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Abstract

Heme oxygenase (HO) is an enzyme that is involved in nu-
merous secondary actions. One of its products, CO, seems to
have animportant but unclear role in blood pressure regula-
tion. CO exhibits a vasodilator action through the activation
of soluble guanylate cyclase and the subsequent production
of cyclic guanosine monophosphate (cGMP). The aim of the
present study was to determine whether pathological and
pharmacological HO-1 overexpression has any regulatory
role on blood pressure in a renovascular model of hyperten-
sion. We examined the effect of zinc protoporyphyrin IX
(ZnPP-IX) administration, an inhibitor of HO activity, on
mean arterial pressure (MAP) and heart rate in sham-operat-
ed and aorta-coarcted (AC) rats and its interaction with the
nitric oxide synthase (NOS) pathway. Inhibition of HO in-
creased MAP in normotensive rats with and without hemin
pretreatment but not in hypertensive rats. Pretreatment

with NG-nitro-L-arginine methyl ester blocked the pressor
response to ZnPP-1X, suggesting a key role of NOS in the car-
diovascular action of HO inhibition. In the same way, AC rats,
an experimental model of hypertension with impaired func-
tion and low expression of endothelial NOS (eNOS), did not
show any cardiovascular response to inhibition or induction
of HO. This finding suggests that eNOS was necessary for
modulating the CO response in the hypertensive group. In
conclusion, the present study suggests that HO regulates
blood pressure through CO only when the NOS pathway is
fully operative. In addition, chronic HO induction fails to at-
tenuate the hypertensive stage induced by coarctation as a
consequence of the impairment of the NOS pathway.
Copyright © 2011 S. Karger AG, Basel

Introduction

Heme oxygenase (HO) is the rate-limiting enzyme in
heme catabolism, which leads to the generation of CO,
free iron and biliverdin [1]. Three mammalian HO iso-
forms have been identified [2], one of which, HO-1, is a
stress-responsive protein that is induced by various oxi-
dative agents and processes, including its own heme sub-
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strate [3], heavy metals [3, 4], glutathione depletion [5],
UVA radiation [6], hypoxia [7], hyperoxia [7], ischemia-
reperfusion [7] and hypertension [8, 9].

In blood vessels, CO produced by HO is reported to
elicit relaxation of smooth muscle [10, 11] through an in-
crease in cyclic guanosine monophosphate (cGMP) levels
[12]. However, it is apparent that CO has a profound op-
posing effect in a dose-dependent manner. While a phys-
iological dose of CO is a powerful vasodilator and attenu-
ator of the phenylephrine-contracting effect [13-15], su-
praphysiological levels of CO-releasing molecules result
in less relaxation or contraction [16]. In the same way, the
moderate induction of HO-1 enhances cGMP cellular
levels, but extremely high expression of HO-1 leads to a
decrease in cGMP [16]. This decrease has been attributed
to the stripping of heme from the soluble guanylate cy-
clase (sGC) protein. Moreover, although low levels of
HO-1 inhibitors can reduce CO and bilirubin [16], they
can also inhibit other heme proteins, including cyto-
chrome P450 or cyclooxygenase, at high concentrations
(17].

In experimental models of hypertension, such as spon-
taneously hypertensive rats, the administration of hemin,
a pharmacological inducer of HO, decreases blood pres-
sure by inducing and activating the HO/CO-sGC/cGMP
system. These effects demonstrate the physiopathological
importance of this system and open a new field for HO-1
as a possible therapeutic target to manage hypertension
[18-20].

Currently, a large body of evidence supports a central
role for oxidative stress in the pathogenesis of hyperten-
sion. We previously showed a redox imbalance in the aor-
ta [9], heart [8] and kidney [21] and oxidative stress gen-
eration in aorta-coarcted (AC) hypertensive rats. As a
consequence, HO-1 is overexpressed in these tissues ex-
erting a protective response against reactive oxygen spe-
cies [8, 9].

Considering these backgrounds, the aim of this work
was to elucidate whether pathological or pharmacologi-
cal HO-1 overexpression plays a protective role in a reno-
vascular model of hypertension.

Methods

Reagents

Acetylcholine (Ach), NG-nitro-L-arginine methyl ester (L-
NAME) and nitroglycerine were purchased from Sigma-Aldrich
(St. Louis, Mo., USA), and all other chemicals were of analytical
grade. Hemin and zinc protoporyphyrin IX (ZnPP-IX; Sigma-Al-
drich) were dissolved in 0.1 mol/l NaOH, titrated to pH 7.4 with
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0.1 mol/l HC, and diluted 1:10 with phosphate buffer. ZnPP-IX
was prepared in the dark and protected from light.

In vivo Experiments

Animals were treated in accordance with the Argentine Na-
tional Institute for Health Guide for the Care and Use of Labora-
tory Animals. Three-month-old male Wistar rats (235-250 g)
were anesthetized with ether and randomly assigned to groups
that underwent either a sham operation or complete ligation of
the abdominal aorta between the right and left renal arteries (AC
rats), according to the method described by Rojo-Ortega and
Genest [22]. Seven days after surgery, the rats were anesthetized
with ether and the carotid artery was cannulated and connected
to a Statham Gould P23ID pressure transducer coupled to a Grass
79D polygraph. The mean arterial pressure (MAP) was calculated
according to the following formula: diastolic pressure + (systolic
pressure — diastolic pressure)/3. The heart rate (HR) was estimat-
ed tachographically by counting the pulsatile waves of arterial
pressure recordings.

