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Abstract

The mechanisms underlying the hydrogen peroxide-induced relaxation of the norepinephrine-contraction were studied by measuring
isometric force, myosin light chain (MLC,,) phosphorylation and cyclic GMP in endothelium-denuded muscle from the guinea-pig aorta.
Norepinephrine (5.2 + 1.3 uM) produced a phasic, followed by a tonic contraction. Hydrogen peroxide (10 and 100 pM), glyceryl trinitrate
(30 and 300 nM) and 8-bromo cyclic GMP (30 and 100 pM) did not change the basal tone, but reduced the norepinephrine-induced
contraction. Phosphorylation of MLC,, (percentage of phosphorylated to total MLC,() was increased 1 min (5.9 = 1.0% vs. 35.9 &+ 4.9%)
and, to a lesser extent, 20 min (3.7 = 1.7% vs. 13.9 £ 1.6%) after the addition of norepinephrine. Hydrogen peroxide (100 pM) did not
modify basal MLC,, phosphorylation, but reduced the increase in MLC,, phosphorylation induced by 1-min exposure to norepinephrine
(20.9 + 4.1%). Its effect was abolished by catalase. When the tissue was incubated for 20 min with norepinephrine in the presence of
hydrogen peroxide, norepinephrine-induced MLC,, phosphorylation was not changed (13.6 & 1.5%), as compared to that in the absence of
hydrogen peroxide. Hydrogen peroxide relaxed norepinephrine-stimulated aortas in a concentration-dependent fashion with ECsq values of
5.9 £ 0.2 uM. The relaxation was inhibited by soluble guanylate cyclase inhibitors and increased by an inhibitor of cyclic GMP-selective
phosphodiesterase. In aorta precontracted with norepinephrine, hydrogen peroxide (100 uM) relaxed the tissue by 89 + 11% and almost
doubled tissue concentrations of cyclic GMP, whereas sodium nitroprusside (1 uM) relaxed the tissue by 100% and increased cyclic GMP
concentrations 30-fold. It is suggested that the inhibitory effects of hydrogen peroxide on the norepinephrine-induced phasic and sustained
contractions are explained by a decrease in MLC,, phosphorylation and by an alteration in MLC,y phosphorylation-independent
mechanisms, respectively. The effects of hydrogen peroxide were in part mediated by cyclic GMP.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Smooth muscle contraction is normally thought to be
regulated by Ca® " and involves reversible phosphorylation
and dephosphorylation of the 20-kDa regulatory light
chain subunit of myosin (MLC,,), by the Ca* */calmodu-
lin-dependent myosin light chain kinase and myosin light
chain phosphatase, respectively, and MLC,, phosphoryla-
tion allows activation of myosin adenosine triphosphatase
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E-mail address: fujimoto@med.nagoya-cu.ac.jp (S. Fujimoto).

by actin, resulting in contraction (Kitazawa et al., 1991;
Somlyo and Somlyo, 1994). On the other hand, vascular
contraction in response to some agonists is maintained
despite a fall in MLC,, phosphorylation and intracellular
Ca’", suggesting that the agonist induces an alteration in
Ca® "-sensitivity of contractile elements and MLC,, phos-
phorylation-independent contraction in vascular smooth
muscle (Himpens et al., 1990). The agonist-induced in-
crease in Ca’" sensitivity may be mediated through a
small G-protein Rho A and protein kinase C (Jiang and
Morgan, 1987; Throckmorton et al., 1998). Rho A acti-
vates Rho kinase, which phosphorylates myosin light
chain phosphatase (and inactivates phosphatase) (Kimura
et al., 1996). Activation of protein kinase C results in
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phosphorylation of calponin and caldesmon (thus contrac-
tion) via mitogen-activated protein kinase activation
(Walsh et al., 1994).

