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1 In rat mesenteric artery, acetylcholine (ACh) causes endothelium-dependent hyperpolarization by
releasing endothelium-derived hyerpolarizing factor (EDHF). Recent evidence suggests that EDHF may
be a cytochrome P450-derived arachidonic acid metabolite. The aim of the present study was to
investigate whether such a metabolite is indeed contributing to ACh-induced hyperpolarization observed
in rat mesenteric artery.

2 The phospholipase A2 inhibitor quinacrine (30 mM) nearly completely eliminated ACh-induced
hyperpolarization. However, the hyperpolarizing e�ect of pinacidil was also abolished in the presence of
quinacrine.

3 The imidazole antimycotic agents ketoconazole (50 mM), clotrimazole (30 mM) and miconazole
(10 mM), which bind to the heme moiety of cytochrome P450, eliminated not only ACh-induced
hyperpolarizations but also those induced by pinacidil. SKF525A (30 mM), a prototype inhibitor of the
enzyme, also abolished the hyperpolarizing responses to both agents. In contrast, neither 17-
octadecynoic acid (10 mM), a mechanism-based inhibitor of cytochrome P450 metabolism of fatty acids,
nor eicosatetraynoic acid (20 mM), an inhibitor of all arachidonic acid metabolic pathways, altered ACh-
induced hyperpolarization. Furthermore, the hyperpolarization was una�ected by the preferential
inhibitors of speci®c cytochrome P450 isozymes, a-naphto¯avone (1 mM), diedthyldithiocarbamate
(50 mM), metyrapone (20 mM) and troleandomycin (10 mM).
4 Pretreatment of rats with lipopolysaccharide (2 mg kg71) and exposure to nitroprusside (10 mM),
both of which are expected to inhibit cytochrome P450 activity due to nitric oxide overproduction, were
without e�ect on ACh-induced hyperpolarization. Pretreatment of rats for 3 days with pentobarbitone
(80 mg kg71 day71), a cytochrome P450 inducer, also did not a�ect the hyperpolarizing response to
ACh.

5 Arachidonic acid in concentrations up to 100 mM had no detectable e�ect on smooth muscle
membrane potential. 11,12-Epoxyeicosatrienoic acid (EET, 10 mM), one of cytochrome P450-derived
epoxygenase metabolites of arachidonic acid, elicited a small endothelium-independent membrane
hyperpolarization. The hyperpolarizing response to EET was blocked by glibenclamide (30 mM), in
contrast to the response to ACh.

6 These results suggest that the contribution of a cytochrome P450-derived metabolite of arachidonic
acid to ACh-induced hyperpolarization via EDHF release is minimal or absent in rat mesenteric artery.
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Introduction

The vascular endothelium plays an essential role in the reg-
ulation of vascular smooth muscle tone by the release of en-
dothelium-derived relaxing factors (EDRF) and contracting
factors (Furchgott & Vanhoutte, 1989). EDRF is now con-
sidered to be nitric oxide (NO) (Palmer et al., 1987) or a related
nitroso compound (Myers et al., 1990). Endothelial cells also
mediate hyperpolarization of smooth muscle cells in response
to vasodilators such as acetylcholine (ACh) (Chen et al., 1988;
Feletou & Vanhoutte, 1988), adenosine 5'-diphosphate (ADP;
Brayden & Willman, 1989), histamine (Chen & Suzuki, 1989)
and substance P (Bolton et al., 1986). This endothelium-de-
pendent hyperpolarization is likely to be due to a di�usible
substance released from the endothelium rather than an elec-
trical signal transmitted from endothelial cells to smooth
muscle cells (Chen et al., 1991; BeÂ ny & Pacicca, 1994). Recent
evidence mostly indicates that endothelium-dependent hy-
perpolarization is not mediated by NO (BeÂ ny & Brunet, 1988;
Garland & McPherson, 1992), but presumably by an as yet

unidenti®ed endothelium-derived hyperpolarizing factor
(EDHF) (BeÂ ny & Brunet, 1988; Chen et al., 1988; Feletou &
Vanhoutte, 1988; Taylor & Weston, 1988).

Arachidonic acid is oxidatively metabolized by three dis-
tinct enzyme systems; cyclo-oxygenase, lipoxygenase and cy-
tochrome P450-dependent epoxygenase (Fitzpatrick &
Murphy, 1989). Numerous tissues produce biologically-active
metabolites of arachidonic acid via the cytochrome P450
pathway (Fitzpatrick &Murphy, 1989), and in the vasculature,
this co-enzyme is predominantly localized in the endothelium
(Abraham et al., 1985). It has been demonstrated that the
EDHF-mediated vasodilator response to bradykinin is atte-
nuated by the cytochrome P450 inhibitors, SKF525A and
clotrimazole, in bovine, porcine and rat coronary arteries
(Hecker et al., 1994; Lischke et al., 1995), suggesting that cy-
tochrome P450-derived arachidonic acid metabolites may serve
as EDHF. However, these inhibitors of arachidonic acid me-
tabolism and cytochrome P450 systems possess a variety of
ancillary actions that create problems for interpreting accu-
rately the experimental results obtained in their presence. In-
deed, early studies with these inhibitors proposed that EDRF
might be a metabolite of arachidonic acid produced via li-
poxygenase or cytochrome P450 (Singer & Peach, 1983a,b).1Author for correspondence.
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SKF525A, which is frequently used to inhibit cytochrome
P450-dependent mechanisms, has numerous additional actions
that may lead to misinterpretation of experimental results
(Kalsner et al., 1970; McMurtry et al., 1976; Neubig et al.,
1979). Thus, even if chemical agents known as cytochrome
P450 inhibitors have interfered with the expression of EDHF-
mediated vasodilator response to bradykinin, such actions
might be due to e�ects unrelated to inhibition of cytochrome
P450. Evidence in favour of this possibility has recently been
obtained (Zygmunt et al., 1996).

