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Abstract

In the current study, Cu?" was tested for its ability to relax vessels and to accumulate cyclic GMP (cGMP) in rat pulmonary artery
employing rat extrapulmonary arterial rings. Cu®*-induced relaxation was endothelium and concentration (in the range from 10~7 to
10~ M) dependent. The content of cGMP in the rings was increased 1.7-fold with 10~4 M Cu?*. N®-Monomethyl-L-arginine abolished
both the copper-induced relaxation and the increase in cGMP of rings. Cu?* and zaprinast, which inhibits phosphodiesterase activity,
caused a synergistic increase in cGMP level in the rings, suggesting that Cu?* enhanced cGMP level through a mechanism different from
that of zaprinast, probably as a consequence of elevated accumulation of nitric oxide (NO). The magnitude of vasorelaxation observed
due to simultaneous addition of Cu?" and acetylcholine was additive, not synergistic. Cu?>" did not augment relaxation induced by
exogenously added NO donor. These results suggest that Cu?* elevates NO level in the rings not by prolonging the half-life of NO, but
by activation of endothelial nitric oxide synthase and subsequently potentiating the action of NO on vascular tone.
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1. Introduction

Dietary Cu?* deficiency in experimental animals pro-
duces vascular defects which include structural changes in
aortas (Hunsaker et al., 1984), dteration of vasoactive
responses to norepinephrine in portal veins and pulmonary
arteries (Kitano, 1980), enhancement of microvascular pro-
tein leakage in response to endogenous histamine release
(Schuschke et ., 1989), and reduction of microcirculatory
platelet thrombus formation in response to photoactivation
of a light-sensitive dye. Saari (1992) reported that dietary
copper deficiency reduced the relaxation responses to
acetylcholine, histamine, or sodium nitroprusside in rat
aortic rings probably by disruption of the interaction of
endothelium-derived relaxing factor (EDRF) with smooth
muscle. In the present study, we examined the effects of
Cu?* on the vascular tone and tissue guanosine 3,5-cyclic
monophosphate (cGMP) level in rat pulmonary arterial
rings. We further assessed the effect of Cu?* on the
vascular tone during exogenous nitric oxide (NO) donor
treatment.

* Corresponding author. Tel.: (81-776) 61-3111; Fax: (81-776) 61-8111.

2. Materials and methods

2.1. Preparation of rat extrapulmonary arterial rings and
tension recording

Male Sprague-Dawley rats weighing 280-360 g (Clea
Japan) were kept in quarantine in our animal care facility
for 7 days prior to starting the experiment. Isolation of
pulmonary artery was done by the method described previ-
ously (Ishizaki et al., 1995). Briefly, animals were anes-
thetized with pentobarbital (50 mg/kg) intraperitoneally.
Then the chest was opened, and heparin sulfate (100 1U)
was injected into the right ventricle. The heart and lungs
were removed en bloc and placed in Earle's balanced salt
solution (EBSS) buffer at 4°C. By using a dissecting
microscope and small iris scissors, adventitia tissue was
removed and pulmonary artery rings cut. The externa
diameter of the pulmonary artery used was 2—3 mm and its
length 2—-4 mm. Care was taken to avoid inadvertent
damage to the endothelium. Endothelium-denuded rings
were prepared by gently abrading the intima with a rough-
ened steel rod. Rings were mounted on steel wiresin organ
baths containing 10 ml EBSS buffer at 37°C and gassed
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with 21% O,, 5% CO, and 74% N,. EBSS had the
following composition (in mM): 1.80 CaCl,, 0.83 MgSO,,
5.36 KCl, 116.34 NaCl, 0.40 NaPO, (dibasic), 5.50 glu-
cose, 19.04 NaHCO, and 0.03 phenol red Na (as a pH
indicator). Tension was measured isometrically using
force-displacement transducers (Orientic T7-30-240) and
recorded on 4-channel polygraphs (Nihon Kohden RMP-
6004M, Japan). Resting passive tension was maintained at
500 mg throughout the experiment. After 60 min of equili-
bration, all rings were contracted briefly with 80 mM
potassium chloride (KCI) as a measure of maximal smooth
muscle contractility, and readjusted to the 500 mg resting
tension. The rings were then reconstricted with 107% M
phenylephrine and after reaching a maximal constriction,
10~°% M acetylcholine was added as a measure of integrity
of the endothelium. The responses to acetylcholine of
endothelium-intact rings used in these experiments were
79.5 + 5.7% (n= 160), and those of denuded rings were
55+ 1.3% (n=6). After the rings were flushed with
fresh EBSS huffer three times, they were reequilibrated to
the 500 mg resting tension.