Hydrogen peroxide, an important byproduct of normal
cellular oxidative metabolism (Raimondi et al., 2000),
which is found in human plasma at micromolar concen-
trations (Lacy et al., 1998; Liu and Zweier, 2001), has been
implicated in the pathophysiology of a variety of cardio-
vascular disorders including hypertension, myocardial is-
chemia and atheroscrelosis (Hearse et al., 1993; Ross, 1993;
Lacy et al., 1998). However, the mechanisms by which
hydrogen peroxide brings about these disorders still remain
unclear. Hydrogen peroxide causes a contraction or a
relaxation in vascular smooth muscle, depending on the
species, tissues and baseline tone. Under resting tension,
hydrogen peroxide contracts rat, porcine and rabbit pulmo-
nary arteries (Rhoades et al., 1990; Sheehan et al., 1993; Jin
and Rhoades, 1997; Pelaez et al., 2000a,b), rat aorta
(Rodriguez-Martinez et al., 1998; Yang et al., 1998b), dog
cerebral artery (Yang et al., 1999b) and human umbilical
artery (Okatani et al., 1997). It has been suggested that the
hydrogen peroxide-induced contraction is either Ca®™-
dependent in dog basilar artery (Yang et al., 1999b) or
Ca® *-independent in rat, porcine and rabbit pulmonary
arteries (Jin et al., 1991; Sheehan et al., 1993; Pelaez et
al., 2000a,b), and is mediated by tyrosine kinase (Jin and
Rhoades, 1997; Yang et al., 1998b, 1999b), phospholipase
As,/arachidonate metabolism (Barlow and White, 1998;
Yang et al., 1998b), phospholipase C (Sheehan et al.,
1993), phosphatidylinositol 3-kinase (Yang et al., 1999b)
or voltage-gated Ca®" channels (Yang et al., 1999b). In
addition, there are controversial results suggesting that
hydrogen peroxide-induced contraction may or may not be
mediated by protein kinase C and mitogen-activated protein
kinase (Bass and Berk, 1995; Rao et al., 1995; Guyton et al.,
1996; Jin and Rhoades, 1997; Yang et al., 1999b; Pelaez et
al., 2000b). MLC,, phosphorylation seems not to be
required for hydrogen peroxide-induced contraction in rat
pulmonary and systemic arterial and venous smooth muscle
(Pelaez et al., 2000a).

In agonist-stimulated artery, hydrogen peroxide causes
endothelium-dependent or -independent relaxation. Briefly,
hydrogen peroxide-induced relaxation is mediated by the
stimulated release of nitric oxide from the endothelium in rat
aorta, canine and cat cerebral arteries and guinea-pig nasal
mucosa vasculature (Fraile et al., 1994; Yang et al., 1998a,
1999a; Hirai et al., 2000). On the other hand, hydrogen
peroxide relaxes directly smooth muscles of rabbit and
mouse mesenteric arteries (Matoba et al., 2000; Fujimoto
et al., 2001), bovine and rabbit pulmonary arteries (Burke
and Wolin, 1987; Burke-Wolin et al., 1991; Iesaki et al.,
1999), porcine and canine coronary arteries (Rubanyi and
Vanhoutte, 1986; Bény and Von der Weid, 1991; Barlow
and White, 1998; Hayabuchi et al., 1998; Barlow et al.,
2000). It seems likely that hydrogen peroxide is an endo-
thelium-derived relaxing factor which acts on vascular

smooth muscle (Vanhoutte, 2001). Hydrogen peroxide
causes hyperpolarization as a result of activation of ATP-
sensitive or Ca” - and voltage-activated K* channels in the
vascular smooth muscles (Wei et al., 1996; Sobey et al.,
1997; Barlow and White, 1998; Hayabuchi et al., 1998;
Barlow et al., 2000; Matoba et al., 2000). However, we have
found that the relaxation response of rabbit mesenteric
artery to hydrogen peroxide is not inhibited by glibencla-
mide (an ATP-sensitive K channel blocker) and tetraethy-
lammonium (a non-selective Ca®*-sensitive K* channel
blocker) (Fujimoto et al., 2001). In addition, it has been
suggested that the hydrogen peroxide-induced relaxation is
mediated by an enhanced formation of phospholipase A,
and lipoxygenase metabolites (Barlow et al., 2000) and of
cyclic GMP via soluble guanylate cyclase activation in
smooth muscle (Burke and Wolin, 1987; Burke-Wolin et
al., 1991; Zembowicz et al., 1993; Hayabuchi et al., 1998;
Iesaki et al., 1999; Fujimoto et al., 2001). On the other hand,
the relaxation in response to hydrogen peroxide seems not to
be mediated by cyclic GMP in dog and cat cerebral arteries
(Wei et al., 1996; lida and Katusic, 2000 ) or in dog trachea
(Lorenz et al., 1999).

Hydrogen peroxide inhibits norepinephrine-induced tran-
sient contraction in the absence of extracellular Ca**
(Fujimoto et al., 2001) and agonist-induced increase in
Ca®" sensitivity of vascular and tracheal smooth muscles
(Tesaki et al., 1996; Lorenz et al., 1999). There is evidence
that cyclic GMP inhibits the agonist-induced Ca” " sensiti-
zation of contractile elements in vascular smooth muscle
(Rembold et al., 2000; Sauzeau et al., 2000; Nauli et al.,
2001). The present study made use of guinea-pig aorta,
since hydrogen peroxide-induced relaxation in this tissue
has received less attention and blood vessels are highly
heterogeneous. Thus, the present study was designed to
determine the effects of hydrogen peroxide on force devel-
opment, cyclic GMP concentrations and MLC,, phosphor-
ylation in aorta without endothelium.