The present study was designed to determine whether a
cytochrome P450-derived arachidonic acid metabolite is a
potential candidate for EDHF. With this aim, we observed
e�ects of various kinds of cytochrome P450 inhibitors on ACh-
induced endothelium-dependent hyperpolarization in rat me-
senteric artery and compared these results with their e�ects on
EDHF-unrelated hyperpolarization induced by pinacidil. Our
results demonstrate that the EDHF-mediated response in rat
mesenteric artery is not linked to the generation of cytochrome
P450-derived arachidonic acid metabolites.

Methods

Male Wistar rats, between 10 and 17 weeks old and weighing
210 ± 340 g, were anaesthetized with diethyl ether. The main
branch of the superior mesenteric arteries was carefully excised
from the animals under ether anaesthesia and placed on a plate
containing oxygenated physiological salt solution (PSS) at
room temperature. The arteries were dissected free from sur-
rounding connective tissues, cut into rings 3 mm in length, and
opened longitudinally. Care was taken to ensure that the en-
dothelial layer was not damaged during the processing of the
tissue preparation. Where indicated, the endothelial cells were
removed by gently rubbing the intimal surface of the vessel
with a moistened cotton ball. The lack of a response to ACh
was taken as evidence for the complete removal of the en-
dothelium. The tissue was pinned down, intimal side upward,
on the bottom of an organ chamber (capacity 3 ml), and su-
perfused at a constant ¯ow rate of 7 mlmin71 with PSS aer-
ated with 95% O2 and 5% CO2. The temperature of perfusate
was kept constant at 378C. PSS contained the following (mM):
NaCI 118.2, KCl 4.7, CaCl2 2.5, MgCl2 1.2, KH2PO4 1.2,
NaHCO3 25.0 and glucose 10.0. After the preparations had
equilibrated for at least 60 min, glass microelectrodes ®lled
with 3 M KCl (tip resistance 40 ± 80 MO) were inserted into the
smooth muscle cells from the intimal side. Electrical signals
were monitored continuously on an oscilloscope (Nihon
Kohden, VC-10, Tokyo, Japan) and recorded on a chart re-
corder (Watanabe Sokki, WR3101, Tokyo, Japan). Following
stable membrane potentials for at least 2 min, the hyperpo-
larizing response to ACh was determined by continuous re-
cordings of membrane potential from a single cell. Two min
after application of ACh, the preparation was washed with
drug free PSS, until the membrane potential reverted to the
resting level (usually 5 min). The test drugs were then applied
and 20 ± 30 min later, ACh was again administered. We also
examined the e�ect of these test drugs on hyperpolarization
induced by pinacidil, an ATP-sensitive K+ channel opener.
Cytochrome P450 inhibitors were used in concentrations
shown to reduce cytochrome P450 activity by 70 ± 100% in
vascular tissues or other tissues (Pinto et al., 1986; Oyekan et
al., 1991; Zou et al., 1994; Newton et al., 1995).

In a series of experiments carried out to examine the in¯u-
ence of NO synthase on ACh-induced hyperpolarization, a
bolus dose of lipopolysaccharide (2 mg kg71, i.p.) was ad-
ministered 3 days before the mesenteric artery was isolated. In
some experiments, in order to evaluate the e�ect of the in-
duction of cytochrome P450 enzymes on ACh-induced hy-
perpolarization, phenobarbitone (80 mg kg71, i.p.) was given
for 3 days.

The compounds used were as follows: ACh chloride, tet-
raethylammonium chloride and tetra-n-butylammonium bro-

mide (Wako, Osaka, Japan); pinacidil (Shionogi, Osaka,
Japan); indomethacin, NG-nitro-L-arginine (L-NOARG), qui-
nacrine, clotrimazole, miconazole, 17-octadecynoic acid (17-
ODYA), a-naphto¯avone, diethyldithiocarbamate, metyr-
apone, troleandomycin, sodium nitroprusside and lipopoly-
saccharide (Sigma, St. Louis, MO, U.S.A); SKF525A (N,N-
diethylaminoethyl-2,2-diphenylvalerate hydrochloride) and
ketoconazole (BIOMOL Research, Plymouth Meeting, PA,
U.S.A.); eicosatetraynoic acid (ETYA) and 11,12-epox-
yeicosatrienoic acid (11,12-EET) (Cascade Biochem Ltd.,
Berkshire U.K.) and phenobarbitone sodium (Tanabe, Osaka,
Japan).

All values are presented in terms of the means+s.e. mean.
Analysis by Student's t test was performed for paired and
unpaired observations as appropriate. P values less than 0.05
were considered signi®cant.

Results

Hyperpolarizations induced by ACh and pinacidil

The resting membrane potentials of vascular smooth muscle
cells in rat mesenteric artery were751.7+0.3 mV (n=79). As
previously found (Fukao et al., 1995), ACh (1 mM) caused
membrane hyperpolarization by 716.3+0.4 mV(n=55), an
e�ect which was not observed in tissues without endothelium.
Consistent with earlier observations (Garland & McPherson,
1992), neither indomethacin (10 mM) nor L-NOARG (100 mM)
a�ected the hyperpolarizing response to ACh. However, this
was eliminated by high K+ medium (25 mM), tetra-
ethylammonium (10 mM) and tetrabutylammonium (500 mM),
but was not changed by glibenclamide (30 mM). These ®ndings
collectively suggest that membrane hyperpolarization pro-
duced by ACh in rat mesenteric artery is mediated by EDHF.
On the other hand, pinacidil (1 mM), a K+-channel opener,
hyperpolarized the membrane potential regardless of whether
the endothelium was present or not. The hyperpolarization
induced by pinacidil was inhibited by glibenclamide.