2.2. Effect of divalent metal ions on isometric tension

In all experiments, 10~° M indomethacin was added 10
min before the second addition of phenylephrine in order
to avoid the effects of cyclooxygenase metabolites. After
reaching the maximum vasoconstriction to 10°° M
phenylephrine, cumulative concentrations (10~7, 106,
107°, 10* M) of copper sulfate (CuSO,, n=6) or
copper chloride (CuCl,, n=6) were added a 5 min
intervals (because maximal stable relaxation was obtained
within 5 min). In some experiments, N ®-monomethyl-L-
arginine (L-NMMA, 104 M, n=6), a NO synthase in-
hibitor, or 2-phenyl-4,4,55,-tetramethyl-imidazoline-1-
oxyl-3-oxide (PTIO, 3X10™* M, n=6), a NO trapper
(Akaike et al., 1993) was added to the organ bath at the
time of second phenylephrine administration. The effects
of manganese chloride (MnCl,, n=6), iron chloride
(FeCl,, n=6), zinc chloride (ZnCl,, n=6) and calcium
chloride (CaCl,, n=6) on isometric tension of rings
preconstricted with 10~ M phenylephrine were addition-
ally assessed in other rings. Isometric tension was recorded
and the relaxations were plotted as the percentage of the
contraction induced by 10~° M phenylephrine.

2.3. Evaluation of intracellular cGMP content

The pulmonary arterial rings were mounted in the organ
baths as described above. In these experiments, zaprinast
(type V, cGMP-specific phosphodiesterase inhibitor; 100
uM) was aso added 10 min before administration of
phenylephrine. The maximal dilation was observed about 2
min after addition of CuCl,. At the point of maximal
dilation, the buffer in the organ baths was discarded and
the rings were rapidly frozen under liquid nitrogen. Vehi-

cle-control (distilled water) rings were also frozen in the
same fashion. The rings were freeze-dried for 24 h, and
weighed. Cyclic GMP was extracted by homogenizing the
frozen ringsin 1 ml of ice-cold 6% trichloroacetic acid and
by centrifuging the homogenate at 3000 rpm for 15 min.
Extraction was then performed in duplicate with 5 ml
diethyl ether. Measurements were made in duplicate on
100 p! aliquots with a radioimmunoassay kit (Yamasa
shoyu, Tokyo, Japan). cGMP content was expressed as
picomoles per mg dry weight of pulmonary arteria ring
tissue.

2.4. Effect of CuCl, and acetylcholine on the tension of
pulmonary arterial rings

In order to compare the relaxant effect of Cu?* and
acetylcholine, different concentrations of CuCl, (107¢ M,
107> M and 10~* M) and acetylcholine (107" M, 2 X
107" M and 3x 10’ M) were added at the same time.
Namely different concentrations of CuCl, and acetyl-
choline were added alone or simultaneously and percent
dilatation was assessed.

2.5. Effect of CuCl, on relaxation induced by NO donors

To assess the effect of CuCl, on a NO donor, 3-(2-hy-
droxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-propana-
mine or NOC 7 (Dojindo, Kumamoto, Japan) induced
vasorelaxation at concentrations of 107° M, 1078 M,
1077 M and 10~ ® M, these were sequentially added to the
phenylephrine-preconstricted rings at 3 min interval (3 min
being enough to reach the plateau vasorelaxatory effect of
NOC 7) in the presence or absence of CuCl,. 107* M
L-NMMA was added as a pretreatment to inhibit endoge-
nous NO synthase. When NOC 7 was added to the neutral
buffer (pH 7.4), it immediately released double molar NO,
the half-life (t, ,,) of which has been reported to be 5 min
(Dojindo, unpublished observation).

