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itric oxide (NO) produced
from L-arginine by endothe-
lial nitric oxide synthase
(NOS) and prostacyclin

produced from arachidonic acid by
cyclooxygenase have been identified
as endothelium-derived vasodilators1

(see also article by Boulanger and
Vanhoutte on page 3). However, 
in various blood vessels from
different species, endothelium-
dependent relaxations are partially
or totally resistant to inhibitors of

cyclooxygenase and NOS (Figure 1).
In these blood vessels, muscarinic
agonists, bradykinin, or substance P
elicit endothelium-dependent hyper-
polarizations of vascular smooth
muscle cells that are also partially
or totally resistant to inhibitors of
cyclooxygenase and NOS, suggest-
ing the existence of an additional
mechanism for endothelial control
of vasomotor tone (Figure 2).
These endothelium-dependent
responses are observed without an

Endothelium-dependent relaxations
cannot be explained only by the
release of nitric oxide and/or
prostacyclin. Another still unidenti-
fied substance—endothelium-derived
hyperpolarizing factor (EDHF)—
which hyperpolarizes the underlying
vascular smooth muscle cells, 
may also contribute to endothelium-
dependent relaxations. In human,
endothelium-dependent hyperpo-
larizations are observed in blood
vessels that exhibit endothelium-
dependent relaxations partially or
totally resistant to inhibitors of
nitric oxide synthase and cyclooxy-
genase. The contribution of the
EDHF response is more important
in smaller than in larger arteries.
The suggestion that EDHF could
be a metabolite of arachidonic acid
formed through cytochrome P450 is
still controversial. The identification
of EDHF and/or the discovery of
specific inhibitors of its synthesis
action will permit a better
understanding of its physiological
and pathophysiological role(s).
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Figure 1. Concentration-relaxation curves to cumulative addition of bradykinin (BK) in porcine
coronary artery. Bradykinin induces an endothelium-dependent relaxation that is minimally affected
by the presence of L-nitro-arginine (L-NA: 10-4 M) and indomethacin (indo: 5×10-6 M), inhibitors of
nitric oxide synthase (NOS) and cyclooxygenase, respectively. The component of the relaxation that
subsists in the presence of these inhibitors is attributed to the release of a factor inducing
hyperpolarization of the vascular smooth muscle cells (endothelium-derived hyperpolarizing factor,
EDHF). The hyperpolarization is blocked by raising the potassium concentration (KCl: 30 mM) of
the extracellular medium. This also produces an inhibition of the endothelium-dependent relaxation
to bradykinin. The combination of inhibitors of NOS and cyclooxygenase and the elevated potassium
concentration abolishes the relaxation to bradykinin. These experiments suggest that the activation
of three pathways (NOS, cyclooxygenase, and the release of unidentified EDHF) contributes to
endothelium-dependent relaxations in the porcine coronary artery. Similar observations have been
reported for various animal and human isolated arteries.



increase in intracellular levels of
cyclic nucleotides (cyclic GMP and
cyclic AMP) in the smooth muscle
cells, indicating that neither NO nor
prostacyclin are responsible.
Substances that produce endothe-
lium-dependent hyperpolarization
of vascular smooth muscle cells
also hyperpolarize endothelial cells,
with the same time course. Thus,
cell-to-cell conduction could explain
endothelium-dependent hyperpo-
larization. Indeed, direct electrical
coupling between endothelial and
vascular smooth muscle cells may
be relevant at the microcirculatory
level where myoendothelial
junctions are numerous. However,
this is unlikely to play an important
role in the larger blood vessels in
which endothelium-dependent
hyperpolarizations have been report-
ed so far (Figure 3). Thus, endothe-
lium-dependent hyperpolarizations
resistant to inhibitors of NOS and

cyclooxygenase have been attributed
to the release of an as yet unidenti-
fied diffusible substance, termed
endothelium-derived hyperpolarizing
factor (EDHF), and may contribute
to endothelium-dependent
relaxations.2,3

DOES EDHF EXIST IN
HUMAN BLOOD VESSELS?

