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Ca’*-activated K* channels
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Abstract

We tested the hypothesis that relaxation of the rat mesenteric artery in response to insulin is mediated by K* channels. Two
concentrations of insulin (10 and 100 mU /ml) induced relaxation of the artery by 6 + 1%, 24 + 3% (mean + S.E.M.). Denudation of the
endothelium or precontraction by KCI (30 mM), clotrimazole (10 wM), a cytochrome P450 inhibitor, charybdotoxin (30 nM) an inhibitor
of large-conductance Ca?"-activated K™ channels, abolished the relaxation of the artery in response to insulin. However, N“-nitro-L-
arginine methyl ester (L-NAME; 100 wM), an inhibitor of nitric oxide synthase, apamin (1 wM), an inhibitor of small-conductance
Ca?*-activated K™ channels, or glibenclamide (10 wM), an ATP-sensitive K™ channels blocker, did not attenuate the relaxation of the
artery caused by insulin. These results suggest that the relaxation of rat mesenteric artery in response to insulin is mediated mostly by
large-conductance Ca? "-activated K channels, perhaps an endothelium-derived hyperpolarizing factor (EDHF). © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Insulin has important cardiovascular effects, and hyper-
insulinemia has been recognized recently as an important
cardiovascular risk factor. There are a variety of reports of
the vascular effects of insulin. Many studies, however,
suggest that acute administration of insulin induces vasore-
laxation, and that this relaxation in some vessels is medi-
ated by nitric oxide (NO) (Scherrer et al., 1994; Steinberg
et a., 1994).

Recent studies indicate that the relaxation of small
mesenteric arteries in response to acetylcholine may be
mediated in part by endothelium-derived hyperpolarizing
factor (EDHF) (Shimokawa et al., 1996). EDHF may play
an important role in the relaxation of mesenteric vessels. In
response to EDHF, there is an increase in smooth muscle
K* conductance which can be abolished by raising the
external K* concentration (Chen et al., 1991; Nagao and
Vanhoutte, 1991; Taylor and Weston, 1988).
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The aim of the present study was to test the hypothesis
that insulin-induced relaxation of rat mesenteric artery is
mediated by K* channels. We tested whether charybdo-
toxin and apamin, which are inhibitors of Ca®"-activated
K* channels (Blatz and Magleby, 1986; Langton et al.,
1993; Miller et al., 1985), and glibenclamide, which is an
ATP-sensitive K™ channels blocker, inhibit vasorel axation
of the mesenteric artery in response to insulin.

2. Materials and methods

2.1. Preparation of vascular rings

Male Sprague—Dawley rats, 12—-14 weeks old, were
obtained from Charles River Japan (Yokohama). The
mesentery was removed from Sprague—Dawley rats under
ether anesthesia. The entire mesenterium was removed and
placed in cold modified Krebs—Ringer bicarbonate solu-
tion of the following composition (mM): NaCl 118.3, KCl
4.7, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, NaHCO, 25,
and glucose 12: pH 7.4 (Krebs solution). The first-order
branch of the mesenteric artery was carefully dissected and
cleaned of adhering adipose tissue and cut into a ring
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(external diameter, 400—450 w.m; length, 3 mm) under a
dissection microscope.

This ring was suspended horizontaly using two L-
shaped stainless steel holders attached to the lumen in a
small chamber (5 ml) filled with Krebs solution (37°C)
bubbled with a mixture of 95% O, and 5% CO,. One
holder was fixed and the other was connected to a force-
displacement transducer (UM-203, Kishimoto, Kyoto) to
measure isometric force. The ring was equilibrated under a
resting force of 500 mg for 60 min. This force was found
to be optimal for contraction of the ring, as assessed by
repeated exposure to KCl (90 mM) at various resting
forces. After the equilibration period, each ring was maxi-
mally contracted twice by phenylephrine to examine the
reproducibility of contraction.

Concentration—response curves for phenylephrine were
obtained in preliminary experiments, and the concentration
of phenylephrine that produced 50% of the maximum
contractile response (EC,,) was used in subsequent stud-
ies. Results are expressed as percent relaxation of the
maximum contraction produced by phenylephrine.

