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ABSTRACT. There is now overwhelming evidence for factors, other than nitric oxide (NO), that mediate
endothelium-dependent vasodilation by hyperpolarizing the underlying smooth muscle via activation of
Ca21-activated K1 channels. Although the identity of endothelium-derived hyperpolarizing factor (EDHF)
remains to be established, cytochrome P450 (CYP)-dependent metabolites of arachidonic acid (AA), namely,
the epoxides, fulfill several of the criteria required for consideration as putative mediators of endothelium-
dependent hyperpolarization. They are produced by the endothelium, released in response to vasoactive
hormones, and elicit vasorelaxation via stimulation of Ca21-activated K1 channels. Our studies in the rat
indicate that, of the epoxides, 5,6-epoxyeicosatrienoic acid (5,6-EET) is the most likely mediator of
NO-independent, but CYP-dependent coronary vasodilation in response to bradykinin. Studies in the rat
kidney, however, support the existence of additional EDHFs as acetylcholine also exhibits NO-independent
vasodilation that is unaffected by CYP inhibitors in concentrations that attenuate responses to bradykinin. In
some blood vessels, NO may tonically suppress the expression of CYP-dependent EDHF. In the event of impaired
NO synthesis, therefore, a CYP-dependent vasodilator mechanism may serve as a backup to a primary
NO-dependent mechanism, although they may act in concert. In other vessels, particularly microvessels, an
EDHF may constitute the major vasodilator mechanism for hormones and other physiological stimuli. EDHFs
appear to be important regulators of vascular tone; alterations in this system can be demonstrated in
hypertension and diabetes, conditions associated with altered endothelium-dependent vasodilator responsive-
ness. BIOCHEM PHARMACOL 54;10:1059–1070, 1997. © 1997 Elsevier Science Inc.
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The discovery by Furchgott and Zawadzki [1] of an absolute
requirement for an EDRF† in the expression of vasodilation
by acetylcholine and other vasodilator agonists ushered in a
new era in our perception of vascular control. The endo-
thelium is now recognized to elaborate a variety of vasoac-
tive factors and to play a critical role in the regulation of
vascular tone [2]. By 1987 it was established that EDRF was
NO or a congener that released NO [3, 4]. The importance
of NO to the regulation of vascular tone was underscored
upon the introduction of inhibitors of NOS that prevented
the formation of NO from L-arginine. Administration of
these inhibitors in vivo resulted in vasoconstriction and
elevation of blood pressure, indicating a continuous basal
release of NO [5]. Studies of isolated organs and blood
vessels revealed that NO is the primary mediator of endo-
thelium-dependent responses to many vasodilator agents
[6]. However, the importance of NO-independent endothelium-
derived relaxing factors in mediating or modulating responses to
vasoactive hormones and, thereby, regulating blood flow and

perfusion pressure, cannot be overlooked. Indeed, depending
on the species, tissue, agonist, and experimental conditions,
NO cannot fully account for the vasodilator/vasorelaxant
activity of many endogenous vasodilators, most notably,
bradykinin and acetylcholine, which are the agonists of
reference for probing endothelium-derived factors [7–9].
Moreover, in some vascular beds, endothelium-dependent
vasodilator responses to bradykinin and acetylcholine were
unaffected by inhibition of NO synthesis, prompting the
conclusion that responses in these vasculatures were inde-
pendent of NO and, therefore, mediated by another relax-
ant factor, designated EDHF [10]. However, this assump-
tion may not be entirely correct, as inhibition of NO
synthesis may be required to uncover the operation of a
reserve system that is also capable of fully relaxing blood
vessels and is expressed only when the NO system is
compromised, i.e. that expression of hyperpolarizing factors
may, under certain circumstances, require the elimination
of NO [11, 12]. Alternatively, in some vascular beds such as
the coronary and renal, EDHF may be an integral compo-
nent of the dominant vasodilator mechanism invoked by a
specific stimulus such as pulsatile pressure [13] in contra-
distinction to shear stress, the stimulus for NO release [14].

Based on the use of NOS inhibitors, it is apparent that in
large conduit vessels, such as the thoracic aorta, NO is the
principal mediator of endothelium-dependent relaxant re-
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sponses [15]. Smaller and more peripheral vessels exhibit
greater dependency on NO-independent mechanisms [16].
In addition, vascular beds such as those of the kidney and
heart exhibit pronounced NO-independent responses, al-
though NO clearly is involved in the modulation of basal
tone in these vascular beds [17, 18]. As endothelium-
dependent vasodilation is demonstrable in the presence of
mechanistically dissimilar inhibitors of NO-dependent re-
sponses such as oxyhemoglobin [19–23], FeSO4 [24], and
methylene blue [20, 25, 26], which bind, inactivate, or
prevent the action of NO, NO-independent relaxation
cannot be an artifact produced by the NOS inhibitor.
These observations provide substantial evidence for the
existence of factors, other than NO, that mediate endothe-
lium-dependent relaxation. The capacity of the endothe-
lium to form one or more hyperpolarizing factors that dilate
blood vessels in response to vasoactive hormones and
physiological stimuli is noteworthy and is the subject of this
review. In particular, the origin of EDHFs from the metab-
olism of AA by CYP-dependent monooxygenases, the third
pathway of AA metabolism—cyclooxygenase and lipoxy-
genase being the first and second pathways—will be exam-
ined.