Endothelium-dependent hyperpo-
larizations associated with endothe-
lium-dependent relaxations resistant
to inhibitors of NOS and cyclooxy-
genase have been recorded in
human coronary, pial, and gastroepi-
ploic arteries.4-6 Endothelium-
dependent relaxations resistant to
inhibitors of NOS and cyclooxyge-
nase, which are generally attributed
to EDHF release, have also been
observed in subcutaneous, omental,
renal, and radial arteries. 
By contrast, EDHF-dependent

responses are minimal in the inter-
nal thoracic artery and in the basilar
artery. As in animal arteries, 
the contribution of the EDHF
response is significantly greater in
smaller than in larger human
arteries.6,7 Therefore, EDHF may
play a significant role in the local
regulation of peripheral vascular
resistance and thus of the distribu-
tion of blood flow.

It is difficult to evaluate, in the intact
human, the involvement of EDHF
in the vasodilator responses to
various stimuli, as specific inhibitors
of its synthesis or action are not
available. An EDHF mechanism is
often suggested to explain vasodi-
latations in the intact organism
that are resistant to inhibitors of
NOS. However, other interpretations
are possible. First of all, most of
the human studies do not involve
the administration of an inhibitor
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Figure 2. Recording of endothelium-dependent hyperpolarization. The membrane potential of vascular smooth muscle cells is measured with a microelec-
trode inserted into a single cell impaled at random from the media of a strip of an isolated artery. Drugs such as acetylcholine produce hyperpolarization
of the vascular smooth muscle cells only in the presence of the endothelial cells. This hyperpolarization is not affected by the presence of inhibitors of nitric
oxide synthase and cyclooxygenase. This again suggests that EDHF is responsible for the endothelium-dependent hyperpolarization.



Dialogues in Cardiovascular Medicine - Vol 3 . No. 4 . 1998

Is nitric oxide the only answer? - Félétou and Vanhoutte

205

of cyclooxygenase. Although in
normal subjects inhibitors of
cyclooxygenase do not appear to
affect vasodilatation in response to
mediators such as acetylcholine,
the continuous release of vasodila-
tor prostanoids contributes to the
regulation of resting forearm blood
flow in humans.8 Furthermore,
complete blockade of NOS is diffi-
cult to obtain, and/or the nonen-
dothelial effect of the vasodilators,
such as a direct effect on the smooth
muscle cells or an inhibitory effect
on the sympathetic nerve endings,
cannot be excluded easily. Therefore,
the exact role of EDHF in the control

of human blood vessel tone is still
unknown.7

HOW ARE
HYPERPOLARIZATION AND

RELAXATION RELATED?

The hyperpolarization of the cell
membrane of vascular smooth
muscle cells and the resulting
reduction in Ca2+ entry explain the
endothelium-dependent relaxations
caused by EDHF. Indeed, hyperpo-
larization of smooth muscle cells
reduces the open-state probability
of voltage-dependent calcium chan-
nels, thereby decreasing calcium

influx and lowering intracellular cal-
cium levels. In addition, the hyper-
polarization may reduce the increase
in intracellular phosphatidylinositol
turnover caused by agonist-induced
receptor activation and therefore
decrease the release of calcium
from intracellular stores.

