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Carbon monoxide (CO) binds to soluble guanylate cyclase to lead its activation and elicits smooth muscle
relaxation. The vascular tissues have a high capacity to produce CO, since heme oxygenase-2 (HO-2) is
constitutively expressed in endothelial and smooth muscle cells, and HO-1 can be greatly up-regulated by
oxidative stress. Moreover, the substrate of HO, heme, is readily available for catalysis in vascular tissue.
Although the activation of heme oxygenase pathway under various stress conditions may provide a defence
mechanism in compromised tissues, the specific role of HO-I-derived CO in the control of aortic
contractility still remains to be elucidated. The present study was done to determine the effect of HO-1
induction on the aortic contractility. Thus, the effects of incubation of aortic tissue with S-nitroso-
N-acetylpenicillamine (SNAP) for 1 hr on the aortic contractile response to phenylephrine were studied.
The preincubation with SNAP resulted in depression of the vasoconstrictor response to phenylephrine. This
effect was restored by HO inhibitor or methylene blue but not by NOS inhibitor. The attenuation of vascular
reactivity by preincubation with SNAP was also revealed in endothelium-free rings. AlF4 -evoked
contraction in control did not differ from that in SNP-treated group. These results suggest that increased
production of CO was responsible for the reduction of the contractile response to phenylephrine in aortic

ring preincubated with SNAP and this effect of SNAP was independent on endothelium.
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INTRODUCTION

Carbon monoxide (CO) fulfills important physio-
logical functions. Its lipophilicity and high diffusability
allow this molecule to be involved in cell to cell com-
munication as second messenger gases (Maines, 1997).
CO is formed by the heme oxygenase (HO) isoenzymes
from the substrate ferrous protoporphyrin (heme, FePP)
(Maines, 1997) leading ultimately to the equimolar
production of bilirubin, a compound with antioxidant
properties (Stocker et al, 1987; Dennery et al, 1995).
CO binds to soluble guanylate cyclase (sGC) to lead
its activation, but has lower potency and efficacy than
nitric oxide (NO) (Stone & Marletta, 1994).
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There are three known isoforms of HO. HO-1 is
inducible (Shibahara et al, 1985), where HO-2 and
HO-3 are constitutively expressed (Trakshel et al,
1986; McCoubrey et al, 1997). HO-3 is highly ho-
mologous to HO-2 but has not been characterized
fully. HO-2 is the predominant form expressed in the
central nervous system, where CO is thought to act
as a neurotransmitter (Verma et al, 1993). HO-1, an
inducible enzyme, is highly expressed in erythro-
poietic tissues, where its function is heme degrada-
tion. The HO-1 gene is exquisitely sensitive to a large
variety of stimuli and agents that cause oxidative
stress, such as heat shock (Raju & Maines, 1994),
ischemia-reperfusion (Raju & Maines, 1996), hypoxia
(Morita et al, 1995) and endotoxins (Rizzardini et al,
1994). The vascular tissues have a high capacity to
produce CO, since HO-2 is constitutively expressed
in endothelial and smooth muscle cells (Werkstrom et
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al, 1997) and HO-1 can be greatly up-regulated by
oxidative stress in the blood vessels (Ewing et al,
1994). Moreover, the substrate of heme oxygenase,
heme, is readily available for catalysis in both vascu-
lar and myocardial tissues (Maines, 1997). Although
the activation of heme oxygenase pathway under
various stress conditions may provide a defence me-
chanism in compromised tissues because of the potent
antioxidant and vasoactive properties (Abraham et al,
1996), the specific role of HO-1-derived CO in the
control of aortic contractility still remains to be elu-
cidated. The present study was done to elucidate the
effect of HO-1 induction on the aortic contractility.

METHODS

Chemicals

S-nitroso-N-acetyl penicillamine (SNAP), zinc proto-
porphrine IX (ZnPP-IX), phenylephrine, L-NMMA and
methylene blue were purchased from Sigma (USA). All
concentrations are expressed as the final molar con-
centration (M) in the organ chamber. Stock solutions
were prepared each day, and kept on ice during the
course of the experiment. Unless stated otherwise,
chemicals were dissolved in distilled water. Stock
solution of ZnPP-IX was prepared in subdued light by
dissolving the solid in 30% v/v 0.1 N NaOH. When
fully dissolved, the pH was titrated using HCl for
final pH of 7.6~7.8. AlF, was made by simul-
taneous addition of 5 mM NaF and 10 uM AlCls.