MECHANISM OF VASODILATION

Agonist-induced hyperpolarization of smooth muscle [27,
28] was demonstrated well before the obligatory role of the
endothelium in acetylcholine-induced relaxation of arterial
smooth muscle. The contribution of the endothelium to
smooth muscle hyperpolarization by the release of one or
more factors, the EDHFs, was recognized within a decade of
Furchgott’s discovery [29]. Smooth muscle hyperpolariza-
tion in response to agonist stimulation, although endothe-
lium dependent, is not inhibited by nitroarginine [8, 30,
31], methylene blue [20, 25, 26], or hemoglobin [19–23],
distinguishing it from NO. Recently, NO has been shown
to hyperpolarize vascular smooth muscle, both directly [32]
and indirectly, via cyclic GMP [33, 34]. However, NO
cannot account for the endothelium-dependent hyperpo-
larization that persists in the presence of NO antagonists,
nor does exogenous NO hyperpolarize smooth muscle of all
blood vessels [21, 35].

Activation of K1 channels is the mechanism underlying
endothelium-dependent hyperpolarization of vascular
smooth muscle. This is supported by evidence demonstrat-
ing that variations in extracellular K1, but not Cl2, control
the amplitude of endothelium-derived hyperpolarization
[20, 36], that the reduction in membrane potential is
associated with enhanced rubidium efflux [20], an index of
K1 movement, and that hyperpolarization is prevented by
K1 channel antagonists [30, 37]. Activation of the electro-
genic Na1/K1-ATPase, by exchanging 3 Na1 for 2 K1, has
been implicated as the source of hyperpolarization in
canine coronary arteries based on the inhibitory effect of
ouabain [38], although this may reflect non-specific antag-
onism of K1 channels.

Although hyperpolarization of vascular smooth muscle
can be demonstrated to directly effect a reduction in
vascular tone [39, 40], the mechanism by which this occurs
is incompletely understood. The mechanism of vasodilation
in response to reduced membrane potential is widely
reported to be a consequence of the closure of smooth
muscle voltage-sensitive Ca21 channels, a reduction in
Ca21 influx and, subsequently, a loss of vascular tone (Fig.
1) [41]. A steep relationship exists between membrane
potential and Ca21 influx, viz. a depolarization or hyper-
polarization of as little as 3 mV can increase or decrease
Ca21 influx, respectively, by up to 2-fold [42]. In the
isolated perfused heart, nitroarginine-insensitive vasodila-
tion to bradykinin and responses to cromakalim, a K1

channel agonist, are inhibited effectively with the voltage-
sensitive Ca21 channel antagonist nifedipine, which does
not affect responses to nitroprusside [43]. However, this
relationship becomes tenuous in conduit vessels, such as the
aorta and large diameter coronary arteries, where nitroargi-
nine-insensitive relaxant responses to bradykinin [44] and
cromakalim [45] are not antagonized effectively by nifedi-
pine. This may relate to a greater dependency of smaller
arteries on calcium entry through voltage-gated channels to
maintain vascular tone as opposed to receptor-operated
calcium channels in larger vessels. Indeed, voltage-gated
calcium channel antagonists are more potent vasodilators
in smaller caliber arteries [46, 47]. The mechanism by
which hyperpolarization produces relaxation in larger arter-
ies is not well understood, and may relate to inhibition of
PLC and both reduced calcium release and increased
sequestration of Ca21 in the endoplasmic reticulum [48].
These discrepancies highlight the differences in calcium handling
in smooth muscle across the vascular tree and suggest that
hyperpolarization produces vascular relaxation through more
than one mechanism.

The potassium channel mediating agonist-induced hy-
perpolarization in vascular smooth muscle or in the endo-

FIG. 1. Schematic representation of the formation, release, and
potential interactions of endothelium-derived relaxant media-
tors.
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thelium has not been fully defined. Different potassium
channels exist within both of these cell types, including
KCa, KV, and KATP channels [42]. Most evidence to date,
based on the use of the KATP antagonist glibenclamide,
excludes the contribution of KATP channels [12, 30, 49–
53]. KCa channels have been implicated in the vast majority
of reports that are based on a pharmacological approach
[43, 52, 54, 55]. KCa channels can be subdivided broadly
into three subclasses: large, intermediate, and small con-
ductance. Most of the antagonists of KCa channels do not
discriminate between these subtypes. However, within the
past several years antagonists of specific classes of KCa

channels have been derived from the venoms of scorpions
and bees. These peptides have enabled investigators to
identify the contribution of large and small conductance
KCa channels to endothelium-derived relaxant responses.
Not surprisingly, not all of these antagonists are entirely
selective. For example, charybdotoxin, an inhibitor of KCa

channels, has been shown to inhibit both large and inter-
mediate conductance KCa channels [56, 57], as well as
several classes of KV channels [58]. Based on the use of
charybdotoxin and selective inhibitors of large and small
conductance KCa channels, we have implicated the possible
contribution of intermediate conductance KCa channels to
the NO-independent vasodilator responses of bradykinin
[59]. To confirm the identity of the K1 channel, pharma-
cological inhibition of K1 channels should be comple-
mented with electrophysiological techniques. However,
because of practical limitations, difficulties arise when
microvessels are involved or are perfused in situ within an
organ. A further complication is the inability to distinguish
between the actions of the K1 channel antagonists on
smooth muscle or on the endothelium.