MECHANISM UNDERLYING
ENDOTHELIUM-

DEPENDENT
HYPERPOLARIZATION

The amplitude of the endothelium-
dependent hyperpolarization is
inversely related to the extracellular
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Figure 3. Possible mechanisms leading to endothelium-dependent hyperpolarizations. A23187, calcium ionophore; AC, adenylate cyclase; Ach, acetylcholine;
ATP, adenosine triphosphate; B2, B2 bradykinin receptor subtype; BK, bradykinin; cAMP, cyclic adenosine monophosphate; CB1, cannabinoid receptor; cGMP,
cyclic guanosine monophosphate; EDHF, endothelium-derived hyperpolarizing factor; 5,6 EET, 5,6-epoxyeicosatrienoic acid; 11,12 EET, 11,12-epoxy-
eicosatrienoic acid; 14,15 EET, 14,15-epoxyeicosatrienoic acid, GC, guanylate cyclase; IP3, inositol triphosphate; KATP, KCa, potassium channels; M1, M3,
muscarinic receptor subtype M1 or M3; NK1, NK1 neurokinin receptor subtype; NO, nitric oxide; NOS, nitric oxide synthase; PGI2, prostacyclin; 
R, receptor; SR141716, an antagonist of CB1 receptors; SP, substance P; TBA, tetrabutylammonium; TEA, tetraethylammonium. TBA and TEA are
nonspecific inhibitors of potassium channels when used at high concentrations (>5 mM). However, at lower concentrations (1-3 mM) these drugs act
selectively on calcium-activated potassium channels (KCa).
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concentration of K+ ions, and it
disappears at K+ concentrations
higher than 25 mM. Endothelium-
dependent hyperpolarizations are
associated with an increase in
rubidium flux confirming the
importance of potassium movement
in the response. Nonselective potas-
sium channel inhibitors, such as
tetraethylammonium or tetrabutyl-
ammonium, prevent the hyperpo-
larization in the cell membrane of
vascular smooth muscle cells.
These observations concur,
suggesting that endothelium-
dependent hyperpolarization
involves the opening of a potassium
channel. In animal as well as
human blood vessels, endothelium-
dependent hyperpolarizations are
insensitive to glibenclamide,
indicating that they are independent
of the activation of ATP-sensitive
potassium channels. In most blood
vessels, they are minimally or not
at all affected by toxins that block
either large conductance calcium-
activated potassium channels
(charybdotoxin, iberiotoxin) or
small conductance calcium-activated
potassium channels (apamin,
scillatoxin) when given individually.
However, hyperpolarizations can
be prevented by the combination
of charybdotoxin plus apamin
(Figure 3). Although the potassium
conductance involved in the
endothelium-dependent hyperpolar-
ization in human blood vessels has
not been identified with precision,
the limited data available are
consistent with observations already
made in other species.2,7

IS EDHF A CYTOCHROME
P450 DERIVATIVE?

In blood vessels from species such
as the rat, guinea pig, and rabbit,
endothelium-derived or exogenously
added NO as well as prostacyclin
(and its stable analog iloprost)
hyperpolarize the vascular smooth

muscle cells. Responses attributed
to EDHF are observed in the pres-
ence of inhibitors of NOS and
cyclooxygenase. Nevertheless, 
a residual release of NO and/or
prostacyclin, due to an uncomplete
inhibition of NOS and/or cyclooxy-
genase, is conceivable, and this
could explain endothelium-
dependent hyperpolarizations.
However, hyperpolarization in
response to NO, depending on the
species, involves either ATP-sensitive
potassium channels (sensitive to
glibenclamide), or large conductance
calcium-activated potassium
channels (sensitive to iberiotoxin,
charybdotoxin, or low concentrations
of tetraethylammonium or tetra-
butylammonium), while that evoked
by prostacyclin involves ATP-
sensitive potassium channels
exclusively (Figure 3). Therefore,
the mechanism underlying these
hyperpolarizations clearly differs
from that attributed to EDHF.2,7

Molecules such as anandamide,
carbon monoxide, hydroxyl radicals,
and hydrogen peroxide are all puta-
tive EDHFs, as they are produced
by the endothelial cells and induce
hyperpolarization of the smooth
muscle cells. However, the evidence
confirming the role of these
molecules as EDHF is either weak
or inexistent.3,7

EDHF may be a short-lived metabo-
lite of arachidonic acid, possibly
produced through the cytochrome
P450 monooxygenase pathway.9

Inhibitors of this pathway inhibit
endothelium-dependent relaxations
resistant to inhibitors of NOS and
cyclooxygenase in the perfused
heart and kidney of the rat and in
the isolated porcine and bovine
coronary arteries. Some metabolites
of arachidonic acid, formed through
cytochrome P450, activate potassium
channels in vascular smooth
muscle cells. 