2.6. Reagents

EBSS, CuCl,, phenylephrine hydrochloride, acetyl-
choline chloride, and zaprinast were obtained from Sigma
(St. Louis, MO, USA). CusO,, MnCl,, FeCl,, ZnCl,, and
CaCl, were from Wako (Tokyo, Japan). L-NMMA and
PTIO were purchased from Calbiochem (La Jolla, CA,
USA) and Tokyo Kasei Kogyo (Tokyo, Japan), respec-
tively. Indomethacin was a gift from Y amanouchi Pharma-
ceutical (Tokyo, Japan). The NO donor, NOC 7, was from
Dojindo (Kumamoto, Japan). PTIO and zaprinast were
dissolved in 99.9% ethanol (final concentration of ethanol
was 0.30%) and 0.1 M NaOH, respectively. NOC 7 was
dissolved in 0.1 M NaOH, and further dissolved in 0.02 M
NaOH just before using. All other drugs were prepared in
ditilled water. All concentrations were expressed as fina
concentration in the organ bath solution.
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Fig. 1. Dose-dependent vasodilatory effects of Cu?* (as CuCl, (@) and
CusO, (O)) on rat endothelium-intact pulmonary arterial rings. Rat
pulmonary arterial rings were preconstricted with 1078 M phenylephrine.
The data were calculated as a percentage of the maximal constriction.
Values are mean+ S.E.M. of six experiments. © P < 0.05 (vs. vehicle
control (&)).

2.7. Satistics

All values are presented as mean + SE.M. Statistical
evaluation of each value was performed using a one-way
analysis of variance with Bonferroni for multiple compar-
isons. Results of curves were compared by using two-way
factor (treatment and concentration) analysis of variance
for repeated measures. If the P value was significant, a
one-way analysis of variance with Bonferroni for multiple
comparisons was employed to allow comparison of indi-
vidual means. Values were considered to be statistically
significant when the P values were less than 0.05.

3. Reaults

3.1. Effects of divalent metal ions on isolated pulmonary
arterial rings preconstricted with phenylephrine

Both CuSO, and CuCl, (10~ '-10"% M) dose-depen-
dently dilated phenylephrine-preconstricted pulmonary ar-
terial rings (Fig. 1). A maximal relaxation to CuCl, (29.3
+ 6.5%) and to CuSO, (41.9 + 6.1%) was obtained with
107* M Cu®" in endothelium-intact rings. Endothelium
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Fig. 2. Effects of various divalent metal ions on rat pulmonary arterial
rings. Rat pulmonary arterial rings were preconstricted with 1078 M
phenylephrine. Concentration of each ion was 10~* M. Values are
mean+ S.E.M. of six experiments.

denudation significantly attenuated the vasodilating effect
of CuCl, (Table 1).

Blunting of the relaxation response in endothelium-in-
tact pulmonary arterial rings was accomplished by pretreat-
ment with L-NMMA (10~* M, Table 1) or PTIO(3 x 10~*
M, Table 1). Among other four divalent metals, MnCl,
dilated pulmonary arterial rings (25.7 + 3.8% at a dose of
104 M) preconstricted with phenylephrine as shown in
Fig. 2, while FeCl, inversely augmented the vasoconstric-
tion. Neither ZnCl, nor CaCl, dtered phenylephrine-
induced constriction.

