischer & Vanhoutte,
1986a, b; Ito et al., 1991). Indomethacin normalized endothe-
lium-dependent relaxations in the latter preparation (Figure 6;
Liischer & Vanhoutte, 1986a,b; Ito er al., 1991). Thus,
product(s) of COX play a key role in EDCF-mediated
responses. In the SHR aorta, preferential inhibitors of COX1
rather than those of COX2 prevented the endothelium-
dependent contractions to ACh (Figure 7; Ge et al., 1995;
Yang et al., 2002). Furthermore, the expression of COX1 was
significantly greater in the aorta of adult SHRs than in that of
normotensive Wistar—Kyoto (WKY) controls (Figure 8, right;
Ge et al., 1995). Thus, the constitutive isoform of COX is
responsible for the blunted endothelium-dependent relaxation
to ACh in the SHR aorta.

In the basilar artery of the dog (Katusic et al., 1988) and in
the aorta of the SHR (Liischer & Vanhoutte, 1986a,b),
dazoxiben (an inhibitor of thromboxane synthase) does not
significantly affect the indomethacin-sensitive endothelium-
dependent contractions to ACh (Figure 4, right), ruling out a
contribution of thromboxane A2 to the phenomenon. How-
ever, the response is prevented by antagonists at TP-receptors
(Figure 9; Auch-Schwelk er al, 1990; Yang et al., 2002;
2003a,b), implying that an endogenous agonist at TP-
receptors other than thromboxane A2 mediates the response,
with the possible exception of the EDCF-mediated component
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Figure 6 In contracted rings with endothelium of WKY and SHR
rats, ACh causes relaxations which at higher concentrations are
blunted in the arteries of the hypertensive strain. Indomethacin
normalizes the response of the SHR aortas (data from Liischer &
Vanhoutte, 1986a; by permission of the AHA).
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Figure 7 In aortas of 35-week old SHR (incubated with nitro-L-
arginine to prevent the formation of NO (36)) the endothelium-
dependent contraction to ACh, is minimally decreased by NS-398
(preferential COX,-inhibitor), but prevented by tenidap (preferential
COX;-inhibitor) (from Ge et al., 1995; by permission of the AHA).
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Figure 8 Prostaglandin H synthase 1 (COX;) mRNA expression,
measured by RT-PCR, in aortas with endothelium of WKY and
SHR rats aged 20 (left) and 35 (right) weeks. The expression is
significantly (*) augmented only in the aortas of the older rats (data
from Ge et al., 1995 (by permission of the AHA) and from Ge et al.,
1999 (by permission of Acta Pharmacologica Sinica)).

of the response of the SHR aorta to endothelins (Taddei &
Vanhoutte, 1993). The most likely alternative candidates are
the endoperoxides, the precursors of thromboxane A2 that are
formed by COX and also activate TP-receptors. Indeed, ACh
caused a significant release of endoperoxides in the aorta of the
SHR, but not in that of the WKY rat (Figure 10; Ge et al.,
1995).

The comparison of the expression of COX1 in the SHR
aorta yielded no significant difference between preparations
with and without endothelium (Ge et al., 1995). This
observation suggested that an undefined EDCF produced
by the endothelial cells activates the overexpressed COXI in
the underlying vascular smooth muscle cells to produce the
vasoconstrictor signal for the TP-receptors (Vanhoutte, 1996).
However, this interpretation is not supported by the finding
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Figure 9 Endothelium-dependent contractions to ACh (in the
presence of nitro-L-arginine) of the SHR aorta are abolished by
S18886, a selective antagonist at TP-receptors (data from Yang et al.,
2002; by permission of the British Journal of Pharmacology).
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Figure 10 Release of endoperoxides (PGH,) in aortas of WKY and
SHR rats. A significant (*) release of endoperoxides in response to
ACh occurred only in SHR aortas with endothelium in the absence
of indomethacin (data from Ge et al., 1995; by permission of the
AHA).

that the augmented release of endoperoxides caused by ACh is
seen only in SHR aortae with endothelium (Figure 10; Ge et al.,
1995). In addition, when EDCEF is bioassayed (Figure 11),
COXI1 inhibitors significantly decrease the endothelium-
dependent contraction when given to the donor endothelial
cells, but not the recipient bioassay tissue (Figure 12; Yang
et al., 2003a). The same bioassay studies showed that the
activation of TP-receptors on the vascular smooth muscle cells
is the final event leading to endothelium-dependent contrac-
tions (Figure 13; Yang et al., 2003a). Actually, a greater than
normal responsiveness to endoperoxides of these TP-receptors
contributes to the occurrence of endothelium-dependent
contractions to ACh in isolated blood vessels taken from
spontaneously hypertensive animals (Figure 14, right; Ge et al.,
1995).