E�ect of phospholipase A2 inhibitor

Arachidonic acid is released from membrane phospholipids via
the enzyme phospholipase A2, which can be inhibited by qui-
nacrine. In the presence of quinacrine (30 mM), there was a
signi®cant depolarization of the membrane (7.5+1.5 mV,
n=4) and a marked suppression of hyperpolarization pro-
duced by subsequently-applied ACh (1 mM) (Figure 1a). The
peak amplitudes of ACh-induced hyperpolarizations were
715.4+0.5 and 71.5+0.3 mV (n=4) before and after the
addition of quinacrine, respectively. However, the hyperpo-
larizing response to pinacidil (1 mM) was also eliminated by
quinacrine (Figure 1b).

E�ect of cytochrome P450 inhibitors

The imidazole antimycotic agents, ketoconazole (50 mM), clo-
trimazole (30 mM) and miconazole (10 mM) signi®cantly depo-
larized the membrane by 3.0+1.4 (n=5), 7.7+1.0 (n=7),
8.6+0.8 mV (n=5), respectively. In their presence, the hy-
perpolarizing response to ACh (1 mM) was almost completely
abolished (Figure 2a ± c and Table 1). Miconazole also in-
hibited the hyperpolarizing response to pinacidil (Figure 2d).
Other derivatives also caused an inhibition of pinacidil-in-
duced hyperpolarization (data not shown).

SKF525A is metabolized by cytochrome P450 to an inter-
mediate that inhibits cytochrome P450-dependent mixed-
function oxidases via type I binding (Mannering, 1971). Like
the antimycotic agents, SKF525A (30 mM) also depolarized the
membrane by 7.8+2.3 mV (n=4) and abolished the hy-
perpolarizing e�ects of ACh (1 mM) (Figure 3a and Table 1).
SKF525A also suppressed pinacidil-induced hyperpolariza-
tions (Figure 3b).
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17-ODYA is a suicide-substrate inhibitor which selectively
inhibits cytochrome P450 isoenzymes based on substrate spe-
ci®city (Muerho� et al., 1989). 17-ODYA (10 mM) produced no
detectable change in the resting membrane potential and
hardly modi®ed ACh-induced hyperpolarization (Figure 4a
and Table 1). Another suicide-substrate inhibitor ETYA
(20 mM), which is a competitive analogue of arachidonic acid
and is able to block all pathways of arachidonic acid meta-
bolism (McGi�, 1991), also had no detectable e�ect on the
resting membrane potential and ACh-induced hyperpolariza-
tion (Figure 4a and Table 1).

`Cytochrome P450' is a complex of co-factors and a member
of the hemoprotein superfamily, of which cytochrome P450
subtypes 1A1, 1A2, 2E1 and 3A might be present in human
umbilical vein endothelial cells based on the presence of the
relevant mRNA (Farin et al., 1994). a-Naphto¯avon inhibits
cytochrome P450 1A1, 1A2, 2C7, 2C8 (Chang et al., 1994).

Diethyldithiocarbamate inhibits cytochrome P450 2A6, 2B6,
2E1 (Chang et al., 1994). Metyrapone inhibits cytochrome
P450 11B1 (Denner et al., 1995) and 2B subfamily (Knickle &
Bend, 1994). None of these inhibitors a�ected the resting
membrane potential or the hyperpolarizing response to ACh
(Table 1).

E�ect of procedures modifying cytochrome P450

Cytochrome P450 activity is inhibited by NO (Wink et al.,
1993; Khatsenko et al., 1993), and lipopolysaccharide and
certain cytokines can induce the synthesis of NO in vascular
endothelium (Radomski et al., 1990) and smooth muscle (Rees
et al., 1990; Busse & Mulsch, 1990; Fleming et al., 1991). In
mesenteric arteries taken from rats treated with lipopoly-
saccharide, the resting membrane potentials averaged
751.5+0.7 mV (n=24), a value which was comparable to

ACh 1 µM
a

b
Pinacidil 1 µM

Quinacrine 30 µM

10 mV

1 min

Quinacrine 30 µM

ACh 1 µM

Pinacidil 1 µM

10 mV

2 min

Figure 1 E�ect of quinacrine on the hyperpolarizing responses to ACh (a) and pinacidil (b). ACh and pinacidil were present for the
periods indicated by the horizontal bars. Quinacrine was added to the bath 20 ± 30min before the second application of ACh or
pinacidil.

ACh 1 µM
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b

Ketoconazole 50 µM
10 mV

1 min

ACh 1 µM
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d
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Pinacidil 1 µM
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Miconazole 10 µM

Miconazole 10 µM

ACh 1 µM
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Pinacidil 1 µM
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10 mV
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1 min

Figure 2 E�ect of ketoconazole (a), clotrimazole (b) and miconazole (c, d) on the hyperpolarizing responses to ACh (a ± c) and
pinacidil (d). ACh and pinacidil were present for the periods indicated by the horizontal bars. The imidazole agents were added to
the bath 20 ± 30min before the second application ACh or pinacidil.
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Table 1 Effects of cytochrome P450 inhibitors on the hyperpolarizing response to 1 mM ACh

Hyperpolarization (mV)

Inhibitors Concentration (mM) Untreated Treated % inhibition n

Ketoconazole

Clotrimazole

Miconazole

SKF 525A

Eicosatetraynoic acid

17-Octadecynoic acid

a-Naphtoflavone

Metyrapone

Troleandomycin

Diethyldithiocarbamate

30

50

30

10

30

20

10

1

20

10

50

715.0+0.7

716.3+0.8

714.5+1.1

716.2+0.5

716.0+1.1

717.8+0.9

718.0+1.2

718.3+1.0

715.8+1.4

716.0+0.6

715.8+0.2

73.8+0.8*

0*

72.0+1.0*

73.8+1.7*

72.2+0.2*

717.3+1.4

717.7+1.4

717.8+1.0

714.0+0.6

716.0+1.1

715.0+1.0

75

100

86

77

86

3

2

3

11

0

5

4

4

4

6

5

4

3

4

4

4

4

*P50.001 vs. untreated.