3.2. Detection of cGMP in pulmonary arterial rings

Tissue concentrations of cGMP increased 1.7-fold over
the control tissue in response to CuCl, at a dose of 10~ *
M (Fig. 3). Increase in tissue cGMP content in response to
CuCl, was inhibited and showed a lower level than the
control level by pretreatment with L-NMMA (10~ M).
When pulmonary arterial rings were treated with acetyl-
choline (10~® M), the cGMP levels increased 4-fold over
control levels (data not shown). We then examined the
effect of zaprinast, type V, a cGMP-specific phosphodi-
esterase inhibitor, on the basdline and Cu?*-induced cGMP
levels. During the preincubation of the pulmonary arterial
rings with 100 wM zaprinast a 37°C for 10 min, the
resting level of cGMP increased about 1.9-fold in the
vehicle control, whereas 10~* M Cu?* elevated the cGMP

Table 1

Vasorelaxant effect of Cu?* on rat pulmonary arterial rings precontracted with 10~% M phenylephrine

Concentration of Cu?* (M) 1077 1075 1075 1074

Endothelium-intact ring 52+15 159+ 34 229+5.2 203+ 6.5
pretreated with 1074 M L-NMMA -06+052 -01+09°% 33+11° 69+20°%
pretreated with 3 X 10~* M PTIO -02+07°2 -05+10° 01+15°% 12+21°2

Endothelium-denuded ring -09+062 09+102 40+18°% 77+23%

Percent dilatation to various concentrations of Cu?* are shown. L-NMMA and PTIO were added 10 min before administration of phenylphrine. Values are
mean + SEM., n=6. * P < 0.05 vs. endothelium-intact ring.
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Fig. 3. Amounts of cyclic GMP in rat pulmonary arterial rings. All
procedures were performed in the absence or presence of 1074 M
zaprinast. Values are mean+ S.E.M. of four experiments. * P < 0.05.

content to 1.8-fold compared with 10°* M Cu?* in the
absence of zaprinast.

3.3. Effect of CuCl, and acetylcholine

10" M acetylcholine and 107° M CuCl, dilated pul-
monary arterial rings to 13.8 4+ 1.5% and 13.5 + 2.0%,
respectively. 26.4 + 2.3% relaxation was shown when both
were added simultaneously (Fig. 4a). 1077 M acetyl-
choline and 10> M CuCl, induced dilatation to 14.2 +
3.3% and 24.6 + 4.5%, respectively. 38.5 + 3.9% relax-
ation occurred by addition of both (Fig. 4b). 107" M
acetylcholine and 10~* M CuCl, relaxed the rings by
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Fig. 5. Effect of CuCl, pretreatment on relaxation induced by NOC 7.
Vasodilatory effects of NOC 7 on rat pulmonary arterial rings pretreated
with (O) or without (@) 107° M CuCl,. Rat pulmonary arteria rings
were preconstricted with 107® M phenylephrine. The data were calcu-
lated as a percentage of the maximal constriction. Values are mean+
S.E.M. of four experiments.

14.7 + 1.1% and 35.0 + 1.0%, respectively. 47.0 + 1.0%
relaxation was noted by addition of both (Fig. 4c). When
both acetylcholine (at doses of 2x 1077 M and 3x 10~ 7
M) and CuCl, (107° M, 10~°> M) were added simultane-
ously, additional vasodilatory effects were observed (Fig.
4d-f).

3.4. Effect of CuCl, on relaxation induced by NOC 7

NOC 7 dose-dependently relaxed rings preconstricted
with 107® M phenylephrine, but 107> M CuCl, did not
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Fig. 4. Effect of acetylcholine and CuCl, on pulmonary arterial rings. Acetylcholine and CuCl, were added alone or simultaneously. Values are
mean + S.E.M. of four experiments. 10~7 M acetylcholine and 1078 M CuCl, additionally dilated pulmonary arterial rings to 26.4 + 2.3% when they
were simultaneously added (). 1077 M acetylcholine and 10™° M CuCl, (b), 10™7 M acetylcholine and 10™* M CuCl, (c), 2X 10~ M acetylcholine
and 107® M CuCl, (d), 2 X 10~7 M acetylcholine and 10~° M CuCl, (e), and 3 X 107 M acetylcholine and 10~ % M CuCl, (f) showed similar results.
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modulate the vasodilatory effect induced by NOC 7 (Fig.
5).