Oxygen-derived free radicals
In the canine basilar artery, endothelium-contractions are

prevented by superoxide dismutase, which dismutates super-
oxide anions to hydrogen peroxide, but not by catalase or

British Journal of Pharmacology vol 144 (4)
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Figure 11 Top: Bioassay of EDCF. Bottom: In a layered prepara-
tion (‘sandwich’) of SHR aorta, ACh causes contraction only if
endothelial cells are present. The experiment was performed in the
presence of nitro-L-arginine (LNA) and tetrahydrobiopterin (BH4)
to optimize EDCF-mediated response (data from Yang et al., 2003a;
by permission of the AHA).
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Figure 12 Demonstration of the endothelial location of the COX1

involved in EDCF-mediated contractions of the SHR aorta (data
from Yang et al., 2003a; by permission of the AHA).

deferoxamine, which scavenge hydrogen peroxide and hydro-
xyl radicals, respectively (Katusic & Vanhoutte, 1989b). These
observations suggested an important role for superoxide anions
in the phenomenon (Vanhoutte & Katusic, 1988; Katusic &
Vanhoutte, 1989b; Cosentino et al., 1994). However, the
interpretation that in canine cerebral, and other, arteries the
free radical is EDCF is hard to reconcile with the extremely
short physicochemical half-life of superoxide anion.

The generation of oxygen-derived free radicals in the
extracellular fluid surrounding isolated aortae (without en-
dothelium) of the SHR caused significantly larger contractions
than in arteries from the WKY. Such contractions were
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Figure 13 Bioassay demonstration of the importance of vascular
smooth muscle TP-receptors in EDCF-mediated contractions of the
SHR aorta (data from Yang et al., 2003a; by permission of the
AHA).
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Figure 14 Contractions to endoperoxide (PGH,) in rings (without
endothelium) of aortas from 20- (left) and 35-week (right) old WKY
and SHR rats. In both age groups, the responses to the
endoperoxide are significantly (*) larger in the SHR aortas. (data
from Ge et al., 1995 (by permission of the AHA) and of Ge et al.,
1999 (by permission of Acta Pharmacologica Sinica)).

prevented by superoxide dismutase, indomethacin, and
antagonists at TP-receptors (Auch-Schwelk et al., 1989;
Rodriguez-Martinez et al., 1998). Superoxide dismutase per
se does not significantly affect endothelium-dependent con-
tractions evoked by ACh in intact SHR aortas. However,
intracellular scavengers of the free radical inhibit endothelium-
dependent contractions to ACh in the SHR aorta (Figure 15;
Yang et al., 2002). Chronic in vivo depletion of oxygen-derived
free radicals unmasks an inhibitory effect of superoxide
dismutase on these responses (Yang et al., 2002). By contrast,
in the SHR aorta, the exogenous generation of oxygen-derived
free radicals potentiated endothelium-dependent contractions
to ACh (Yang et al., 2003a, b). Hence, despite their extremely
short half-life, superoxide anions present in the intercellular
space may facilitate EDCF-mediated contractions. In blood
vessels from animal models of diabetes, the involvement of
oxygen-derived free radicals in endothelium-dependent con-
tractions is also well established (Tesfamariam & Cohen, 1992;
Cosentino et al., 1996; Mayhan & Patel, 1998; Graier et al.,
1999; Shinozaki et al., 1999; Schnackenberg & Wilcox, 2001;
Zanetti et al., 2001; Nassar et al., 2002).
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and Tiron (intracellular scavengers of oxygen-derived free radicals)
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Unifying concept (Figure 16)

In arteries from spontaneously hypertensive and diabetic
animals, ACh activates muscarinic receptors on the endothelial
cell membrane, resulting presumably in an increased intracel-
lular concentration of calcium, which can be mimicked by the
calcium ionophore A23187, and has two consequences
(Boulanger et al., 1994). The activity of eNOS increases, and

more NO diffuses to the underlying vascular smooth muscle,
where it stimulates soluble guanylate cyclase (Sol GC) to
produce more cyclic GMP. The rise in intracellular calcium
also stimulates the endothelial production of superoxide
anions from an undefined source. Depending on the amount
of NO, which scavenges superoxide anions (e.g. Rubanyi &
Vanhoutte, 1986), more or less superoxide anions, or its
derivatives, can diffuse outside the endothelial cells. The
intracellular, but maybe also extracellular superoxide anions
stimulate the overexpressed, presumably membrane bound
COXI1 to transform arachidonic acid into endoperoxides,
which diffuse to activate the hyperresponsive TP-receptors of
the vascular smooth muscle. Thus, both the greater activity of
COX1 and the hyper responsiveness of the TP-receptors are
required for endothelium-dependent contractions (Ge et al.,
1995; 1999). A reduction in the release or bioavailability of NO
augments the amplitude of the endothelium-dependent con-
tractions, as does an increased production of oxygen-derived
free radicals. By contrast, scavenging or depleting superoxide
anions depresses the response (Auch-Schwelk et al., 1992;
Yang et al., 2002; 2003a, b).