Muscarinic agonists induce not only
endothelium-dependent relaxation
and hyperpolarization, but also the
release of epoxyeicosatrienoic acids
from the endothelial cells. 
These responses are inhibited by
reasonably selective inhibitors of
P450 monooxygenase. The cyto-
chrome P450 metabolites produced
by the endothelial cells increase the
open-state probability of calcium-
activated potassium channels
sensitive to tetraethylammonium or
charybdotoxin, and induce hyper-
polarization of coronary arterial
smooth muscle cells. Taken together,
these observations support the
hypothesis that epoxyeicosatrienoic
acids could be EDHFs at least in
blood vessels such as the bovine
coronary artery (Figure 3).10

However, in human coronary and
omental arteries, the involvement
of metabolites of arachidonic acid
formed through cytochrome P450
is unlikely, as several inhibitors of
the enzyme have no effect on the
responses to EDHF. This is in agree-
ment with what is observed in blood
vessels of rats, guinea pigs, dogs,
and pigs, in which chemically
unrelated inhibitors of cytochrome
P450 do not inhibit the EDHF
responses, or do so in a nonspecific
way.11 Indeed, at high concentra-
tions, inhibitors of cytochrome
P450 are unspecific and can inhibit
hyperpolarizations induced by
potassium-channel openers such
as levcromakalim.

In human renal arteries, the inhibi-
tion of the relaxation attributed to
EDHF by two anesthetic agents,
etomidate and thiopental, may indi-
cate the involvement of cytochrome
P450. Cultured endothelial cells
from the human umbilical vein
synthesized a transferable ß-naph-
toflavone–inducible hyperpolarizing
substance.12 However, activation of
cytochrome P450 in human
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endothelial cells may be a more
general requirement for increasing
the intracellular calcium concentra-
tion and thus the release of
endothelium-derived factors such
as NO and EDHF (Figure 3). 
The fundamental endothelial func-
tion of products of cytochrome
P450 may confuse the issue when
interpreting results of studies
investigating the effects of inhibitors
of cytochrome P450 on EDHF-
mediated responses.2,7

Although its existence has been
established, the identity of EDHF is
still elusive. The possibility of mul-
tiple EDHF(s) depending on the
species or the size of the blood ves-
sel has to be considered (Figure 3).

DO CARDIOVASCULAR
DISEASES ALTER EDHF-
MEDIATED RESPONSES?

In aging animals and in various
animal models of diseases including
hypertension, diabetes, and endo-
toxemia, as well as in humans
(although the number of observa-
tions is limited), endothelium-
dependent hyperpolarizations are
diminished. The absence of endothe-
lium-dependent hyperpolarization
may contribute to the abnormal
vascular responses observed under
these pathologic conditions.4,6

Conversely, enhancement of EDHF-
mediated responses contributes to
the antihypertensive and cardio-
protective action of drugs such as
angiotensin-converting enzyme
inhibitors,4 estrogen, diets rich 
in ω3-unsaturated fatty acids, 
and exercise training.

CONCLUSION

Besides the release of NO and
prostacyclin, endothelial cells cause
hyperpolarization of the underlying

vascular smooth muscle cells and
this contributes to the endothelium-
dependent relaxations. Studies in
animal blood vessels show that this
phenomenon is due to a diffusible
factor, termed endothelium-derived
hyperpolarizing factor (EDHF),
which activates potassium channels
on the smooth muscle cells. 
The identity of EDHF and the exact
nature of the potassium channel
involved remain to be determined.
Only through the development of
selective inhibitors of the synthesis
or action of EDHF, will its role be
able to be evaluated fully in humans.
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