The elevation of Ca21 within endothelial cells, from
internal [60, 61] and/or extracellular sources [62], and the
participation of calmodulin [63, 64] are critical for the
synthesis or release of hyperpolarizing factor (Fig. 1).
Sustained elevation of intracellular Ca21 is facilitated by
endothelial hyperpolarization, which renders the cytosol
more electronegative and enhances the gradient for Ca21

influx [65]. In contrast to vascular smooth muscle cells,
endothelial cells are devoid of voltage-sensitive Ca21

channels [66, 67] and, as a consequence, Ca21 entry is not
retarded by hyperpolarization or Ca21 channel antagonists.
The primary K1 channel responsible for the agonist-
induced reduction in membrane potential of endothelial
cells is a KCa channel [62, 65], such that the elevation of
intracellular Ca21 facilitates K1 efflux, which, as part of a
positive feed-forward loop, promotes further Ca21 influx.
Although hyperpolarization is clearly important in the
influx of Ca21 in endothelial cells, the synthesis of NO,
which is also dependent on Ca21 and calmodulin, may not
depend entirely on this reduction in membrane potential.
High K1 solutions or K1 channel antagonists, in concen-
trations that eliminate agonist-induced hyperpolarization of
endothelial cells, do not prevent the synthesis of NO
completely [11, 12, 65]. The initial transient increase in

intracellular Ca21, arising primarily from emptying of
intracellular stores, is apparently sufficient to switch on the
synthesis of NO, which then outlives the elevation of
intracellular Ca21 [68]. Serotonin [69], oxotremorine [21],
and ADP can all induce the Ca21-dependent release of NO
from the endothelium without a corresponding reduction in
membrane potential of either the endothelium or the
smooth muscle. In contrast, all of the endothelium-depen-
dent vasodilators that reduce the membrane potential of
smooth muscle also hyperpolarize endothelial cells [70, 71],
implying either that the synthesis of a hyperpolarizing
factor requires the sustained phase of Ca21 influx or that
smooth muscle and endothelial cell hyperpolarization are
closely linked. Because agonist-induced hyperpolarization
of endothelial cell membranes is remarkably similar in
amplitude and duration to that seen in vascular smooth
muscle, it has been postulated that passive transmission of
the electrical signal from the endothelium to smooth
muscle may occur via myoendothelial bridges such as gap
junctions [36].

GAP JUNCTIONS

Gap junctions are channels between cells that facilitate
exchange of second messengers such as Ca21 and inositol
phosphates as well as the conduction of electrical signals.
When injected into cells, dye tracers, such as lucifer yellow,
diffuse to adjacent cells via gap junctions, enabling the
identification of discrete junctions between cells. Endothe-
lial cells as well as smooth muscle cells are electrically and
dye interconnected, permitting efficient coordination of
electrical signals within these cell types [72, 73]. However,
the presence of gap junctions between endothelium and
smooth muscle has not been demonstrated histologically,
but several types of myoendothelial junctions do exist and
may permit conduction of electrical signals from smooth
muscle to endothelium [74]. This unidirectional propaga-
tion may be possible because of the electrical coupling of
the smooth muscle, viewed as a functional unit with a large
surface area, conducting to the comparatively small surface
area of endothelial cells. However, in smaller blood vessels
using non-sulfated dye tracers, the reverse has been shown,
i.e. unidirectional dye transfer from endothelium to smooth
muscle [75]. It is conceivable, therefore, that electrical
signals can be transmitted passively from endothelium to
smooth muscle without the contribution of a diffusible
factor. Alternatively, the elevation of calcium within the
endothelium may result in the efflux of calcium ions to the
smooth muscle via gap junctions. Localized calcium eleva-
tion or “calcium sparks” have actually been shown to
produce relaxation via activation of smooth muscle KCa

channels [76]. In larger diameter vessels there is consider-
able evidence to exclude the contribution of gap junctions.
Inhibition of gap junctions with halothane, heptanol, or
octanol, at concentrations that equal or exceed those used
to inhibit dye transfer, an index of gap junction permeabil-
ity, has not suppressed effectively endothelium-dependent
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hyperpolarization of smooth muscle or vascular smooth
muscle relaxation attributed to hyperpolarization [52, 74,
77]. Moreover, direct application of electrical pulses to the
endothelium does not evoke an electrical response in the
smooth muscle [78]. Further, the ability to transfer hyper-
polarization from one blood vessel to another is strong
evidence for the release, from the endothelium, of a
diffusible factor that evokes hyperpolarization of the
smooth muscle [30, 79, 80]. On a cautionary note, many of
the above findings have not been or cannot be tested in the
microcirculation where unidirectional gap junctions from
endothelium to smooth muscle have been demonstrated.