2. Materials and methods

2.1. Tissue preparation and measurement of isometric
tension

The animal care and research protocols were in accord-
ance with the guidelines of our university. Male Hartley
guinea-pigs (250—350 g) were anesthetized with pentobar-
bitone sodium (Nembutal, 40 mg/kg, i.v.) and killed by
rapid exsanguination. The thoracic aortas were isolated and
placed in cold Krebs—Henseleit bicarbonate (KHB) solution
of the following composition (mM): NaCl 114, KCl 4.7,
CaCl, 2.5, MgCl, 1.2, KH,PO, 1.2, NaHCO3; 25 and
dextrose 10. The aorta was cut into rings (1.7—-2 mm in
diameter and 1.5—-2 mm in length), and the endothelium of
the preparations was removed by gently rubbing the intimal
surface with a metal wire. Each aorta ring was stretched to
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the resting tension of 1.6 g in 4 ml of warmed (37 °C) KHB
solution, oxygenated with a 95% O, and 5% CO, gas
mixture for isometric recording. The solution contained 3
UM propranolol to avoid P-adrenoceptor-mediated res-
ponses (Fujimoto and Itoh, 1997). After an equilibration
period of 60—90 min, conditioning contractions were
induced 3 times with 1-10 uM norepinephrine for 5—10
min at 40-min intervals. During one of the contractions, the
presence or absence of endothelium was confirmed by the
response to acetylcholine (1 uM).

2.2. Contractile responses to norepinephrine

Aorta rings were contracted with 1-100 pM norepi-
nephrine to determine ECgs values (75—85% of the max-
imum contraction) for norepinephrine-induced contraction.
Thereafter, the preparations were contracted twice with
norepinephrine at the ECgs value for 25 min at 90-min
intervals. The second contraction was made 15-30 min
after and during treatment with hydrogen peroxide (10 and
100 uM), glyceryl trinitrate (30 and 300 pM) or 8-bromo
cyclic GMP (30 and 100 nM). Isometric tension was
recorded as a function of time on a strip chart recorder
(Nihon Kohden Kogyo, Tokyo). The time course of force
development during norepinephrine-induced contractions in
the presence of these drugs was expressed as a percentage of
the maximum norepinephrine response in the first contrac-
tion.

2.3. Relaxation responses to hydrogen peroxide

The tissue was contracted with norepinephrine at the
ECgs value. After the contraction had reached steady state,
cumulative concentration—relaxation response curves for
hydrogen peroxide were obtained, with one curve per
preparation. Similar experiments were done with prepara-
tions that had been treated with methylene blue (10 pM),
1H-[1,2,4]oxadiazolo[4,3,a]quinoxalin-1-one (ODQ, 10
UM) or zaprinast (5 uM) for 20—50 min. Methylene blue
increased the basal tone of the preparation by 150—300 mg,
the tension was re-adjusted. At the end of the experiment,
papaverine (100 pM) was added to obtain the maximum
relaxation. The relaxation response to hydrogen peroxide
was expressed as a percentage of the papaverine-induced
relaxation.

2.4. Radioimmunoassay of cyclic GMP

Radioimmunoassay techniques were used to determine
the levels of cyclic GMP. Strips (4 mm width, 3—4 mm
length) were immersed in control KHB solution containing
isobutylmethylxanthine (0.3 mM) and propranolol (3 uM),
and bubbled with a 95% O, and 5% CO, gas mixture and
kept at 37 °C, pH 7.4. After 1 h, the strips were incubated
for another 15 min in a KHB solution containing hydrogen
peroxide (100 pM), isobutylmethylxanthine and proprano-

lol. The strips were further incubated for 1 min after the
addition of norepinephrine (10 pM). All strips were
removed from the solution and quick-frozen in liquid
nitrogen. In another series of experiments, aorta strips
which had been suspended in the KHB buffer under the
resting tension of 1.6g were contracted 4 times with 5 uM
norepinephrine for 15—-20 min at 60-min intervals. During
the last contraction, hydrogen peroxide (100 puM) or
sodium nitroprusside (1 pM) was further added to the
KHB solution. Within 15 s after the tissue had been relaxed
for 15-20 min with these drugs in the presence of
isobutylmethylxanthine (30 uM), the tissue was frozen in
liquid nitrogen.

The tissues were homogenized in 0.2 ml of ice-cold 6%
trichloroacetic acid. The homogenate was centrifuged at 3000
rpm at 4 °C and the supernatant was extracted 3 times with 1
ml of water-saturated ethylether. The cyclic GMP level was
determined with a radioimmunoassay kit (Yamasa Shoyu,
Tokyo) and was expressed as pmol/mg protein. Protein assay
was done with a DC Protein Assay Kit (Bio-Rad, California).