2.2. Experimental protocol

To determine the effects of insulin, after the contraction
elicited by phenylephrine reached a plateau, we measured
the change in vascular tension in response to three concen-
trations (1, 10, and 100 mU/ml) of insulin. We also
examined the effects of removing the endothelium on the
vasorelaxation induced by insulin. To remove the endothe-
lium, we gently rolled a stainless steel wire in the intimal
surface and examined responses to acetylcholine (1 nM-10
wM).

To examine the role of NO and K* channels, we
examined the effects on the relaxation in response to
insulin of N“-nitro-L-arginine methyl ester (L-NAME;100
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Fig. 1. Effects of endothelia denudation on insulin-induced relaxation of
mesenteric artery. Open column is control group, and shaded column is
denudation group. Vaues are means+S.EM., n=6. “P <0.05, vs.
control group.
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Fig. 2. Effects of N“-nitro-L-arginine methyl ester (L-NAME) (10 pM)
on insulin-induced relaxation of mesenteric artery. Open column is
control group, and shaded column is L-NAME group. Values are means+
SEM, n=7.

wM), an inhibitor of nitric oxide synthase (Rees et a.,
1990), and several K* channel blockers. We examined the
effects of charybdotoxin (30 nM), a specific blocker of
large-conductance Ca?*-activated K™ channels (Miller et
al., 1985), apamin (1 wM), a specific blocker of small-con-
ductance Ca?*-activated K* channels (Blatz and Magleby,
1986), and glibenclamide (10 wM), an ATP-sensitive K™
channels blocker (Quast and Cook, 1989). L-NAME was
applied 30 min before exposure to insulin and did not
affect the phenylephrine-induced contraction. Charybdo-
toxin, apamin and glibenclamide were applied 15 min
before exposure to insulin.

In additional experiments, we examined the responses
to insulin in the depolarized mesenteric artery. After the
contraction of the artery elicited by KCI (30 mM) aone
had reached a plateau, we measured the change in vascular
force in response to insulin.

To examine the effect of a putative EDHF inhibitor, we
examined the effect of clotrimazole (10 wM), a cy-
tochrome P450 inhibitor (Hecker et al., 1994), on the
relaxation of mesenteric artery caused by insulin. Clotri-
mazole was applied 15 min before insulin induced vasore-
laxation.

The following drugs were used: phenylephrine, acetyl-
choline, sodium nitroprusside, L-NAME, apamin, gliben-
clamide (from Sigma, St. Louis, MO, USA), clotrimazole
(from Research Biochemicals, Natick, MA, USA), and
charybdotoxin (from Latoxan, Rosana, France). Phenyle-
phrine, acetylcholine, sodium nitroprusside, and L-NAME
were dissolved in Krebs solution. Charybdotoxin and
apamin were dissolved in distilled water. Glibenclamide
was dissolved in dimethyl sulfoxide (DMSO) and clotrima-
zole was dissolved in ethanol. DM SO vehicle (0.1%) alone
or ethanol vehicle aone did not inhibit the relaxation
elicited by insulin.
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Fig. 3. Effects of charybdotoxin (30 nM) and apamin (1 wM) on
insulin-induced relaxation of mesenteric artery. Open column is control
group, and shaded column is charybdotoxin group, and dotted column is
apamin group. Values are means+S.E.M., n=6. P < 0.05, vs. control
group.

2.3. Satigtical analysis

All data are expressed as means+ S.E.M.. Student’s
t-test was used to compare absolute values, and the
Mann—-Whitney U-test was used to compare percent
changes. Values of P < 0.05 were considered to be statis-
tically significant.