IDENTIFICATION OF HYPERPOLARIZING
FACTORS

As a result of the work conducted by several groups, the
term “hyperpolarizing factor” was coined by Taylor and
Weston in 1988 [81] to account for endothelium-depen-
dent, but NO-independent, vasodilator responses to acetyl-
choline and bradykinin, which were attributed to EDHF.
There are major problems in characterizing this factor by
means of K1 channel inhibitors, as hyperpolarization of the
endothelium may facilitate release of a relaxing factor.
Blockade of a K1 channel in the endothelium, by reducing
calcium influx [65], could not only prevent the release of a
vasorelaxant mediator but could also prevent its effect at
the level of the smooth muscle. To circumvent such
problems and to differentiate between release and action, a
superfusion bioassay system is the simplest and most direct
approach, analogous to that used by Moncada’s group in
characterizing the release and action of NO [82]. The use of
“sandwich” preparations of arterial strips demonstrated
hyperpolarization to be transferable from strips of guinea pig
carotid artery with endothelium to coronary strips denuded
of endothelium [30]. Similar approaches, with regard to
proximity of donor and recipient vessels, have demon-
strated transferable hyperpolarization in pressurized rat
femoral arteries [80] and canine coronary arteries [79]. The
requirement of close proximity of donor and recipient
tissues suggests a labile mediator and, thus far, has pre-
cluded the use of interventions directed at either the
endothelium or smooth muscle to distinguish effects on
endothelial release of EDHF versus activity of EDHF on
vascular smooth muscle. More recently, however, Mom-
bouli et al. [83] and Harder et al. [84] have demonstrated
the release of a diffusible hyperpolarizing factor using a
more conventional superfusion bioassay. The separation of
donor and detector tissue in these experiments has demon-
strated conclusively that a diffusible factor, derived from
the endothelium, activates smooth muscle K1 channels. It
remains to be defined whether endothelial and smooth
muscle KCa channels mediating hyperpolarization at each
site are the same or distinct.

Another major obstacle in identifying EDHF also be-
comes apparent when reviewing the literature, that is, the
possibility, or even the probability, that more than one

unidentified factor exists depending on the species, tissue,
and agonist studied. Indeed, even within the same species it
appears that different vessels may utilize different hyperpo-
larizing factors. The ability of NO [32], prostaglandin I2

[85], and H2O2 [86] to hyperpolarize smooth muscle dem-
onstrates the capacity of the endothelium to generate more
than one hyperpolarizing factor (Fig. 1). Studies with
acetylcholine and bradykinin show differences in the sus-
ceptibility of the NO-independent responses to agents that
inhibit the vasodilator effects of these agonists. For exam-
ple, our studies of the rat kidney show that the vasodilator
response to bradykinin can be reduced by CYP inhibitors
that do not affect the renal vasodilator effect of acetylcho-
line at the same concentrations [17]. However, the re-
sponses to both vasodilators can be prevented by K1

channel inhibitors including non-specific agents such as
tetraethylammonium and procaine and the specific KCa

channel inhibitor, charybdotoxin [43, 59]. In contrast,
iberiotoxin, which is considered to be more specific than
charybdotoxin as an inhibitor of large conductance KCa

channels, was without effect on either bradykinin or ace-
tylcholine-induced renal vasodilation. Inhibitors of small
conductance KCa channels, such as apamin, antagonize
NO-independent vasodilator responses to bradykinin in
porcine coronary arteries [52], but do not affect those in the
rat renal [59] or coronary circulations (unpublished obser-
vation), raising the possibility that either distinct EDHFs
activate different K1 channels or that an EDHF can
activate more than one type of K1 channel. These obser-
vations raise some key issues, viz, that the endothelium
elaborates more than one hyperpolarizing factor, and, more
importantly, that the effect of the K1 channel inhibitors
may occur at the level of the endothelium to prevent
hyperpolarization in response to receptor stimulation, an
effect that diminishes the release of a vasodilator mediator.