ACh 1 µMa

b

SKF525A 30 µM

10 mV

1 min

ACh 1 µM

Pinacidil 1 µM

Pinacidil 1 µM

10 mV

2 min

SKF525A 30 µM

Figure 3 E�ect of SKF525A on the hyperpolarizing responses to ACh (a) and pinacidil (b). ACh and pinacidil were present for the
periods indicated by the horizontal bars. SKF525A was added to the bath 20 ± 30min before the second application ACh or
pinacidil.

ACh 1 µM

a

b

17-ODYA 10 µM

10 mV

1 min

ACh 1 µM

10 mV

1 min

ETYA 20 µM

ACh 1 µM ACh 1 µM

Figure 4 E�ect of 17-octadecynoic acid (17-ODYA) (a) and eicosatetraynoic acid (ETYA) (b) on the hyperpolarizing responses to
ACh. ACh was present for the periods indicated by the horizontal bars. 17-ODYA and ETYA were added to the bath 20 ± 30min
before the second application of ACh.
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that obtained in untreated rat mesenteric arteries. The hy-
perpolarizing response to ACh in arteries from rats that re-
ceived lipopolysaccharide was the same as that in untreated
arteries (Figure 5a); ACh (1 mM) hyperpolarized by
16.5+0.6 mV, 6 pretreated preparations. The e�ect of ni-
troprusside (10 mM), an NO donor, was also examined. Ni-
troprusside elicited a small hyperpolarization (73.0+0.5 mV
n=5), but did not substantially alter ACh-induced hyperpo-
larizations (Figure 5b). In the presence of nitroprusside, the
hyperpolarization produced by 1 mM ACh was
715.4+0.9 mV (n=5).

Phenobarbitone is a well-known inducer of hepatic cyto-
chrome P450. In mesenteric arteries harvested from rats trea-
ted with phenobarbitone, the resting membrane potentials
were 754.3+1.5 mV (n=4). The response to 1 mM ACh was
unchanged by pretreatment with phenobarbitone
(714.3+0.5 mV, n=4).

Hyperpolarization produced by 11,12-EET

The metabolism of arachidonic acid by the cytochrome P450
system results in the formation of EETs, dihydroxyeicosa-
trienoic acids and monohydroxyeicosatetraenoic acids in var-
ious tissues (Capdevila et al., 1981; Fitzpatrick et al., 1986).
EETs are known to possess potent vasodilating activity (Car-
roll et al., 1987; Proctor et al., 1987). In tissues with en-
dothelium, the membrane potential of smooth muscle cells was

not changed by arachidonic acid in concentrations up to
100 mM (Figure 6a). However, as shown in Figure 6b, 11,12-
EET (10 mM) produced membrane hyperpolarization, in-
dependent of the presence or absence of the endothelium. The
onset and development of the hyperpolarization were much
slower in the case of 11,12-EET than in the case of ACh. The
peak amplitude of the hyperpolarizing response to 11,12-EET
was76.7+0.2 mV (n=6). In contrast to the response to ACh,
the hyperpolarization elicited by 11,12-EET was nearly com-
pletely eliminated by glibenclamide (30 mM) (Figure 6).

Discussion

Recent experimental evidence suggests that EDHF is one of
the cytochrome P450-derived arachidonic acid metabolites,
presumably an epoxide or a mixture thereof. First, following
inhibition of NO and prostacyclin formation with L-NOARG
and indomethacin or diclofenac, the endothelium-dependent
vasorelaxant responses to ACh and bradykinin are depressed
by the inhibitors of phospholipase A2 or cytochrome P450
(Hecker et al., 1994; Fulton et al., 1995; Lischke et al., 1995).
Second, pretreatment of rats with phenobarbitone, a potent
inducer of hepatic cytochrome P450, ampli®es the vasodilator
responses to ACh and bradykinin (Randall & Hiley, 1988;
Oyekan, 1995). Finally, EETs, cytochrome P450-derived ara-
chidonic acid metabolites, are vasorelaxant (Proctor et al.,

a

SNP 10 µM

10 mV

1 min

ACh 1 µMb ACh 1 µMACh 1 µM

Figure 5 The hyperpolarizing response to ACh in an artery taken from a rat pretreated with phenobarbitone (a) and in the
presence of nitroprusside (b). ACh was present for the periods indicated by the horizontal bars. Nitroprusside (SNP) was added to
the bath 5min before the second application of ACh.

a

Glibenclamide 30 µM

10 mV

1 min

ACh 1 µM

11,12-EET

AA 100 µM

b

c

Glibenclamide 30 µM

11,12-EET

ACh 1 µM

Figure 6 Changes in membrane potentials elicited by arachidonic acid (a), 11,12-epoxyeicosatrienoic acid (11,12-EET) (b) and ACh
(c). Arachidonic acid (AA), 11,12-EET and ACh were present for the periods indicated by the horizontal bars. Glibenclamide was
added to the bath 20min before second application of 11,12-EET or ACh.
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1987; Carroll et al., 1987; Ellis et al., 1990; Hecker et al., 1994)
and activate Ca2+- activated K+ channels in vascular smooth
muscle cells (Hu & Kim, 1993).