2.5. Measurement of MLC5, phosphorylation

MLC,, phosphorylation was measured using protocols
similar to those used in our previous experiments with
guinea-pig ileum (Mori and Tsushima, 2000). Briefly,
strips of endothelium-denuded aorta (4 mm in width and
1 mm in length) were incubated for 1 and 20 min in the
KHB solution containing norepinephrine (10 pM) with
propranolol (3 pM). In some experiments, the strips were
incubated for 1 min with norepinephrine 15 and 30 min
after treatment with hydrogen peroxide (100 uM) and
catalase (700 U/ml), respectively. The strips were then
quick-frozen with 10% trichloroacetic acid in acetone-dry
ice containing 10 mM dithiothreitol and allowed to reach
room temperature. The strips were then washed with
acetone for 5 min to remove residual trichloroacetic acid.
Proteins, including MLC,,, were extracted in urea-glyc-
erol-polyacrylamide gel electrophoresis (PAGE) sample
buffer (8 M urea, 20 mM Tris, 23 mM glycine, 10 mM
dithiothreitol, 0.004% bromophenol blue and saturated
sucrose, pH 8.6) or sodium dodecyl sulfate-PAGE sample
buffer for 60 min by sonication. Protein concentrations
were determined using the Bradford-dye-binding assay
(Bio-Rad). A total of 10 uM of protein was separated by
urea-glycerol-PAGE or sodium dodecyl sulfate-PAGE fol-
lowed by electrophoretic transfer of the protein to nitro-
cellulose membrane. The membrane was blocked with 5%
skim milk in phosphate-buffered saline overnight at 4 °C,
and incubated with anti MLC,, antibody or anti phos-
phorylated MLC,, antibody for 3 h at room temperature.
After incubation with secondary antibody, blots of non-
phosphorylated and phosphorylated MLC,, were detected
with enhanced chemiluminescence (Amersham Pharmacia
Biotech, Tokyo). The blots of enhanced chemilumine-
scence were quantitated with Lumi-Imager™ F1 (Roche



68 S. Fujimoto et al. / European Journal of Pharmacology 459 (2003) 65-73

Diagnostics, Germany). The extent of MLC,o phosphory-
lation was expressed as a percentage of phosphorylated
forms to total MLC,,.

2.6. Drugs and solutions

The following were used: acetylcholine chloride (Sigma,
St. Louis, MO), 8-bromoguanosine 3’,5'-cyclic monophos-
phate (8-bromo cyclic GMP, Sigma), catalase (from bovine
liver, Wako, Tokyo), pL-dithiothreitol (Sigma), hydrogen
peroxide (30%, Mitsubishi Gas Chem., Tokyo), 3-isobutyl-
1-methyl-xanthine (Sigma), methylene blue (Katayama
Chem., Tokyo), (—)-norepinephrine bitartrate (Sigma),
papaverine hydrochloride (Wako), pL-propranolol hydro-
chloride (Sigma), sodium nitroprusside (Wako) and tri-
chloroacetic acid (Wako). Anti MLC,, antibody and anti
phosphorylated MLC,, were purchased from Sigma, and
anti mouse immunoglobulin M peroxidase-labelled anti-
body (Biosource International, California) was used as a
secondary antibody. Glyceryl trinitrate (Nippon Kayaku,
Tokyo) was an injectable preparation for clinical use. 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, Sigma)
and zaprinast (Sigma) were dissolved in dimethyl sulfoxide
(Sigma).

2.7. Statistical analysis

The results are reported as mean values = S.E. of the
number (n) of observations. The one-way analysis of var-
iance (ANOVA) followed by Fisher’s protected least signifi-
cant difference test was used. Statistically significant
differences were accepted when P<0.05 with Student’s #-
test for two mean values and with the one-way analysis of
variance (ANOVA) followed by Fisher’s protected least
significant difference test for multiple means.