A CYP-AA METABOLITE AS A
HYPERPOLARIZING FACTOR

The established action of bradykinin to stimulate phospho-
lipases and the ability of CYP and PLA2 inhibitors to
attenuate vasodilator responses support the proposal first
suggested by Vanhoutte in 1987 that EDHF may be a labile
CYP-derived arachidonate metabolite [87]. Indeed, several
earlier studies, addressing the identity of EDRF, had shown
that CYP inhibitors attenuated endothelium-dependent
vasodilation [88], although these effects could be attributed
to the ability of CYP inhibitors to inhibit NOS, which is a
CYP-like enzyme [89]. In view of recent studies, the effects
of these agents probably result from activity against enzyme
systems that generate EDHF as well as NO. CYP-dependent
metabolism of AA results in the formation of epoxides
(EETs) by the epoxygenase pathway and HETEs by the
(v)(v 2 1) hydroxylase pathway. Of these products, an
EET is the most likely candidate as a putative EDHF, a
concept that has received considerable support from several
recent investigations [18, 51, 54]. Thus, the highest levels
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of CYP within the vasculature are localized to the intima
[90], and EETs are produced by the endothelium [91, 92].
Conduit vessels such as the aorta do not normally synthe-
size EETs [93]. Moreover, EETs are vasodilators, especially
of smaller, more peripheral vessels such as intestinal mi-
crovessels [94], caudal [95], cerebral [96], renal [97], and
coronary arteries [52, 98, 99], as well as resistance arterioles
of the kidney [100, 101]. EETs hyperpolarize vascular
smooth muscle, an essential property of an EDHF candi-
date, by increasing the open probability of KCa channels
[54, 96, 97, 102].

Our studies also support the identity of EDHF as a
CYP-AA metabolite, at least as the mediator of the
coronary and renal vasodilator actions of bradykinin (Fig.
1). The vasodilator effect of bradykinin in the rat perfused
heart, treated with nitroarginine and indomethacin to
exclude any contribution of NO and prostaglandins, is
abolished by inhibitors of both PLC and PLA2 [103].
Moreover, 7-ethoxyresorufin, clotrimazole, and 17-octade-
cynoic acid (17-ODYA), an inhibitor of CYP-dependent
metabolism of long-chain fatty acids, reduce the coronary
vasodilator effect of bradykinin [18], which is dependent on
the activity of KCa channels as it is blocked by charybdo-
toxin [43]. As three structurally distinct inhibitors of CYP
reduce the vasodilator response to bradykinin, this provides
strong evidence for a role of this system. The possibility that
these agents attenuate endothelium-dependent responses
by preventing the CYP-dependent synthesis of NO from
hydroxy-arginine can be excluded as endothelium-depen-
dent vasodilation and/or hyperpolarization can be demon-
strated when NO is bound by hemoglobin [19–23] and
when NO stimulation of guanylate cyclase is prevented by
methylene blue [20, 25, 104]. Further, NOS inhibitors such
as Nv-nitro-L-arginine methyl ester abolish the stimulated
increases in cyclic GMP associated with endothelium-
dependent vasodilation [7]. As the inhibitors of CYP differ
in their capacity to prevent the formation of EETs versus
HETEs, their effects provide insights as to the identity of
the putative mediator. Thus, clotrimazole, which was the
most effective inhibitor of the bradykinin vasodilator re-
sponse [18], is more specific for the epoxygenase pathway of
CYP metabolism of AA, whereas 17-ODYA and 7-
ethoxyresorufin, which produced less attenuation of the
response, do not exhibit differential inhibitory activity
towards epoxygenase versus v-hydroxylase [105]. These
results, therefore, are consistent with an EET mediator of
CYP-dependent coronary vasodilator responses to bradyki-
nin. Moreover, results of GC–MS analysis of coronary
perfusates indicate that the v-hydroxylase pathway of AA
metabolism is negligible in the rat heart, whereas EET
release can be demonstrated ('1 ng/min). The concept of
an EET as an EDHF has received support from several
laboratories. Campbell et al. [54] in a comprehensive study
showed, in bovine coronary arteries, that muscarinic recep-
tor stimulation elicited endothelium-dependent release of
EETs, which were vasorelaxant by virtue of their ability to

increase the open probability of charybdotoxin-sensitive
KCa channels.

Pharmacological experiments using inhibitors of CYP
and K1 channels have their own limitations: SKF-525A
antagonizes acetylcholine receptors, ion channels, and the
effects of EDRF [106–108]; 7-ethoxyresorufin inhibits NOS
[109]; the imidazole CYP inhibitors such as clotrimazole
have been reported to affect K1 channels [110, 111], NOS
[112], and intracellular Ca21/calmodulin [113], and, there-
fore, effects could result from dual actions in preventing the
synthesis/release of a vasodilator mediator as well as pre-
venting its effect on smooth muscle. To minimize the
possible contribution of non-specific inhibitory actions of
CYP inhibitors, we have used inhibitors differing chemi-
cally and mechanistically. We also obtained responses to
reference vasodilators that do not utilize CYP-dependent
mechanisms and that should be unaffected by the inhibitor.
In addition, we have shown that clotrimazole, which
greatly attenuated the coronary vasodilator effect of brady-
kinin, was without effect on vasodilator responses to either
the KATP channel agonist, cromakalim, or SCA40, an
alleged opener of KCa channels, indicating that the primary
effect of clotrimazole was to inhibit CYP [43]. These data,
coupled with those demonstrating an absolute requirement
for PLA2 in the coronary vasodilator action of bradykinin,
strongly suggest a role for a CYP-derived metabolite of AA
in the coronary and renal circulations of the rat. However,
in contrast to the results reported by Hecker et al. [52], the
porcine coronary artery response to bradykinin was unaf-
fected by inhibitors of all three pathways of AA, prompting
Weintraub et al. [114] to postulate the existence of a fourth
pathway of AA metabolism. An alternative explanation is
provided by the findings that EETs, like HETEs, may be
stored in tissue phospholipids and released by activation of
phospholipases [115, 116]. Depending on the capacity of a
given tissue or cell type to generate and store epoxides,
inhibitors of CYP may be expected to have variable effects.
Thus, Weintraub et al. [114] reported that clotrimazole was
without effect on vasorelaxant responses of porcine coro-
nary arteries to bradykinin but attenuated those to AA,
presumably by preventing CYP-dependent conversion. As
this group have shown that vasorelaxant responses to
bradykinin are dependent on PLA2 activity, the results are
consistent with a stored form of the mediator. It should be
recognized, however, that the porcine coronary artery also
differs from most tissues studied in that the relaxant
response to bradykinin is unaffected by charybdotoxin [52].