In the present study, the contribution of a cytochrome
P450-dependent mechanism via metabolism of arachidonic
acid to the EDHF-mediated response to ACh in rat mesenteric
artery was assessed by monitoring changes in the membrane
potential of smooth muscle cells. As demonstrated in our
previous study (Fukao et al., 1995), ACh causes endothelium-
dependent hyperpolarization in rat mesenteric artery. ACh-
induced hyperpolarization was not a�ected by L-NOARG or
indomethacin, which is consistent with earlier suggestions that
NO or prostanoids are not involved in this response (Garland
& McPherson, 1992). ACh failed to produce hyperpolarization
in high K+ medium. Moreover, tetraethylammonium and
tetrabutylammonium, but not glibenclamide, eliminated ACh-
induced hyperpolarization. These properties of the hyperpo-
larization are in good agreement with the concept that EDHF
hyperpolarizes the membrane of smooth muscle cells by
opening a K+ channel other than the ATP-sensitive K+

channel (Chen et al., 1991). Thus, it is reasonable to conclude
that ACh-induced hyperpolarization in rat mesenteric artery is
caused by EDHF released from the endothelium.

In this study, the phospholipase A2 inhibitor quinacrine
almost completely abolished ACh-induced hyperpolarization.
Hecker et al. (1994) have also demonstrated that quinacrine
signi®cantly attenuates the EDHF-mediated relaxant re-
sponse to bradykinin in porcine coronary artery. However,
this does not imply that the release of arachidonic acid itself
or that of a metabolite is involved in the EDHF-mediated
responses. We found that the hyperpolarizing response to
pinacidil, an ATP-sensitive K+ channel opener, could be
suppresed by quinacrine. In addition, quinacrine by itself
caused membrane depolarization. These ®ndings suggest that
quinacrine may interfere with several types of K+ channels in
vascular smooth muscle cells in a nonspeci®c manner. Thus,
quinacrine appears to be an inappropriate agent to address
the role of arachidonic acid or its metabolite in the EDHF-
mediated responses.

Evidence which has been claimed to provide strong support
for the view that EDHF is a cytochrome P450-derived ara-
chidonic acid metabolite was apparently provided by the
®ndings that the cytochrome P450 inhibitors SKF525A and
clotrimazole markedly reduce the EDHF-mediated relaxation
of vascular tissues (Hecker et al., 1994; Lischke et al., 1995).
However, the present study showed that SKF525A and imi-
dazole antimycotic agents including clotrimazole eliminated
not only ACh-induced hyperpolarizations but also those in-
duced by pinacidil. Furthermore, these cytochrome P450 in-
hibitors per se depolarized the smooth muscle membrane.
Thus, it is most likely that SKF525A and imidazole derivatives
suppressed the EDHF-mediated responses due to their non-
speci®c actions on K+ channels which appear to be unrelated
to inhibition of cytochrome P450. Evidence in favour of this
review has recently been independently obtained (Edwards et
al., 1996; Zygmunt et al., 1996). Contrary to these ®ndings,
Corriu et al. (1996) have shown that the ACh-induced hy-
perpolarization in guinea-pig carotid artery is not a�ected by
SKF525A and clotrimazole. The reason for this discrepancy is
not clear, but may be related to the di�erences in the incuba-
tion time with these inhibitors.

In contrast, 17-ODYA, a mechanism-based inhibitor which
inhibits the cytochrome P450-dependent process of arachi-
donic acid metabolism at concentrations below 5 mM (Zou et
al., 1994), did not a�ect ACh-induced hyperpolarization even
at a concentration of 10 mM. ETYA, which inhibits all path-
ways of arachidonic acid metabolsim (McGi�, 1991), also had
no e�ect on ACh-induced hyperpolarization. At present, we do
not have any de®nite knowledge of the isozyme pattern of
P450 in the endothelial cells. Farin et al. (1994) provided evi-
dence of the presence of several isozymes in the umbilical vein
endothelial cells. In the presence of diethyldithiocarbamate,
metyrapone or troleandomycin, which have been shown to

inhibit several P450 isozymes selectively, the hyperpolarizing
e�ect produced by ACh was no less than the control response
to ACh. Finally, based on the present results with a variety of
cytochrome P450 inhibitors, it can be concluded that a cyto-
chrome P450-derived arachidonic acid metabolite does not
substantially contribute to the hyperpolarization produced by
ACh in rat mesenteric artery.

Further investigation revealed that ACh-induced hyperpo-
larization was well preserved under the condition of NO
overproduction due to pretreatment of the animals with lipo-
polysaccharide or exposure of isolated vessels to nitroprusside.
It has been demonstrated that NO and NO-releasing com-
pounds inhibit cytochrome P450 activities (Wink et al., 1993;
Khatsenko et al., 1993). Thus, the present data suggest that
cytochrome P450 activities suppressed by NO generated from
lipopolysaccharide and nitroprusside are not involved in ACh-
induced hyperpolarization. In addition, we found that the
cytochrome P450-inducing agent phenobarbitone did not
augment ACh-induced hyperpolarization. This is inconsistent
with data from previous studies which showed that pretreat-
ment of rats with phenobarbitone enhances vasodilatations
produced by ACh in mesenteric arterial bed (Randall & Hiley,
1988) and by bradykinin in kidney (Oyekan, 1995). The reason
for this discrepancy is not clear, but may be related to the
multicomponent nature of the in vivo vasodilator response,
unlike in vitro hyperpolarizations. Hence, this study demon-
strates that modulation of cytochrome P450 by the agents
which inhibit or induce the enzyme did not a�ect the hy-
perpolarization elicited by ACh, providing further evidence
against the suggestion that the hyperpolarizing response to
ACh is mediated by a cytochrome P450-derived arachidonic
acid metabolite.