4, Discussion

The major findings in our experiments are that divalent
transition metals Cu?* and Mn?* but not Zn?*, Fe*", or
Ca* caused endothelium-dependent, concentration-depen-
dent vasodilation. Cu?*-dependent vasodilation was inhib-
ited in the presence of either L-NMMA, a nitric oxide
synthase inhibitor or PTIO, a NO trapper and Cu®* in-
creased tissue cGMP content of pulmonary arterial rings.
Taken together, these results suggest three possibilities:
First, Cu?" may activate vascular endothelial NO syn-
thase. Second, Cu?* may prolong the half-life of NO by
mechanisms that mimic the action of superoxide dismu-
tase, ultimately resulting in the potentiation of NO activity
in vascular tissue. Thirdly, Cu?* stimulates NO release
from endogenous S-nitrosothiols as Gordge et a. (1995)
described. Assuming that the vasodilatory mechanisms of
acetylcholine and Cu?* are different, vasorelaxation due to
simultaneous addition of both would be synergistic. In this
study, the effect of the simultaneous addition of both on
their vasorelaxant ability was seen to be additive when
compared with that of either acetylcholine or Cu?* aone.
This observation further suggested activation of a common
vasodilatory pathway by acetylcholine and Cu®": activa-
tion of NO synthase.

What is the mechanism by which Cu?* augments vas-
cular endothelial NO synthase activity? It has been re-
ported that optimal activation of guanylate cyclase via its
heme group is required for NO to be in its oxidized (NO™,
nitrosonium) form (Severina et al., 1992). Such an oxida
tion could occur during the conversion of Cu(ll) to Cu(l):
redox regulation of soluble guanylate cyclase (White et al.,
1976). Palmer and Moncada (1989) further noted that
some divalent cations were necessary for the activation of
NO synthase. Although we did not assess directly the
activity of NO synthase, our results suggest that Cu?"
itself would work independently from the element of su-
peroxide dismutase since it has been reported that the
action of superoxide dismutase cannot be attributed to the
activation of NO synthase; superoxide dismutase failed to
increase the formation of L-citrulline from L-arginine
(Hobbs et al., 1994), though copper functions in electron
transport during the catalytic cycle in Cu,Zn-superoxide
dismutase (Fridovich, 1986). Another possible vascular-
tone modulation by Cu?* may partly be due to the en-
hancement of Fenton’s type reaction to produce hydroxyl
radicals from H,O, (Ookawara et al., 1992), causing
changes in the cellular redox state, which may affect NO
synthase activity.

As a second possibility, recently Kasten et al. (1994)
reported that manganese potentiates NO-mediated vascular

relaxation probably by prolonging the half-life of NO by a
mechanism mimicking the action of superoxide dismutase,
though over 80 wM of manganese lost its vasorelaxant
ability. In our study, when a NO donor, NOC 7 (Maragos
et al., 1991; Hrabie et al., 1993) was exogenously added in
the presence of L-NMMA (in order to inhibit endogenous
NO synthase), Cu?* did not potentiate relaxation induced
by the NO donor. The experimental result, thereby, negates
the possibility of prolongation of the half-life of NO by
Cu?*. Thus, although the effects of Cu?* and Mn?* on
raising cGMP level in the pulmonary arteria ring system
were phenotypically indistinguishable from each other, the
effect of Mn?* provides a striking contrast to that of
Cu?*, of which the action site is now considered to be
activation of NO synthase activity.

Thirdly, Cu?* might stimulate NO release from the
endogenous S-nitrosothiols since Gordge et al. (1995)
described the specific Cu?* chelator bathocuproine
sulphonate in washed human-platelet suspension reducing
the inhibition of thrombin-induced platelet aggregation by
exogenous S-nitrosoglutathione and cGMP generation and
Cu?* itself enhancing S-nitrosoglutathione-induced antiag-
gregatory activity. We, however, found no additional study
to give further insight into this issue.