Role in health and disease

Since in large cerebral arteries, acute distension evokes
endothelium-dependent contractions, this type of response
could participate in autoregulatory adjustments of the
diameter in response to sudden surges in arterial blood
pressure (Katusic ez al., 1987). However, it is more likely that
the occurrence of endothelium-dependent contractions is
pathological, as they are so prominent in arteries of
hypertensive and diabetic animals. In the latter case, they
appear to be induced by the sustained hyperglycemia. In the
spontaneous hypertensive rat, the augmented responsiveness
to endoperoxides, unlike the overexpression of COXI, is
already present in the aorta of prehypertensive animals
(Figures 8, left and 14, left; Iwama ez al., 1992; Jameson
et al., 1993; Ge et al, 1995; 1999). Thus, this hyper
responsiveness may constitute a genetic platform for the
disease. By contrast, the overexpression of COX, and the
resulting overproduction of endoperoxides probably reflect
an adjustment to the chronic hypertensive process, resulting in
premature aging of the endothelial cells. This interpretation is
reinforced by the observations that endothelium-dependent
contractions appear also in arteries of aging normotensive
animals (Koga er al., 1989; Mombouli & Vanhoutte, 1993;
Fujii et al., 1999; Imaoka et al., 1999; Heymes et al., 2000).
Likewise, in porcine coronary arteries lined with senescent,
regenerated endothelial cells, EDCF-mediated responses are
observed (Shimokawa & Vanhoutte, 1989). Thus, EDCF
contributes to the endothelial dysfunction, which expresses
itself particularly by a reduced protective role against platelet
aggregation (Ito et al., 1991; Miyamoto et al., 1999). This
eventually will set in motion the atherosclerotic process, a
major complication of both hypertension and diabetes (e.g.
Vanhoutte, 1997). This conclusion is strengthened by the
demonstration that in the animal, the TP-receptor antagonist
S18886 inhibits the atherosclerotic process (Cayatte et al.,
1999; Cohen et al., 2001; Cheng et al., 2002), as well as by the
observation that in the rat chronic treatment with aspirin can
prevent the induction of hypertension (El Midaoui et al.,
2002).

British Journal of Pharmacology vol 144 (4)
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Human studies
COX-dependent vasoconstrictions

In healthy subjects, the infusion of ACh into the brachial
artery causes a dose-dependent increase in forearm blood flow
(measured by strain-gauge venous plethysmography). This
vasodilatation is likely to be NO-dependent since it can be
blocked by an inhibitor of NO synthase (Taddei et al., 1993).
By contrast, the response to ACh is unaltered after the
intrabrachial infusion of indomethacin, indicating that pro-
ducts of COX do not play a major role in endothelium-
dependent responses under normal conditions (Taddei ez al.,
1998). In essential hypertensive, the vasodilatation to ACh is
blunted, as well as resistant to inhibition of NO synthase (Dohi
et al., 1990). In those patients, indomethacin increases, and
indeed almost normalizes, the vasodilator response to the
muscarinic agonist (Figure 17; Taddei et al., 1998). These
findings demonstrate that in essential human hypertension,
vasoconstrictor products of COX are mainly responsible for
the abnormal reaction to endothelium-dependent vasodilators.
The parallelism with the experiments in hypertensive animals
is striking, and warrants the conclusion that EDCF must play
a key role in the resulting endothelial dysfunction. This may
not be the case in all forms of high blood pressure. Thus, in
patients with hypertension secondary to primary aldosteron-
ism or to renovascular disease, who are also characterized by
curtailed endothelium-dependent vasodilatations (Taddei et al.,
1998), inhibition of COX does not improve the response to
ACh, suggesting that EDCF plays a minimal role in the
endothelial dysfunction of secondary hypertension in people.
Again, these results agree well with those obtained in animals
with salt-dependent hypertension (Lischer et al., 1987),
comforting the interpretation that involvement of EDCF is
not a mere consequence of the chronic increase in
arterial blood pressure, but requires a genetic background
facilitating the occurrence of premature aging of the blood
vessel wall faced with the essential (spontaneous) hypertensive
process.
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Figure 17 Line graphs show increase in forearm blood flow (FBF)
induced by intra-arterial administration of ACh under control
condition (saline infusion) (left panel) and in the presence of intra-
arterial administration of indomethacin (right panel) in normoten-
sive subjects (open symbols; n=12) and essential hypertensive
patients (close symbols; n=12). Data are shown as mean+s.e.m.
and expressed as percent increase above basal (data from Taddei
et al., 1997a; by permission of the AHA).