As noted, an EET is the most likely candidate to mediate
vasodilator responses to bradykinin in the coronary circu-
lation of the rat. In addition, Campbell et al. [54] have
demonstrated increased EET formation by the bovine
coronary artery in response to the cholinergic vasodilator,
methacholine. However, in contrast to the rat coronary
vasculature, which dilates to the greatest degree to the
labile 5,6-EET (Fig. 2), bovine coronary arteries are equally
relaxed by all four EET regioisomers that produce relax-
ation by opening K1 channels [54]. These differences may
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partially derive from the greater sensitivity of small vessels
to the vasodilator/vasorelaxant effects of EETs. Further, our
studies in the rat, using nifedipine, tend to exclude all of
the EETs except 5,6-EET. Nifedipine, used as a probe for
vasodilator mechanisms dependent on closure of voltage-
sensitive Ca21 channels following smooth muscle cell
hyperpolarization, and which blocks the vasodilator effects
of bradykinin and K1 channel openers, attenuated the
coronary vasodilator action of 5,6-EET, but not that of the
other EET regioisomers (Fig. 2). Moreover, the coronary
vasodilator effect of 5,6-EET, like bradykinin, was inhibited
by charybdotoxin (Fig. 3). The 5,6-EET, although reported
to produce cyclooxygenase-dependent renal vasoconstric-
tion in vivo in the rat [117], is a direct vasodilator in Krebs
perfused kidneys [101] and hearts (Fig. 2). The renal
vasoconstrictor ability of 5,6-EET in the rat may arise from
incorporation and metabolism in blood-borne elements
such as platelets to form novel vasoconstrictor prostanoids.
In addition, the ability of 5,6-EET to dilate the coronary
circulation is not affected after the removal of the endo-
thelium (unpublished observation), and, therefore, ex-
cludes the possibility that 5,6-EET directly elevates endo-
thelial cell calcium to release the same mediator as brady-
kinin [118].

Although EETs are produced by the endothelium, are
vasodilator in most vascular beds, and increase the activity
of K1 channels, they lack potency as vasodilators in
isolated organs and large vessels where microgram quanti-
ties are usually required to elicit vascular effects [98, 100,
101]. For example, in the rat perfused heart, 10 mg 5,6-EET

reduced perfusion pressure, an index of vasodilation, by
approximately 70 mm Hg, whereas equivalent doses of the
other EETs reduced perfusion pressure by 20 mm Hg or less.
In contrast, nanogram doses of bradykinin elicit maximal
vasodilation. However, EETs are reportedly more potent in
vessels of smaller caliber [97]. The lack of potency of EETs
has been attributed to their rapid uptake and acylation,
their susceptibility to spontaneous degradation or metabo-
lism by epoxide hydrolase to the inactive diol, as well as the
requirement to traverse the endothelium in sufficient con-
centrations to induce a response. With respect to acylation
of administered EETs, it is of interest to note that Mom-
bouli et al. [83] were only able to demonstrate the release of
a bioassayable factor in the presence of thimerosal to
inhibit reacylation. However, in the rat heart we found that
removal of the endothelium did not increase the sensitivity
to EETs, which tends to exclude a major effect of reacyla-
tion by the endothelium in limiting the vasodilator re-
sponse and which argues against the endothelium as a
barrier (unpublished observation). Although competition
with endogenous products could contribute to the reduced
potency of CYP-derived eicosanoids and increased potency
should be expected by treatment with a CYP inhibitor, this
seems unlikely, as removal of the endothelium, the likely
source of vascular EETs, did not influence the activity of
administered EETs. Most studies with EETs have used
racemic mixtures, whereas endogenous enzymatic synthesis
results in the predominance of a specific enantiomer. In this
regard, Roman’s group has reported that 11R,12S-EET, but
not 11S,12R-EET, is a potent dilator (nanomolar concen-
trations) of rat renal microvessels [97]. Indeed, the use of
racemic mixtures may be misleading because of the possi-

FIG. 2. Effect of nifedipine (5 nM) on vasodilator responses to
bradykinin (BK; 300 ng) and epoxide regioisomers (10 mg) in
the rat isolated, perfused heart constricted with nitroarginine
(50 mM) and treated with indomethacin (2.8 mM). Values are
means 6 SEM, N 5 4. Key: (**) P < 0.01.