There are other possible mechanisms of Cu?*-induced
relaxation: Does copper directly activate vascular guany-
late cyclase? This possibility is, however, negated since
the intact endothelium was prerequisite for Cu?*-induced
vasorelaxation. The same explanation may be applicable to
the argument supporting non-involvement of Cu?* in ex-
tending the half-life of cGMP in vascular smooth muscle.
The endothelium dependence of vasodilators is generally
related to the production and release of two possible types
of mediators by the endothelia cell, EDRF or arachidonic
acid-derived metabolites, in particular, prostacyclin
(Gryglewski et al., 1988). EDRF, which is a NO or a
closely related substance (Ignarro et al., 1987; Pamer et
al., 1987), is believed to penetrate into the smooth muscle
cell, bind and activate guanylate cyclase through binding
to its heme moiety, thereby producing cGMP, which in
turn causes relaxation by a mechanism not yet delineated.
Prostacyclin, on the other hand, causes vasodilation by the
activation of adenylate cyclase and resultant production of
cyclic AMP (Moncada and Vane, 1979). The latter possi-
bility was negated, because the cyclooxygenase inhibitor,
indomethacin, was present throughout the experiments.

In this study we used zaprinast, as a phosphodiesterase
V inhibitor (Komas et al., 1991). The effect of the coexis-
tence of zaprinast and Cu?* on the elevation of cGMP
level may be accounted for by synergistic activation of
guanylate cyclase in response to increased NO which was
attained through NO synthase activated by Cu?*, and of
suppression of cGMP degradation by phosphodiesterase
which was partially inhibited by zaprinast. This hypotheti-
cal implication was further verified by the calculation
using the experimental data shown in Fig. 3.



54 T. Ohnishi et al. / European Journal of Pharmacology 319 (1997) 49-55

Cu?* increases NO production rate without altered
degradation rate of NO and raises cGMP level 1.68-fold,
that is, from 1.35 to 2.27 (pmol /mg dry weight). How-
ever, our present result and a previous report by Kasten et
a. (1994) indicated that 100 wM zaprinast suppressed
degradation of cGMP through the nonspecific inhibition of
phosphodiesterase activity, resulting in a 1.88-fold eleva
tion of intracellular cGMP level, from 135 to 2.54
(pmol /mg dry weight). The concurrent treatment of pul-
monary arterial rings with Cu?* and zaprinast, therefore,
can be expected to be synergistic in increasing intracellular
cGMP level because the action site of Cu?* may be
different from that of zaprinast. In fact, the experimental
data (4.1 pmol /mg dry weight) are in accordance with the
predicted cGMP level which was estimated to be 4.26
pmol /mg dry weight on the basis of a synergistic model,
namely 1.68 X 1.88 x 1.35 = 4.26. If the effects of Cu?*
and zaprinast were simply additive, intracellular cGMP
concentration would be estimated to be 3.46 pmol /mg,
which would significantly deviate from the present experi-
mental data.

Altura and Altura (1987a,b) reported that magnesium is
an important co-factor for acetylcholine-induced endothe-
lium-dependent relaxation in canine coronary arteries, sug-
gesting enhancement of vascular NO synthase activity. On
the contrary, Howard et al. (1995) described that magne-
sium inhibits porcine aortic endothelial cell NO synthase
activity, probably due to competitive antagonism of intra-
cellular calcium. In our study, we could not verify any
similarity between Cu?* and Mg?* regarding the mecha-
nism of pulmonary vasodilation.

One can raise the question about the pathophysiological
relevance of our findings since in human blood vessels all
free Cu?* would be bound to ceruloplasmin, a Cu?*
carrying plasma protein. However, in the pathological
state, Cu?" released from fragmented superoxide dismu-
tase might contribute to vasodilation of local circulation,
causing hyperemia. In this regard, Ookawara et al. (1992)
reported that site-specific and random fragmentation of
superoxide dismutase occurred by glycation reaction and
that glycated Cu,Zn-superoxide dismutase is increased in
the erythrocytes of patients with diabetes mellitus (Arai et
al., 1987).

In conclusion, this investigation demonstrated that in rat
pulmonary arterial rings the vasodilating effectiveness of
Cu?* was due to activation of NO synthase.
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