Effect of age

Aging in the human is characterized by a progressive
endothelial impairment that is evidenced by reduced dilata-
tions in response to endothelium-dependent vasodilators,
demonstrated both in conduit arteries and at the microcircu-
latory level, in the forearm as well as in the coronary
circulation (Zeiher et al., 1993; Taddei et al., 1995; 1997a,b).
In normotensive subjects up to the age of 60 years old, the
main mechanism responsible for the progressive endothelial
dysfunction is a primary defect in the L-arginine-NO pathway,
without evidence of a substantial contribution of EDCF
(Figure 18; Taddei et al., 1997b). However, in subjects older
than 60 years, the infusion of indomethacin potentiates the
vasodilatation to ACh, suggesting that EDCF kicks in
(Figure 18; Taddei et al., 1997b). The production of COX-
dependent factors is associated with a further and parallel
impairment in the L-arginine-NO pathway (Figure 18; Taddei
et al., 1997b). In essential hypertensive patients, on the other
hand, the contribution of COX-derived vasoconstrictor sub-
stances (most likely EDCF), is already detectable in the age
group of 31-45 years, and augments in parallel with increasing
age (Figure 18; Taddei et al., 1997a,b). These finding certainly
support the conclusion that the production of COX-derived
EDCEF is a characteristic of the aging blood vessel wall, with
essential hypertension merely causing an earlier onset and an
acceleration of this endothelial alteration.

Involvement of oxygen-derived free radicals

In essential hypertensive patients, indomethacin not only
potentiates the vasodilatation to ACh, but also restores the
inhibitory effect of L-NMMA (an inhibitor of NO synthase)
on that response, indicating that the activity of COX generates
substances that reduce the availability of NO (Taddei et al.,
2001). These substances probably are oxygen-derived free
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Figure 18 Bars show the potentiating effect on maximal response
to ACh exerted by intrabrachial administration of L-arginine (1 umol
100 ml tissue min~") or indomethacin (10 yumol 100 ml tissue min~") in
subgroups of normotensive subjects (upper panel) or essential
hypertensive patients (lower panel) characterized by four different
age profile. Data are shown as mean+s.e.m. and expressed as percent
increase (data from Taddei et al., 1995; by permission of the AHA).
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radicals since the intrabrachial infusion of the vitamin C
(which scavenges these radicals) has a similar effect as
indomethacin on the responses to ACh and inhibition of
NO synthase in essential hypertensives older than 30 years
of age (Dohi et al., 1990). The simultaneous administration of
indomethacin and vitamin C has no additive effect, and causes
no further improvement in endothelium-dependent vasodilata-
tion (Dohi et al., 1990). Again, similarly to the results obtained
with indomethacin, vitamin C improves the vasodilator
response to ACh also in normotensive subjects older than 60
years of age (Taddei et al., 2001). Taken in conjunction, these
studies indicate that in the ageing and essential hypertensive
human, oxygen-derived free radicals produced by COX
contribute to EDCF-mediated responses. Similar COX-depen-
dent vasoconstrictions involving oxygen-derived free radicals
may explain, at least in part, the blunted dilator response to
ACh observed in estrogen-deprivation or in the course of
congestive heart failure (e.g. Taddei et al., 1996; Butler et al.,
2000; Virdis et al., 2000; Vita & Keaney, 2002; Taddei &
Salvetti, 2002).

Role in vascular disease

In humans, endothelial dysfunction accompanies all cardio-
vascular risk factors and presumably plays a causal role in the
occurrence of cardiovascular events. The main alteration
ascribable to endothelial dysfunction is a reduced (or absent)
availability of NO, essentially as a consequence of increased
oxidative stress. Indeed, in addition to its relaxing activity, NO
inhibits platelet aggregation, proliferation and migration
vascular smooth cells, expression of adhesion molecules (and
thus the adhesion of platelets and white cells), and production
of endothelin-1, thus protecting the blood vessel wall from the
initial events leading to thrombosis and atherosclerosis (e.g.
Vanhoutte, 1997). Hence, in the coronary and carotid arteries,
areas covered with dysfunctional endothelium become prone
to develop atherosclerotic lesions, and endothelial dysfunction
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