3. Results

3.1. Inhibitory effects of hydrogen peroxide, glyceryl
trinitrate and 8-bromo cyclic GMP on norepinephrine-
induced contraction

The aorta strips were contracted by norepinephrine at
concentrations (ECgs) ranging from 1.6 to 10 uM (mean
value: 5.2+ 1.3 pM, n=11). The agonist produced an
initial phasic, followed by a secondary tonic, contraction
(Fig. 1). The maximum contraction obtained 10 min after
the first application of norepinephrine was 571 £ 53 mg
(n=11). Hydrogen peroxide (10 and 100 pM) did not
significantly alter the basal levels of vascular smooth
muscle tone. When hydrogen peroxide was added to the
KHB solution 15 min before, and during the contraction
with norepinephrine, the phasic and tonic contractions
were suppressed in a concentration-dependent manner
(Fig. 1). Catalase (700 U/ml), when added to the KHB

O Control
Hydrogen peroxide:
® 10uM, O 100uM
100 =

50 =

Contraction (%)

1 1 1 1
0 5 10 15 20 25
Time after norepinephrine  (min)

Fig. 1. Time course of changes in the contractile response to norepinephrine
in the presence and absence of hydrogen peroxide. Norepinephrine
(5.2 £ 1.3 pM) was added to the KHB solution 15 min after the tissue
was exposed to hydrogen peroxide at 10 (@) and 100 uM (O). Control (O).
Ordinate, norepinephrine-induced contraction is expressed as a percentage
of the maximum norepinephrine response in the first contraction. Abscissa,
time after addition of norepinephrine into the KHB buffer (min). Vertical
bars represent S.E. of means (n=5-6). *Significantly different from
control value at a given time (P <0.05).

solution 30 min before addition of hydrogen peroxide,
abolished the inhibitory effect of hydrogen peroxide (data
not shown).

Glyceryl trinitrate (30 and 300 nM) and 8-bromo cyclic
GMP (30 and 100 pM) were added into the KHB buffer
30 min before, and during the contraction with norepi-
nephrine. These drugs did not change the basal tone of
aorta strips, but significantly reduced the ability of the
preparation to contract in response to norepinephrine (Fig.
2).

3.2. Effect of hydrogen peroxide on tissue cyclic GMP
concentrations

In the first series of experiments in which the aorta strips
were not under tension, when the strips were incubated
with norepinephrine at 10 uM for 1 min, tissue concen-
trations of cyclic GMP remained unchanged (Fig. 3A), and
treatment of the tissue for 15 min with hydrogen peroxide
(100 pM) resulted in a slight but significant increase in
tissue cyclic GMP concentrations. In strips which had been
treated with hydrogen peroxide for 15 min, further treat-
ment for 1 min with norepinephrine in the continuous
presence of hydrogen peroxide resulted in a significant
increase in arterial levels of cyclic GMP. In the second
series of experiments, the aorta strips, which had been
suspended under the resting tension, were contracted with
norepinephrine. Hydrogen peroxide (100 uM) and sodium
nitroprusside (1 uM) relaxed the precontracted aorta strips
to 84 + 11% (n=28) and 100% (rn=>5), respectively, of the
amplitude of the contraction produced with norepinephrine,
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Fig. 2. Inhibition by glyceryl trinitrate and 8-bromo cyclic GMP of
norepinephrine-induced contraction. Glyceryl trinitrate at 30 (@) and 300
nM (O), and 8-bromo cyclic GMP at 30 (@) and 100 pM (O) were added
into the KHB buffer 30 min before, and during the contraction with
norepinephrine. Control (O). Ordinate, responses to norepinephrine are
expressed as percentages of the maximum norepinephrine response in the
first contraction. Abscissa, time after norepinephrine (min). Vertical bars
represent S.E. of means (n=6). *Significantly different from controls
(P<0.05).

and tissue cyclic GMP concentrations were increased by
hydrogen peroxide (Fig. 3B) and sodium nitroprusside
(58.6 = 13.4 pmol/mg protein, n=5). Hydrogen peroxide
for 15-20 min in the absence of norepinephrine did not
alter basal vascular tone, but increased tissue cyclic GMP
concentrations.

3.3. Effect of hydrogen peroxide on norepinephrine-induced
MLC 5y phosphorylation

Phosphorylation of MLC,, was determined in aorta
strips, using Western blotting with anti MLC,, antibody
(Figs. 4 and 5A) and anti phosphorylated MLC,, antibody
(Fig. 5B and C). MLC,q phosphorylation was significantly
increased 1 min after application of norepinephrine (10 uM)
to the aorta strips (5.9 £ 1.0%, n=7 vs. 35.9 £ 4.9%, n=12;
Fig. 4A, lanes 4-6 in Fig. 5A and B, lanes 2—4 in Fig. 5C).
Hydrogen peroxide (100 pM) for 15 min had no effect on
MLC,( phosphorylation (lane 5 in Fig. 5C), but attenuated
the increase by norepinephrine in MLC,o phosphorylation
(Fig. 4A, lanes 6—8 in Fig. 5C). On the other hand, when

D Control
[[__] Norepinephrine (10 uM)
m Hydrogen peroxide (100 pM)

3y Norepinephrine plus
AN Hydrogen peroxide

A

300 300-

¥ 200 200~
Y
=
Q
£
]