Preparation of aortic ring

Male Sprague-Dawley rats (200~250 g) were sa-
crificed by decapitation and exsanguination. The de-
scending aorta was isolated, cleaned of adherent tissue
and prepared as rings 3~5 mm long. Rings were
suspended in an organ chamber between two clips,
one of which was connected to a force transducer
(Grass, USA) to measure the isometric force. The
organ chamber was filled with 5 mi of Krebs-Hen-
seleit buffer (KHB) consisting of (mM) NaCl 120,
KCl 4.6, CaCl, 2.4, KH,PO4 1.2, MgSO, 1.2, Glucose
9.9, NaHCO; 25, K 'EDTA 0.03 at 37°C. The cham-
ber was bubbled continuously with 95% 02~5%
CO2. The aortic rings were stretched over 90 min to
passive tensions of 1.5 g, which were determined to
be optimal tension for contractile responses in this

preparation.
Experimental protocol

Aortic rings were contracted with 125 mM KCl to
determine the maximal vasoconstrictor response. The
organ chamber was then washed out 4 times over 60
min with KHB and the aortic rings were allowed to
relax to baseline tension before continuing the
protocol. The aortic rings were incubated with 500
#M SNAP for 1 hr and then washed out every 15
min over 3 hrs with KHB. A concentration-response
curve to phenylephrine was performed by increasing
the concentration of phenylephrine. To determined
whether induction of HO-1 modulated vasoconstrictor
responses to phenylephrine, aortic rings were pretreated
with ZnPP-IX (100 M), L-NMMA (100 M) or meth-
ylene blue (10 #M) for 30 min before beginning the
phenylephrine concentration response. Room lights
were extinguished during any experiments utilizing
ZnPP-IX on account of the light sensitivity of por-
phyrins.

Statistics

Results are expressed as a percentage of 125 mM
KCl-induced contraction. Each data are expressed as
the mean+S.E.M. of experiments and were analyzed
using Student’s t-test. Differences were considered
significant when p<{0.05.

RESULT

Phenylephrine (3 nM ~3000 nM) produced a con-
centration-dependent increase in contractility in un-
treated rings. Preincubation with SNAP for 1 hr sig-
nificantly reduced the contractile response to phenyl-
ephrine (Fig. 1). To determine whether the vasode-
pressor effect of SNAP treatment on the phenyle-
phrine concentration response was due to induction of
HO, aortic rings were pretreated with the HO inhibitor
ZnPP-IX (100 M) 30 min before obtaining concen-
tration responses to phenylephrine. ZnPP-IX alone had
no effect on the contractile response to phenylephrine
(data not shown), however, ZnPP-IX abolished the
vasodepressor effect of SNAP, suggesting that in-
duction of HO was responsible for the attenuation of
contractile response in SNAP-treated aorta (Fig. 2).

L-NMMA (100 1 M) significantly increased the con-
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Fig. 1. Effects of preincubation with 500 xM SNAP for
1 hour on the aortic contractile response to phenyle-
phrine. All data are expressed as a percentage of the initial
125 mM KCl-induced contraction. Each value represents
the mean =S EM. of 9~10 experiments. *P <0.05
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Fig. 2. Effects of preincubation with 500 zM SNAP for
1 hour on the aortic contractile response to phenylephrine
in the presence of ZnPP-IX (100 xzM). All data are ex-
pressed as a percentage of the initial 125 mM KCl-induced
contraction. Each value represents the mean®=S.EM. of
9~10 experiments. *P <0.05 compared with control group,
#P <0.05 compared with SNAP alone group.
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Fig. 3. Effects of preincubation with 500 #uM SNAP for
1 hour on the aortic contractile response to phenylephrine
in the presence of L-NMMA (100 uM) or ZnPP-IX (100
(M). All data are expressed as a percentage of the initial
125 mM KCl-induced contraction. Each value represents
the mean £ S.E.M. of 9~10 experiments. *P <0.05 com-
pared with vehicle group, #P <0.05 compared with L-
NMMA alone group.
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Fig. 4. Effects of preincubation with 500 ©«M SNAP for
1 hour on the aortic contractile response to phenylephrine
with presence of methylene blue. All data are expressed
as a percentage of the initial 125 mM KCl-induced con-
traction. Each value represents the mean=S.EM. of 9
experiments.
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Fig. 5. Effects of preincubation with 500 xM SNAP for
1 hour on the contractile response of endothelium-free
aortic ring to phenylephrine. All data are expressed as a
percentage of the initial 125 mM KCl-induced contrac-
tion. Each value represents the mean=S.EM. of 10
experiments. *P <0.05

tractile response to phenylephrine in SNAP-pretreated
aortic rings, but it didn’t substantially restore the
ZnPP-IX-sensitive attenuation of contractile response
to phenylephrine in SNAP-pretreated aortic rings,
suggesting that attenuated contractile response in
SNAP-pretreated aorta is not related to NO production
level (Fig. 3).