Hecker et al. (1994) have shown that EDHF may be an
epoxy metabolite of arachidonic acid formed via the cyto-
chrome P450 mono-oxygenase pathway. Indeed, EETs are
vasodilators in some tissues (Carroll et al., 1987; Proctor et al.,
1987). If this hypothesis were true, then arachidonic acid and
EETs should cause hyperpolarization.

However, we found that arachidonic acid failed to hy-
perpolarize the smooth muscle membrane in concentrations up
to 100 mM. On the other hand, 11,12-EET produced a small,
but de®nite hyperpolarization. However, in contrast to the
actions of ACh, the hyperpolarizing e�ect of 11,12-EET was
almost completely abolished by glibenclamide, indicating that
11,12-EET may activate the ATP-sensitive K+ channel. Hu &
Kim (1993) have shown that EETs activate the Ca2+-activated
K+ channel in vascular smooth muscle cells, but this K+

channel activation is not blocked by glibenclamide. Therefore,
the ionic mechanism responsible for membrane hyperpolar-
ization of EETs appear to be di�erent from that of ACh.

Taken together the present data demonstrate that cyto-
chrome P450 does not play a major role in endothelium-de-
pendent hyperpolarization produced by ACh, at least in the rat
isolated mesenteric artery studied here. Our results suggest that
EDHF released by ACh is not a cytochrome P450-derived
arachidonic acid metabolite, a conclusion also reached fol-
lowing similar studies in rat hepatic artery (Zygmunt et al.,
1996). Indeed, our data are consistent with an action of the
cytochrome P450 inhibitors on the K+-channel opened by
EDHF (Edwards et al., 1996). However, the possibility that a
cytochrome P450-derived arachidonic acid may act as `EDHF'
in other blood vessels such as those in the kidney, cannot be
ruled out.

We thank Prof. T. Kamataki for useful discussion and S. Yamada
for secretarial assistance. This work was supported in part by the
Special Grant-Aid for Promotion of Education and Science in
Hokkaido University Provided by the Ministry of Education,
Science and Culture of Japan, by Grant-in-Aid 08770066 for
Encouragement of Young Scientists from the Ministry of Educa-
tion, Science, Sports and Culture of Japan, and by the MITSUI Life
Social Welfare Foundation.

Hyperpolarization and cytochrome P450444 M. Fukao et al



References

ABRAHAM, N.G., PINTO, A., MULLANE, K.M., LEVERE, R.D. &

SPOKAS, E. (1985). Presence of cytochrome P-450 dependent
monooxygenase in intimal cells of the hog aorta.Hypertension, 7,
899 ± 904.

BEÂ NY, J.L. & BRUNET, P.C. (1988). Neither nitric oxide nor
nitroglycerin accounts for all the characteristics of endothelially
mediated vasodilation of pig coronary arteries Blood Vessels, 25,
308 ± 311.

BEÂ NY, J.L. & PACICCA, C. (1994). Bidirectional electrical commu-
nication between smooth muscle and endothelial cells in the pig
coronary artery. Am. J. Physiol., 266, H1465-H1472.

BOLTON, T.B. & CLAPP, L.H. (1986). Endothelial-dependent relaxant
actions of carbachol and substance P in arterial smooth muscle.
Br. J. Pharmacol., 87, 713 ± 723.

BRAYDEN, J.E. & WELLMAN G.C. (1989). Endothelium-dependent
dilation of feline cerebral arteries: role of membrane potential
and cyclic nucleotides. J. Cereb. Blood Flow Metab., 9, 256 ± 263.

BUSSE, R. & MULSCH, A. (1990). Induction of nitric oxide synthase
by cytokines in vascular smooth muscle. FEBS Lett., 275, 87 ± 90.

CAPDEVILA, J., CHACOS, N., WERRINGLOER, J., PROUGH, R.A. &

ESTABROOK, R.W. (1981). Cytochrome P450 oxygenation of
arachidonic acid to hydroxyeicosatetraenoic acids. Proc. Natl.
Acad. Sci. U.S.A., 78, 5362 ± 5366.

CARROLL, M.A., SCHWARTZHAN, M., CAPDEVILA, J., FALCK, J.R.

&MCGIFF, J.C. (1987). Vasoactivity of arachidonic acid epoxides.
Eur. J. Pharmacol., 138, 281 ± 283.

CHANG, T.K.H., GONZALEZ, F.J. & WAXMAN D.J. (1994). Evalua-
tion of triacetyloleandomycin, a-naphtho¯avone and diethyl-
dithiocarbamate as selective chemical probes for inhibition of
human cytochromes P450. Arch. Biochem. Biophys., 311, 437 ±
442.

CHEN, G. & SUZUKI, H. (1989). Some electrical properties of the
endothelium-dependent hyperpolarization recorded from rat
arterial smooth muscle cells. J. Physiol., 410, 91 ± 106.

CHEN, G., SUZUKI, H. & WESTON, A.H. (1988). Acetylcholine
releases endothelium-derived hyperpolarizing factor and EDRF
from rat blood vessels. Br. J. Pharmacol., 95, 1165 ± 1174.

CHEN, G., YAMAMOTO, Y., MIWA, K. & SUZUKI, H. (1991).
Hyperpolarization of arterial smooth muscle induced by
endothelial humoral substances. Am. J. Physiol., 260, H1888 ±
H1892.

CORRIU, C., FEÂ LEÂ TOU, M., CANET, E. & VANHOUTTE, P.M. (1996).
Inhibitors of the cytochrome P450-mono-oxygenase and en-
dothelium-dependent hyperpolarizations in the guinea-pig iso-
lated cartoid artery. Br. J. Pharmacol., 117, 607 ± 610.

DENNER, K., VOGEL, R., SCHMALIX, W., DOEHMER, J. & BERN-

HARDT, R. (1995). Cloning and stable expression of the human
mitochondrial cytochrome P450 11B1 cDNA in V79 chinese
hamster cells and their application for testing of potential
inhibitors. Pharmacogenetics, 5, 89 ± 96.