FIG. 3. Effect of charybdotoxin (15 nM) on vasodilator re-
sponses to bradykinin (BK; 300 ng) and 5,6-EET (10 mg) in the
rat isolated, perfused heart constricted with nitroarginine (50
mM) and treated with indomethacin (2.8 mM). Values are
means 6 SEM, N 5 4. Key: (*) P < 0.05, and (**) P < 0.01.
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bility of competition between the inactive and active
isomers.

There are findings that raise potential objections to the
proposed channel that EETs activate, i.e. whether they
activate large or intermediate conductance KCa channels or
both. Zou et al. [97] reported that 11,12-EET is a potent
dilator of rat renal microvessels, an effect blocked by the
selective inhibitor of large conductance KCa channels,
iberiotoxin, which did not affect the vasodilator action of
bradykinin [59] in kidneys treated with nitroarginine and
indomethacin to isolate the CYP-dependent component of
the response, and also was ineffective against the vasodila-
tor response to 5,6-EET in the coronary circulation (un-
published observation). Although iberiotoxin, which is
considered to be a more potent antagonist of large conduc-
tance KCa channels than charybdotoxin, was used at
concentrations of up to 40 nM as compared with the 100
nM used by Zou et al. [97], it was completely ineffective. In
contrast, charybdotoxin, which inhibits both large and
intermediate conductance KCa channels, effectively antag-
onized coronary vasodilator responses to bradykinin and
5,6-EET (Fig. 3). Campbell et al. [54] have reported that
EETs activate a large conductance, charybdotoxin-sensitive
KCa channel of 240 pS in bovine coronary artery although
the effects of iberiotoxin were not tested.

The relative lack of potency of EETs as renal and
coronary vasodilators, in our hands, as well as the evidence
linking CYP activity with AA release in the expression of
vasodilator responses to bradykinin, prompted us to evalu-
ate other potential mediators. For example, it is recognized
that CYP-dependent metabolism results in the generation
of free radicals such as superoxide [119], which, in turn, can
lead to the formation of hydrogen peroxide, a vasodilator
that activates K1 channels [120] and hyperpolarizes smooth
muscle [86]. Alternatively, we hypothesized that a CYP-
dependent eicosanoid such as an EET may react with free
radicals to yield a more active vasodilator. We demon-
strated that CYP-dependent conversion of AA resulted in
the generation of superoxide, but were unable to show that
bradykinin stimulated superoxide formation in the perfused
heart or that free radical scavengers affected the vasodilator
action of bradykinin [121].

INTERACTIONS OF NO AND P450

The evidence pointing to a CYP-AA product acting as an
EDHF, at least that released in response to bradykinin in
the rat heart and kidney, invites some interesting possibil-
ities regarding interactions or associations with NO. Thus,
endotoxin shock, which is associated with induction of
NOS and release of large amounts of NO, is known to result
in inhibition of hepatic CYP-dependent metabolism. The
mechanism underlying this long-known defect was eluci-
dated by Khatsenko et al. [122], who provided evidence for
an inhibitory effect of NO on CYP, presumably by binding
to the heme prosthetic group. We used rat renal cortical
microsomes as a source of CYP to confirm that NO or a

donor of NO inhibits the NADPH-dependent conversion
of [14C]AA (unpublished observation). In keeping with a
negative effect of NO on CYP-AA metabolism, we found
that inhibition of NOS in the rat kidney increases the
release of 20-HETE (Fig. 4). Thus, in vascular tissues where
NO and CYP are expressed, CYP-dependent activity may
be tonically inhibited by the production of NO. Conse-
quently, inhibition of NOS and removal of the tonic
inhibitor may enhance CYP activity, resulting in enhanced
formation of a CYP-dependent EDHF, which then medi-
ates the vasodilator effect of bradykinin when the NO-
dependent system is compromised. Thus, the contribution
of EDHF to vasodilation may vary according to the levels of
NO, serving as a backup to a primary NO-dependent system
in vessels where NO is highly expressed or dominating in
those tissues where the levels of NO are low. EDHF
expression is greater in microvessels than in large blood
vessels and may be a major determinant of vascular tone in
small resistance vessels. It is at the level of the microcircu-
lation that NO–CYP interactions may be most important.
This concept provides an explanation for some of our
results in the rat heart, where inhibition of NOS does not
affect the vasodilator action of bradykinin [10]. However, it
should be pointed out that in the porcine coronary artery,
inhibition of NO production with nitroarginine does not
uncover or enhance hyperpolarization produced by brady-
kinin [8].