2, 100+ 100
Q

0- 0

Fig. 3. Effects of hydrogen peroxide on aorta strip cyclic GMP concen-
trations in the presence and absence of norepinephrine. The preparations in
panel B but not in panel A were stretched under the resting tension. Ordinate,
cyclic GMP concentrations in control tissues are expressed as 100%
(28.8 + 5.8 pmol/mg protein, n=4 in panel A and 2.0 + 0.6 pmol/mg
protein, n=6 in panel B). Vertical bars represent S.E. of means (n=4-8).
*Significantly different from control values ( P <0.05).

the tissue was incubated with norepinephrine for 20 min,
MLC,, phosphorylation was increased but to a lesser extent
than in the tissue incubated with norepinephrine for 1 min
(3.7 1.7%, n=5 vs. 13.9 £ 1.6%, n=12; Fig. 4B, lanes
7-9 in Fig. 5A and B), although force development was
apparently greater at 20 min than at 1 min (Fig. 1). The

100 =

2
]

=1 min =20 min——

I_*'_l
50 =

50) = | gk |
(i B i |

rE NS

MLC phosphorylation (%)
MLC phosphorylation (%)

JO

m%lj

b Catalase + + + +
+ NE + + o+
H202 + o+ o+

Fig. 4. Effects of hydrogen peroxide on norepinephrine-induced MLCyq
phosphorylation in aortic smooth muscle. MLC,, phosphorylation was
determined 1 (A and C) and 20 min (B) after application of norepinephrine
(10 uM). Hydrogen peroxide (100 uM) and catalase (700 U/ml) were added
to KHB buffer 15 and 30 min before, and during administration of
norepinephrine, respectively. Ordinate, MLC,, phosphorylation is ex-
pressed as a percentage of phosphorylated forms to total MLC,. Vertical
bars represent S.E. of means (n=4-8). *Significant difference between
both values ( P<0.05). NS: not significantly different.
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norepinephrine-induced increase in MLC,, phosphorylation
was not attenuated by hydrogen peroxide, and hydrogen
peroxide alone for 35 min did not alter MLC,, phosphor-
ylation (Fig. 4B). When the aorta strips were treated with
catalase (700 U/ml) for 30 min, MLC,, phosphorylation
remained unchanged (Fig. 4C). Norepinephrine (10 pM) for
1 min in the presence of catalase increased MLC,, phos-
phorylation as did norepinephrine in the absence of catalase
(Fig. 4C vs. A). The inhibitory effect of hydrogen peroxide
on the norepinephrine-induced increase in MLC,, phos-
phorylation was abolished by catalase. Hydrogen peroxide
did not alter MLC,, phosphorylation in the presence of
catalase.

3.4. Relaxant effect of hydrogen peroxide

The aorta strips were contracted with a submaximal
concentration of norepinephrine to give an 85-75% max-
imal response. Hydrogen peroxide (0.3—100 pM) produced
concentration-dependent relaxation with ECsy values of
5.85+ 0.21 pM, n=6 (Fig. 6). The concentration—response
curves for hydrogen peroxide were partly shifted to the right

A Treatment with
norepinephrine for
Control 1 min 20 min

— MILC
= MLC-P

-UU..B'.

12 3 4 5 67 8 9

B Treatment with
norepinephrine for
Control 1 min 20 min

e o W wy e - MLC-P

12 3 4 5 67 8 9

C Treatment with norepinephrine

- .
— W NP e T W e -\ Cop

Control Hydrogen peroxide

Fig. 5. Effects of hydrogen peroxide on norepinephrine-induced phosphor-
ylation of MLC,. (A) shows representative immunoblotting of MLC
(nonphosphorylated MLC,) and MLC-P (phosphorylated MLC,) using
anti MLC,, antibody. (B) and (C) show immunoblotting of MLC-P with
anti-phosphorylated MLC,, antibody. In (A) and (B), lanes 1-3, controls;
lanes 4—6 and lanes 7-9, norepinephrine (10 uM) for 1 and 20 min,
respectively. In (C), the strips were pretreated with vehicle (lanes 1—-4) and
100 uM hydrogen peroxide for 15 min (lanes 5-8) and then further
incubated for 1 min with 10 pM norepinephrine in the presence (lanes 6—8)
and absence of hydrogen peroxide (lanes 2—4).