Methylene blue, an inhibitor of soluble guanylate
cyclase, significantly increased the contractile response
to phenylephrine in untreated rings, and significantly
restored the vascular responsiveness in SNAP-treated
aortic rings (Fig. 4).

HO can be induced in the endothelial cells and
vascular smooth muscle. Thus, the effect of denuda-
tion of endothelium was studied. In endothelium-free
aortic rings, SNAP treatment also significantly reduced
the vascular reactivity to vasoconstrictor and this
effect was attenuated by ZnPP-IX (Fig. S5, 6).

To determine whether the changes in intracellular
signaling mechanism are involved in attenuation of
contractile response in SNAP-treated aorta, effects of
G protein activator AlF,~ was studied. AIF; -evoked
contraction in control did not differ from that in
SNAP-treated group (Fig. 7).
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Fig. 6. Effects of preincubation with 500 «M SNAP for
1 hour on the contractile response of endothelium-free
aortic ring to phenylephrine in the presence of ZnPP-IX
(100 «M). All data are expressed as a percentage of the
initial 125 mM KCl-induced contraction. Each value repres-
ents the mean=SEM. of 8~10 experiments. *P < 0.05
compared with control group, #P<0.05 compared with
SNAP alone group.

DISCUSSION

Oxidative stress results in the induction of a num-
ber of enzymes, some of which may conttibute to the
development of septic shock, including NO synthase,
cyclooxygenase, and HO-1 (Yamanaka et al, 1993;
Cambhi et al, 1995; Choi & Alam, 1996; Scott et al,
1996).

It has been suggested that HO-1 is highly induced
in response to LPS-elicited oxidative stress and in-
creased levels of HO-1 may be protective in septic
shock (Keyse et al, 1990; Applegate et al, 1991;
Otterbein et al, 1995). However, how HO might
produce this beneficial effects and whether modula-
tion of vascular tone is involved is not known. Be-
cause systemically administered LPS induces iNOS in
several different tissues including vascular tissues and
the large amount of NO can induce HO-1 in vascular
tissue, it can be suggested that LPS may increase in
HO-1 level through the induction of iNOS. Thus, to
determine whether HO induced by oxidative stress
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Fig. 7. Effects of G protein activator AlF, on the
endothelium-free aortic ring. Aortic rings of SNAP group
were preincubated with 500 M SNAP for 1 hour. All
data are expressed as a percentage of the initial 125 mM
KCl-induced contraction. Each value represents the mean
= S.EM. of 7 experiments.

might influence vascular tone, we studied the effects
of incubation of aortic tissue with NO donor for 1 hr
in vitro on the aortic contractile response to phenyl-
ephrine.

Our results demonstrate that preincubation of aortic
tissue with SNAP attenuated the contractile response
to phenylephrine. HO inhibitor ZnPP-IX reversed the
vasodepressor effect of SNAP on the concentration
response of phenylephrine. These results suggested
that SNAP induced HO and increased HO resulted in
increased production of CO, which was responsible
for the vasodepressor effect of SNAP since alternative
products of HO-1, including biliverdin and free iron,
did not account for the vasodepression (Johnson et al,
1996). CO elicits vasodilation by stimulating guanylate
cyclase and perhaps by activating calcium-activated
potassium channels (Furchgott & Jothianandan, 1991;
Zakhary et al, 1996; Wang et al, 1997).

HO-2, a constitutive form, is detected in endothelial
cells and smooth muscle cells of rat aorta. It was not
clear whether endothelium is related to the vasode-
pressor effect of induced HO. In this study, the denu-
dation of endothelium did not affect the vasodepressor
effect of SNAP. This result means HO was induced

mainly in smooth muscle of aorta.

In summary, preincubation with SNAP (NO donor)
resulted in depression of the vasoconstrictor response
to phenylephrine. This effect was reversed by the HO
inhibitor, suggesting that increased production of CO
was responsible for the vasodepression. These effects
were independent of the presence of endothelium.
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