3. Reaults

3.1. Effects of endothelial denudation on relaxation in
response to insulin

Insulin produced a concentration-dependent vasorelax-
ation in the presence of phenylephrine. Insulin (10 mU /ml)
produced relaxation of the mesenteric artery by 6 + 1%,
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Fig. 4. Effects of glibenclamide (10 wM) on insulin-induced relaxation of
mesenteric artery. Open column is control group, and shaded column is
glibenclamide group. Values are means+ S.E.M., n=8.
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Fig. 5. Effects of KCI (30 mM) on insulin-induced relaxation of mesen-
teric artery. Open column is control group, and shaded column is KCI
group. Values are means+S.EMM., n=7. “P <0.05, vs. control group.

and a higher concentration of insulin (100 mU /ml) pro-
duced relaxation by 24 + 3%. However, insulin (1 mU /ml)
did not produce relaxation of the mesenteric artery. Re-
moval of the endothelium abolished the relaxation of the
mesenteric artery in response to insulin (Fig. 1).

3.2. Effects of L-NAME, K * channel blockers, and clotri-
mazole

The resting force of the mesenteric artery did not
change in the presence of insulin, L-NAME, charybdo-
toxin, apamin, glibenclamide or clotrimazole.

The relaxation of the mesenteric artery dlicited by in-
sulin was not attenuated by L-NAME (Fig. 2). This con-
centration of L-NAME eliminated the acetylcholine-in-
duced relaxation of the mesenteric artery, without the
affecting the vasorelaxation in response to sodium nitro-
prusside. Charybdotoxin abolished the insulin-induced va-
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Fig. 6. Effects of clotrimazole (10 wM) on insulin-induced relaxation of
mesenteric artery. Open column is control group, and shaded column is
clotrimazole group. Values are means+S.EM., n=7. “P <0.05, vs.
control group.
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Fig. 7. The left panel shows actual recording of the contraction induced by an ECg, concentration of phenylephrine in rat mesenteric artery without insulin,
and the right panel shows the effect of cumulative application of insulin (10 and 200 mU /ml) on the phenylephrine-induced contraction.

sorelaxation (Fig. 3), whereas neither apamin (Fig. 3) nor
glibenclamide affected the insulin-induced vasorelaxation
(Fig. 4). Insulin did not induce relaxation of precontracted
mesenteric arteries in the presence of KCI (Fig. 5), and
clotrimazole abolished the insulin-induced vasorelaxation
(Fig. 6). Actua recordings of the cumulative effect of
insulin on the phenylephrine-induced contraction and of
the effect of phenylephrine aone in the rat mesenteric
artery are shown in Fig. 7.

4, Discussion

The major new finding of the present study is that the
relaxation of the mesenteric artery from rats in response to
insulin is mediated by large-conductance Ca?*-activated
K™* channels, is abolished by endothelial denudation, and
thus may be mediated by EDHF. Numerous studies have
shown that insulin induces relaxation of human coronary,
pulmonary and radial arteries (Anderson et a., 1991,
Sasaki et al., 1993) and inhibits the vasocontraction pro-
duced by norepinephrine, phenylephrine and angiotensin |1
(Grover et a., 1995). Possible mechanisms by which
insulin induces vasorelaxation are endothelium-dependent,
-independent or both (D’ Orleans-Juste et al., 1985; Han et
al., 1995; Thom et a., 1988). It is also suggested by act by
an o,B-adrenergic mechanism (Creager et al., 1985), stim-
ulation of plasma membrane Ca?"-ATPase (Zeme et al.,
1992), and inhibition of Ca?* channels (Kahn et al., 1993;
Standley et al., 1991).

We observed dose-dependent relaxation of the mesen-
teric artery in rats in response to insulin, and removal of
the endothelium almost eliminated the relaxation induced
by insulin. These results suggest that insulin-induced va
sorelaxation is mediated by an endothelium-derived relax-
ing factor (EDRF). The endothelium releases several va
sodilator substances, including prostacyclin, NO and possi-
bly EDHF. One mechanism for vasorelaxation is activation
of guanylate cyclase and increased production of cGMP
(Rembold, 1992). EDRF, which appears to be NO or a
related compound (Moncada et a., 1991), is an endoge-

nous stimulus that activates guanylate cyclases and thereby
causes vasorelaxation. A second mechanism for vasorelax-
ation is activation of adenylate cyclase and production of
CAMP. The vasorelaxation produced by prostacyclin is
mediated by formation of cCAMP (Gryglewski et al., 1991).