EDWARDS, G., ZYGMUNT, P.M., HOÈ GESTAÈ TT, E.D. &WESTON, A.H.

(1996). E�ects of cytochrome P450 inhibitors on potassium
currents and mechanical activity in rat portal vein. Br. J.
Pharmacol., 119, (in press).

ELLIS, E.F., POLICE, R.J., YANCEY, L., MCKINNEY, J.S. & AM-

RUTHESH, S.C. (1990). Dilation of cerebral arterioles by
cytochrome P-450 metabolites of arachidonic acid. Am. J.
Physiol., 259, H111-H1177.

FARIN, F.M., POHLMAN, T.H. & OMIECINSKI, C.J. (1994). Expres-
sion of cytochrome P450s and microsomal epoxide hydrolase in
primary cultures of human umbilical vein enothelial cells.
Toxicol. Appl. Pharmacol., 124, 1 ± 9.

FELETOU, M. & VANHOUTTE, P.M. (1988). Endothelium-dependent
hyperpolarization of canine coronary smooth muscle. Br. J.
Pharmacol., 93, 515 ± 524.

FITZPATRICK, F., ENNIS, M., BAZE, M., WYNALDA, M., MACAGEE,

J. & LIGGETT, W. (1986). Inhibition of cyclooxygenase activity
and platelet aggregation by epoxyeicosatetraenoic acids; in¯u-
ence of stereochemistry. J. Biol. Chem., 261, 15334 ± 15338.

FITZPATRICK, F.A. & MURRPHY, R.C. (1989). Cytochrome P-450
metabolism of arachidonic acid: formation and biological actions
of "epoxygenase"-derived eicosanoids. Pharmacol. Rev., 40,
229 ± 241.

FLEMING, I., GRAY, G.A., SCHOTT, C. & STOCLET, J-C. (1991).
Inducible but not constitutive production of nitric oxide by
vascular smooth muscle cells. Eur. J. Pharmacol., 200, 375 ± 376.

FUKAO, M., HATTORI, Y., KANNO, M., SAKUMA, I. & KITABA-

TAKE, A. (1995). Thapsigargin- and cyclopiazonic acid- induced
endothelium-dependent hyperpolarization in rat mesenteric
artery. Br. J. Pharmacol., 115, 987 ± 992.

FULTON, D., MAHBOUUBI, K., MCGIFF, J.C. & QUILLEY, J. (1995).
Cytochrome P450 dependent e�ects of bradykinin in the rat
heart. Br. J. Pharmacol., 114, 99 ± 102.

FURCHGOTT, R.F. & VANHOUTTE, P.M. (1989). Endothelium-
derived relaxing and contracting factors. FASEB J., 3, 2007 ±
2018.

GARLAND, C.J. & MCPHERSON, G.A. (1992). Evidence that nitric
oxide does not mediate the hyperpolarization and relaxation to
acetylcholine in the rat small mesenteric artery. Br. J.
Pharmacol., 105, 429 ± 435.

HECKER, M., BARA, A.T., BAUERSACHES, J. & BUSSE, R. (1994).
Characterization of endothelium-derived hyperpolarizing factor
as a cytochrome P450-derived arachidonic acid metabolite in
mammals. J. Physiol., 481, 407 ± 414.

HU, S. & KIM, H.S. (1993). Activation of K+ channel in vascular
smooth muscles by cytochrome P450 metabolites of arachidonic
acid. Eur. J. Pharmacol., 230, 215 ± 221.

KALSNER, S., NICKERSON, M. & BODY, G.N. (1970). Selective
blockade of potassium-induced contractions of aortic strips by b-
diethylaminoethyldiphenylpropylacetate (SKF525A). J. Phar-
macol. Exp. Ther., 174, 500 ± 508.

KHATSENKO, O.G., GROSS, S.S., RIFKIND, A.B. & VANE, J.R. (1993).
Nitric oxide is a mediator of the decrease in cytochrome P450-
dependent metabolism caused by immunostimulants. Proc. Natl.
Acad. Sci. U.S.A., 90, 11147 ± 11151.

KNICKLE, L.C. & BEND, J.R. (1994). Bioativation of arachidonic acid
by the cytochrome P450 monooxygenases of guinea pig lung: the
orthologue of cytochrome P450 2B4 is solely responsible for
formation of epoxyeicosatrienoic acids. Mol. Pharmacol., 45,
1273 ± 1280.

LISCHKE, V., BUSSE, R. & HECKER, M. (1995). Selective inhibition
by barbiturates of the synthesis of endothelium-derived hyper-
polarizing factor in the rabbit carotid artery. Br. J. Pharmacol.,
115, 969 ± 974.

MANNERING, G.J. (1971). Microsomal enzyme systems which
catalyze drug metabolism. In Fundamentals of Drug Metabolism
and Disposition, ed. La Du, B., Mandel, H. & Woy, E. pp, 206 ±
252, Baltimore, U.S.A.: Williams and Wilkins.

MCGIFF, J.C. (1991). Cytochrome P-450 metabolism of arachidonic
acid. Annu. Rev. Pharmacol. Toxicol., 31, 339 ± 369.

MCURTRY, I., DAVIDSON, A., REEVES, J. & GROVER, R. (1976).
Inhibition of hypoxic pulmonary vasoconstriction by calcium
antagonists in isolated rat lungs. Circ. Res., 38, 99 ± 104.

MURPHY, M.E. & BRAYDEN, J.E. (1995). Nitric oxide hyperpolarizes
rabbit mesenteric arteries via ATP-sensitive potassium channels.
J. Physiol., 486, 47 ± 58.