QO Control

@ Zaprinast (5 uM)

[0 Methylene blue (10 uM)
l 0DQ (10 M)

01

50

Relaxation (%)

100

76 5 4
Hydrogen peroxide (-log M)

Fig. 6. Effects of drugs affecting cyclic GMP production and degradation
on hydrogen peroxide-induced relaxation. The relaxant response to
hydrogen peroxide was determined in aorta strips which had been treated
with 5 pM zaprinast (@), 10 uM methylene blue (O0) or 10 uM ODQ (M) for
20—50 min and then contracted with norepinephrine. Control (O).
Papaverine (100 uM)-induced relaxation is expressed as 100% (ordinate).
Vertical bars represent S.E. of means (n=5-7). *Significantly different
from appropriate controls ( 2 <0.05).

and upwards by methylene blue (10 uM) and ODQ (10 pM),
and to the left by zaprinast (5 pM).

4. Discussion

The findings in the present study on guinea-pig aorta are
as follows: (1) hydrogen peroxide inhibited norepinephrine-
induced phasic and sustained contractions, (2) MLC,g
phosphorylation was increased by exposing aorta strips to
norepinephrine for 1 min and to a lesser extent for 20 min,
(3) the former effect but not the latter was inhibited by
hydrogen peroxide, (4) in norepinephrine-contracted aorta,
hydrogen peroxide elicited a relaxation, and increased tissue
concentrations of cyclic GMP significantly but less mark-
edly than did sodium nitroprusside, and (5) the relaxant
effect of hydrogen peroxide was changed by drugs affecting
cyclic GMP production or degradation.

The relaxation response to hydrogen peroxide was
dependent, partly dependent or independent of the presence
of endothelial cells (see Introduction). Briefly, it was sug-
gested that hydrogen peroxide relaxed blood vessels via
both an enhanced release of endothelial nitric oxide result-
ing in an accumulation of cyclic GMP in smooth muscle
(Zembowicz et al., 1993; Yang et al., 1998a, 1999a), and
endothelial production of cytochrome P450 metabolites in
rat aorta (Yang et al., 1999a). In addition, the relaxation was
associated with release of acetylcholine in dog basilar artery
(Yang et al., 1998a). We also found that hydrogen peroxide
elicited relaxation and increased tissue concentrations of
cyclic GMP in endothelium-denuded, norepinephrine-con-
tracted aorta. Hydrogen peroxide alone also increased tissue
cyclic GMP concentrations (Fig. 3B). The relaxation was
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partly inhibited by methylene blue and ODQ (soluble
guanylate cyclase inhibitors), and potentiated by zaprinast
(an inhibitor of cyclic GMP-selective phosphodiesterase),
supporting the previous findings with rabbit mesenteric
artery (Fujimoto et al., 2001). In aorta which was not
stretched at the resting tension, hydrogen peroxide increased
the tissue concentration of cyclic GMP and also increased it
1 min after treatment with norepinephrine in the continuous
presence of hydrogen peroxide (Fig. 3A). 8-Bromo cyclic
GMP and glyceryl trinitrate (which relaxed vascular smooth
muscle via cyclic GMP) as well as hydrogen peroxide
attenuated the contractile response to norepinephrine. The
present and previous results suggest that hydrogen peroxide
acts directly on vascular smooth muscle to cause cyclic
GMP-mediated relaxation (Burke and Wolin, 1987; Burke-
Wolin et al., 1991; Zembowicz et al., 1993; Iesaki et al.,
1994; Hayabuchi et al., 1998; Fujimoto et al., 2001),
although others found that the drug dilated cat and dog
cerebral arterioles without involving cyclic GMP (Wei et al.,
1996; Iesaki et al., 1999; lida and Katusic, 2000). We are of
the opinion that the relaxant effect of hydrogen peroxide
cannot be solely explained by an accumulation of cyclic
GMP in aortic smooth muscles, since the hydrogen per-
oxide-induced increase in the tissue concentration of cyclic
GMP was markedly less than that by sodium nitroprusside
(2—3 vs. 30 times). The basal cyclic GMP concentration in
the present study was close to the result usually found in
endothelium-denuded aorta (Delpy et al., 1996).

It is generally accepted that the agonist-induced contrac-
tion is due both to Ca>* influx from extracellular space,
Ca’" released from internal stores, and to an increase in
Ca’" sensitivity of contractile proteins. We previously
found that, unlike verapamil, hydrogen peroxide inhibited
the norepinephrine-induced, short-lived contraction of rabbit
mesenteric artery in a Ca® *-free solution, suggesting that the
contraction initiated by Ca® " released from its storage sites
is sensitive to hydrogen peroxide (Fujimoto et al., 2001).