REGULATION OF VASCULAR TONE BY EDHF

Although the evidence for an EDHF is considerable,
definition of its contribution to the regulation of vascular
tone is limited by the absence of a definitive assay and by
the lack of selective inhibitors of KCa channels that can be

FIG. 4. Effect of inhibition of NO synthesis with nitroarginine
on the release of 20-HETE, measured by GC–MS, into the
perfusate of the rat isolated kidney constricted with phenyleph-
rine to elevate perfusion pressure to approximately 180 mm Hg.
Values are means 6 SEM, N 5 4.
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used in vivo. This limitation may not be easily overcome, as
K1 channels are ubiquitous, and inhibition of cardiac K1

channels can have pronounced effects on cardiac rhythm.
Most of the selective inhibitors of KCa channels are isolated
from various toxins and, as such, their application in vivo
may be limited by toxic effects related to channel inhibi-
tion. A further limitation is the lack of availability of
agonists for specific types of KCa channels that are required
to ensure that interventions aimed at reducing synthesis/
release of EDHFs do not also affect the target K1 channel.
If an EDHF is an important regulator of vascular function,
then specific inhibition of its formation or action should
result in increased vascular tone and, possibly, elevation of
blood pressure. However, inhibition of CYP produces little
effect on blood pressure, except under conditions of salt-
loading in Dahl-R rats in which inhibition of epoxygenase
rendered the animals salt-sensitive, an effect that may
relate to diminished capacity of the kidney to excrete salt
rather than a vascular effect [123]. Nonetheless, in perfused
organ systems, we have found that K1 channel inhibitors
that affect intermediate conductance KCa elevate perfusion
pressure even in the presence of NOS inhibition, suggesting
a role for these channels in the regulation of vascular tone
[43]. Because of the nature of these channels, i.e. activation
by calcium, the possibility arises that these channels are
activated as a result of increased vascular tone in response
to NOS inhibition rather than tonic release of an EDHF
[124]. This may explain why there is no increase in blood
pressure following CYP inhibition, viz. tonic release may
not be required as channels are already active. Indeed,
removal of the endothelium does not depolarize vascular
smooth muscle as would be expected under conditions of
continuous basal release of EDHF [125]. It has been
proposed that pulsatile pressure is the stimulus for basal
EDHF [13], whereas shear stress stimulates NO formation.
Further developments in this area await identification of
EDHF and the availability of specific probes, e.g. specific
inhibitors of the CYP isozyme responsible for the genera-
tion of the putative mediator, which, in turn, awaits a
method for reliably detecting EDHF. Unlike studies of NO,
cultured endothelial cells cannot be used, as CYP activity is
rapidly lost upon passage [126] and the use of fresh
endothelial cells is mandated, which poses practical prob-
lems regarding harvesting of sufficient amounts of tissue.

EDHF AND ALTERED VASCULAR
RESPONSIVENESS

Hypertension and diabetes mellitus are conditions associ-
ated with impairments of endothelium-dependent vasodi-
lation [127], which are generally attributed to reductions in
NO, possibly resulting from its increased inactivation [128].
However, the available evidence also suggests that vasodi-
lator mechanisms that utilize K1 channels are also modified
in these conditions [7, 129]. In hypertension, enhanced
activity may constitute a protective mechanism, whereas in

diabetes, diminished activity may contribute to some vas-
cular complications.

There is evidence that hypertension results in a compen-
satory increase in the activity of K1 channels and, possibly,
increased synthesis/release of the putative hyperpolarizing
factors, the EETs. Thus, the vasorelaxant effects of K1

channel openers are amplified in vessels from hypertensive
rats, a phenomenon that could reflect increased activity of
voltage-gated Ca21 channels [130] such that hyperpolariza-
tion, which promotes closure of these channels and reduces
intracellular calcium, elicits greater responses. Further,
vasodilator responses to agonists, namely bradykinin, that
utilize EDHF are increased in kidneys of spontaneously
hypertensive rats (SHR) [7]. Greater expression of a hyper-
polarizing mechanism could result from increased synthesis/
release of an EDHF, increased responsiveness to the EDHF,
decreased degradation, or a combination of these. Our
preliminary findings support the last as renal vasodilator
responses to bradykinin are enhanced, associated with
increased release of EETs into the perfusate of kidneys from
SHR. Renal vasodilator responses to cromakalim are also
increased in SHR.

Diabetes, on the other hand, is associated with dimin-
ished responsiveness to vasodilators that activate K1 chan-
nels [131]. Similarly, CYP-dependent vasodilator responses
to bradykinin in the rat heart and kidney are reduced by
diabetes [132]. Analysis of renal perfusates from diabetic
animals reveals dramatically reduced levels of 20-HETE, an
index of CYP activity. These changes persist even following
administration of AA, excluding possible deficiencies in
substrate or PLA2. When renal cortical microsomes from
diabetic animals are incubated with excess NADPH, the
deficiency in AA metabolism is no longer apparent [133]. A
possible mechanism for this has been proposed by Cameron
and Cotter [134] to account for reduced synthesis of NO in
diabetes—that increased activity of aldose reductase, an
NADPH-dependent enzyme, reduces the availability of
cofactors such as NADPH that are required for NOS
activity. The activity of CYP, which is also an NADPH-
dependent enzyme, could be reduced in a similar way
consequent to increased activity of aldose reductase to
produce sorbitol. Preliminary data showing that inhibition
of aldose reductase partially restores vasodilator responses
to bradykinin in diabetic rat hearts are consistent with this
hypothesis [132].
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