K* channels are present in the mesenteric artery and
activation of these channels may be a third mechanism for
vasorelaxation. The membrane potential of vascular mus-
cle is an important determinant of vascular tone, and the
activity of K* channels is a mgjor regulator of membrane
potential. Activation of these channels increases K* ef-
flux, producing hyperpolarization of vascular muscle.
Membrane hyperpolarization closes voltage-dependent
Ca?™ channels and thereby causes relaxation of vascular
muscle (Bonnet et a., 1991; Nelson, 1993; Nelson and
Quayle, 1995).

We determined whether the relaxation of the mesenteric
artery in response to insulin is mediated by NO. Studies of
severa vessdls have demonstrated that insulin produces
vasodilatation by releasing of endothelium-derived nitric
oxide (EDNO). Intra-arteria infusion of N ©-monomethyl-
L-arginine (L-NNA) completely eliminates insulin-induced
vasodilation in the forearm during systemic insulin infu-
sion (Scherrer et al., 1994; Steinberg et al., 1994). In the
present study, L-NAME did not attenuate insulin-induced
vasorelaxation. One difference in these studies may relate
to the size of the vessels. The importance of EDHF
appears to increase as the vessel size decreases in the rat
mesenteric circulation. Another difference between the
studies may relate to the vascular bed that is studied. In the
rat isolated mesenteric arterial bed, muscaranic receptor-in-
duced vasorelaxation is mediated by both NO-dependent
and -independent mechanisms (Han et al., 1995). The
NO-independent mechanism probably occurs via activation
of aK™ conductance, with characteristics of EDHF-media-
ted responses (Han et d., 1995). We therefore examined
the effects of K™ channel blockers on the relaxation of the
rat mesenteric artery in response to insulin.

EDHF is an as yet unidentified substance that hyperpo-
larizes vascular smooth muscle cells and produces relax-
ation. In bioassay experiments, endothelium-dependent hy-
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perpolarizing activity can be transferred from tissues with
endothelium to those without endothelium, indicating the
existence of a factor of endothelial origin that diffuses to
the underlying vascular smooth muscle and produces
hyperpolarization (Cambell et al., 1996; Hwa et al., 1994;
McPherson and Angus, 1991). Endothelium-dependent hy-
perpolarization results from the opening of K* channels.
Several types of K* channels, including Ca?*-activated
K* channels, ATP-sensitive K* channels, delayed recti-
fier K* channels, and inward rectifier K* channels, have
been identified in blood vessels (Nelson and Quayle, 1995).
We therefore used severd types of K* channel blockers.
Our results showed that charybdotoxin and KCl inhibited
insulin-induced vasorelaxation, and that apamin and
glibenclamide did not inhibit the relaxation significantly.
These results suggest that large-conductance, Ca?*-
activated K* channels, and not ATP-sensitive K* chan-
nels (McPherson and Angus, 1991) have an important role
in insulin-induced relaxation of the mesenteric arteries.

Recently, some articles suggested that EDHF activity
may reflect the action of cytochrome P450-derived arachi-
donic acid metabolites (Cambell et al., 1996; Hecker et al.,
1994). We therefore examined the effect of clotrimazole,
an inhibitor of cytochrome P450, on insulin-induced relax-
ation of the mesenteric artery. Clotrimazole inhibited in-
sulin-induced vasorelaxation as effectively as the blockers
of Ca?*-activated K* channels.

Prostacyclin is released from the endothelium, activates
adenylate cyclase and produces vasorelaxation. In the pre-
sent experiment, however, indomethacin, an inhibitor of
the cyclooxygenase pathway, did not significantly change
the insulin-induced vasorelaxation, suggesting that the re-
lease of prostacyclin is not responsible for the relaxation
induced by insulin (data not shown). Other studies also
suggest that indomethacin does not reduce the hyperpolar-
ization induced by acetylcholine and that the effect of
EDHF is not mediated by a cyclooxygenase pathway
(Chen et a., 1988; Feletou and Vanhoutte, 1988).

In conclusion, the relaxation of the mesenteric artery in
response to insulin is largely mediated by large-conduc-
tance, Ca?*-activated K™ channels, perhaps EDHF.
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