Norepinephrine increased MLC,, phosphorylation at 1
min after application of the agonist. Hydrogen peroxide
failed to change MLC,, phosphorylation, but reduced the
increase in MLC,, phosphorylation induced by norepi-
nephrine, and the effect of hydrogen peroxide was abolished
by catalase, which catalyzed the conversion of hydrogen
peroxide to oxygen and water. Thus, the inhibitory effect of
hydrogen peroxide on norepinephrine-induced phasic con-
traction is at least in part explained by decreased phosphor-
ylation of MLC,. Similarly, hydrogen peroxide reduced the
acetylcholine-induced contraction and phosphorylation of
regulatory myosin light chain in airway smooth muscle
(Lorenz et al., 1999).

It has been shown that vascular contraction in response to
some agonists is maintained despite decreases in MLC,,
phosphorylation and in intracellular Ca>*, suggesting an
increase in Ca® * sensitivity of contractile proteins (Himpens
et al., 1990). Furthermore, it seemed that myosin light chain
kinase could stimulate the adenosine triphosphatase activity

of smooth muscle myosin without phosphorylating MLC,,
(Kishi et al., 2000). In spite of its marked relaxant effect on
vascular and tracheal smooth muscles, hydrogen peroxide
produced a rapid (transient), followed by a sustained,
increase in intracellular Ca® " concentration (Krippeit-Drews
et al., 1995; Iesaki et al., 1996; Lorenz et al., 1999). It was
reported that hydrogen peroxide and cyclic GMP attenuated
Ca®" sensitivity of contractile proteins in rabbit aorta, rat
mesenteric artery, ovine cranial artery and guinea-pig portal
vein (Iesaki et al., 1996; Kawada et al., 1997; Sauzeau et al.,
2000; Nauli et al., 2001). The vasorelaxation in response to
hydrogen peroxide and 8-bromo cyclic GMP was more
marked in agonist-stimulated arteries than in arteries depo-
larized by high-K" solution (Burke and Wolin, 1987; Iesaki
et al., 1996; Fujimoto et al., 2001). High K'-induced
contraction is produced by increased concentrations of
intracellular Ca®* without a significant increase in Ca®"
sensitivity. Although we did not directly evaluate the effect
of cyclic GMP on Ca®" sensitization, it is possible that the
relaxant effect of hydrogen peroxide is accounted for by
cyclic GMP-mediated inhibition of agonist-induced Ca®™
sensitization.

We found that norepinephrine increased MLC,, phos-
phorylation less at 20 min than at 1 min (Fig. 4) in spite of
the greater amplitude of contraction at 20 min than at 1 min
after norepinephrine and that the norepinephrine-induced
contraction and MLC,, phosphorylation was reduced and
was not reduced by hydrogen peroxide, respectively. The
MLC,, phosphorylation-independent mechanisms may
involve phosphorylation (or dephosphorylation) of certain
proteins including caldesmon and calponin (Walsh et al.,
1994; Throckmorton et al., 1998). Rembold et al. (2000)
suggested that cyclic GMP-mediated phosphorylation of
heat shock proteins regulates force development (vasorelax-
ation) independent of MLC,, phosphorylation. It will be of
interest to determine if the phosphorylation of these proteins
can be modulated by norepinephrine, hydrogen peroxide or
both, in guinea-pig aorta.

It has been shown that hydrogen peroxide is produced in
human artery and rat aorta smooth muscles (Berry et al.,
2000; Torrecillas et al., 2000). Although cat cerebral arterio-
les did respond by relaxation to hydrogen peroxide at a
concentration as low as 10 nM (Wei et al., 1996), the
minimum concentrations (about 1 pM) of hydrogen per-
oxide required for relaxation in the guinea-pig aorta (present
study) were close to those found for rabbit mesenteric small
artery and canine cerebral artery (Yang et al., 1998a,b;
Fujimoto et al., 2001). The endothelium may act as a
physical and biochemical barrier to hydrogen peroxide via
direct inactivation of hydrogen peroxide by catalase (Walia
et al., 2000). Consequently, the concentrations of hydrogen
peroxide used in the present experiment may be similar to
its concentrations acting on smooth muscle cells, unless
catalase is present extracellularly. Since human leukocytes
at their normal plasma concentration can generate 80—480
uM hydrogen peroxide/h (Liu and Zweier, 2001), the
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present results suggest that hydrogen peroxide is physiolog-
ically or pathophysiologically important as a vasodilator.

In conclusion, increases in force development and
MLC,, phosphorylation occur after 1-min exposure to
norepinephrine, and both are reduced by hydrogen peroxide.
When the aorta strips are stimulated for 20 min by norepi-
nephrine, the increase in force development is greater than
that after 1-min stimulation and the increase in MLC,q
phosphorylation is less than that after 1 min. At that time,
hydrogen peroxide reduces force development without
affecting MLC, phosphorylation. It is suggested that the
relaxant effect of hydrogen peroxide is in part mediated by
cyclic GMP.
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