MUERHOFF, A.S., WILLIAMS, D.E., REICH, N.O., CAJACOB, C.A.,

ORTIZ DE MONTELLANO, P.R. & MASTERS, B.S. (1989).
Prostaglandin and fatty acid omega- and (omega-1)-oxidation
in rabbit lung. J. Biol. Chem., 264, 749 ± 756.

MYERS, P.R. MINOR, R.L., Jr., GUERRA, R., Jr., BATES, J.N. &

HARRISON, D.G. (1990). Vasorelaxant properties of the
endothelium-derived relaxing factor more closely resemble S-
nitrososcysteine than nitric oxide. Nature, 345, 161 ± 163.

NEUBIG, R.R., KRODEL, E.K., BOYD, N.D & COHEN, J.B. (1979).
Acetylcholine and local anesthetic binding to Torpedo nicotinic
postsynaptic membranes after removal of nonreceptor peptides.
Proc. Natl. Acad. Sci. U.S.A., 76, 690 ± 694.

NEWTON, D.J., WANG, R.W. & LU, A.Y.H. (1995). Cytochrome P450
inhibitors evaluation of speci®cities in the in vitro metabolism of
therapeutic agents by human liver microsomes. Drug Metab.
Dispos., 23, 154 ± 158.

OYEKAN, A.O. (1995). The suppression by lipopolysaccharide of
cytochrome P450-dependent renal vasodilation in the rat is
mediated by nitric oxide. Eur. J. Pharmacol., 277, 123 ± 132.

OYEKAN, A.O., MCGIFF, J.C. & QUILLY,J. (1991). Cytochrome P450-
dependent vasodilator responses to arachidonic acid in the
isolated perfused kidney of the rat. Circ. Res., 68, 965 ± 968.

PALMER, R.M.J., FERRIGE, A.G. & MONCADA, S. (1987). Nitric
oxide accounts for the biological activity of endothelium-derived
relaxing factor. Nature, 327, 524 ± 526.

Hyperpolarization and cytochrome P450 445M. Fukao et al



PINTO, A., ABRAHAM, N.G. & MULLANE, K.M. (1986). Cytochrome
P-450-dependent monoygenase activity and endothelial-depen-
dent relaxations induced by arachidonic acid. J. Pharmacol. Exp.
Ther., 236, 445 ± 451.

PROCTOR, K.G., FALCK, J.R. & CAPDEVILA, J. (1987). Intestinal
vasodilation by epoxyeicosatrienoic acids: arachidonic acid
metabolites produced by a cytochrome P450 monooxygenase.
Circ. Res., 60, 50 ± 59.

RADOMSKI, M.W., PALMER, R.M.J. & MONCADA, S. (1990).
Glucocorticoids inhibit the expression of an inducible, but not
the constitutive, nitric oxide synthase in vascular endothelial
cells. Proc. Natl. Acad. Sci. U.S.A., 87, 10043 ± 10071.

RANDALL, M.D. & HILEY, C.R. (1988). E�ect of phenobarbitone
pretreatment upon endothelium-dependent relaxation to acet-
ylcholine in rat superior mesenteric arterial bed. Br. J.
Pharmacol., 94, 977 ± 983.

REES, D.D., CELLEK, S., PALMER, R.M. & MONCADA, S. (1990).
Dexamethasone prevents the induction by endotoxin of a nitric
oxide synthase and the associated e�ects on vascular tone: an
insight into endotoxin shock. Biochem. Biophys. Res. Commun.,
173, 541 ± 547.

SHEETS, J.J. & MASOSN, J.I. (1984). Ketoconazole: a potent inhibitor
of cytochrome P-450-dependent drug metabolism in rat liver.
Drug Metab. Dispos. 12, 603 ± 606.

SINGER, H.A. & PEACH, M.J. (1983a). Endothelium-dependent
relaxation of rabbit aorta. I. Relaxation stimulated by arachi-
donic acid. J. Pharmacol. Exp. Ther., 226, 790 ± 795.

SINGER, H.A. & PEACH, M.J. (1983b). Endothelium-dependent
relaxation of rabbit aorta. II. Inhibition of relaxation stimulated
by methacholine and A23187 with antagonists of arachidonic
acid metabolism. J. Pharmacol. Exp. Ther., 226, 796 ± 801.

TAYLOR, S.G. & WESTON, A.H. (1988). Endothelium-derived
hyperpolarizing factor: a new endogenous inhibitor from the
vascular endothelium. Trends Pharmacol. Sci., 9, 272 ± 274.

WINK, D.A., OSAWA, Y., DARBYSHIRE, J.F., JONES, C.R., ESHE-

NAUER, S.C. & NIMS, R.W. (1993). Inhibition of cytochrome P450
by nitric oxide and a nitric oxide-releasing agent. Arch. Biochem.
Biophys., 300, 115 ± 123.

ZOU, A-P., MA, Y-H., SUI, Z-H., ORTIZ DE MONTELLANO, P.R.,

CLARK, J.E., MASTERS, B.S. & ROMAN, R.J. (1994). E�ects of 17-
octadecynoic acid, a suicide-substrate inhibitor of cytochrome
P450 fatty acid o-hydroxylase, on renal function in rats. J.
Pharmacol. Exp. Ther., 268, 474 ± 481.

ZYGMUNT, P.M., EDWARDS, G., WESTON, A.H., DAVIS, S.C. &

HOÈ GESTAÈ TT, E.D. (1996). E�ects of cytochrome P450 inhibitors
on EDHF-mediated relaxation in the rat hepatic artery. Br. J.
Pharmacol., 118, 1147 ± 1152.

(Received July 16, 1996
Revised October 7, 1996

Accepted October 29, 1996)

Hyperpolarization and cytochrome P450446 M. Fukao et al