After recovery and determination of basal MAP values for 30
min, ZnPP-IX was administered intraperitoneally (i.p.) (50 pmol/
kg) in sham-operated (n=7) or ACrats (n=7); MAP and HR were
recorded for 30 min thereafter.

To determine the role of nitric oxide synthase (NOS) in the
response to HO inhibition, the blood pressure response to ZnPP-
IX (50 wmol/kg, i.p.) administration was evaluated in rats pre-
treated for 45 min with L-NAME (75 mg/kg, i.v.) or vehicle (phys-
iological solution, i.v.) in both experimental groups (n = 7 in each
group). The indicated dose was chosen because it is specific only
for the endothelial NOS (eNOS) isoform [23].

The possible role of HO-1 overexpression in blood pressure
regulation was also evaluated in sham-operated and AC rats. As
described in previous studies [24], hemin (ferriprotoporphyrin
IX; 15 mg/kg per day) or vehicle (0.1 mol/l NaOH, titrated to pH
7.4 with 0.1 mol/1 HCl and diluted 1:10 with phosphate buffer, pH
7.4) were administered to sham-operated (n = 7) and AC (n =7)
rats intraperitoneally on 4 consecutive days after aortic coarcta-
tion surgery (days 3, 4, 5 and 6). At day 7, rats were cannulated as
described above, and basal MAP values were estimated after 30
min. Thereafter, ZnPP-IX was administered (50 pmol/kg, i.p.) to
sham-operated or AC rats, and then the MAP and HR responses
were monitored for 30 min.

In vitro Experiments

HO-1 and eNOS Expression by Western Blotting

The animals were sacrificed by cervical dislocation, and tho-
racic aortic segments were excised, washed with ice-cold saline
solution (9 g/l NaCl) and weighed. Aortic homogenates were then
prepared in a Potter-Elvehjem homogenizer using radioimmuno-
precipitation assay buffer containing 50 mmol/l Tris, 150 mmol/l
NaCl, 1 g/l sodium dodecyl sulfate (SDS), 5 g/l sodium deoxycho-
late, 10 g/l Triton X-100, 1 mmol/l phenylmethanesulfonylfluo-
ride and Roche Complete Protease inhibitor tablets. The homog-
enates were then separated by centrifugation at 6,000 g for 20 min,
and the supernatant was mixed with Laemmli 6 X loading buffer
and incubated at 92°C for 5 min.

Total tissue protein was separated by electrophoresis in 4-20%
Tris-glycine SDS polyacrylamide gels (Mini Protean III System;
BioRad Laboratories, Hercules, Calif., USA), transferred onto ni-
trocellulose membranes and blocked in 50 g/l dry milk in T-TBS
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Fig. 1. Effects of the HO inhibitor ZnPP-IX, 50 wmol/kg, i.p., on
changes in MAP (a) and HR (b) in sham-operated (A) and hyper-
tensive AC (M) rats. Changes in MAP and HR were described as
the changes after intraperitoneal injection of ZnPP-IX. Values are
the means * SEM of multiple experiments (n = 7 in each group).
* p <0.05 versus before administration.

(0.02 mol/l Tris, 0.15 mol/l NaCl, pH 7.5, containing 1 g/l Tween
20) at room temperature for 1 h. The membranes were washed 3
times with T-TBS and incubated with the primary antibodies
against eNOS and HO-1 overnight at 4°C. The polyclonal anti-
body against HO-1 was purchased from Abcam (Cambridge,
Mass., USA), and the polyclonal antibody against eNOS was pur-
chased from Cell Signaling Technology, Inc. (Danvers, Mass.,
USA). After washing 3 times with T-TBS, the blots were incubated
with horseradish peroxidase-conjugated secondary antibodies
(anti-rabbit for eNOS and anti-mouse for HO-1) at room temper-
ature for 2 h. Thereafter, the membranes were washed 5 times
with T-TBS, developed using enhanced chemiluminescent re-
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agents (Amersham Life Science, Arlington Heights, Ill., USA),
and subjected to autoluminography for 1-5 min. Band intensities
were quantified using the free Image] software (NIH). In all in-
stances, the membranes were stained with Ponceau S stain to ver-
ify the uniformity of protein loading and transfer efficiency
across the test samples. Immunoblotting with anti-B-actin (Sig-
ma-Aldrich) was used as an internal control of protein loading.
The intensity values were first normalized to B-actin and then
expressed as relative protein expression, with the control lane be-
ing 1 unit.

Studies of Vascular Reactivity

Animals were sacrificed by cervical dislocation, and thoracic
aortas were removed, dissected free of adventitia and cut into
3-mm ring segments in a Petri dish filled with physiological salt
solution composed of (in mmol/l): 120 NaCl; 4.8 KCl; 1.2
KH,POy; 1.6 CaCl,-2H,0; 1.33 MgSO, and 10 dextrose. Thoracic
aortas were mounted in an organ bath and connected to a Grass
force transducer (Grass Instrument Co., Quincy, Mass., USA).
The temperature of the bath was maintained at 37°C, and the
bathing solution was bubbled with 95% O, and 5% CO,. A tension
of 2 g was applied to the thoracic aortas. The preparation was al-
lowed to equilibrate for at least 45 min; during this step, it was
washed every 15 min. Thereafter, a cumulative concentration-
response curve to Ach (1071°-107* mol/l) or nitroglycerin (107~
107 mol/1) was constructed after precontraction with phenyleph-
rine (1 X 107 mol/l). The response was expressed as the reduction
of the maximum increment in tension (precontraction) obtained
by addition of phenylephrine.

The relaxation properties of Ach and nitroglycerin were as-
sessed by estimation of the pEC5 and E,, of individual concen-
tration-response curves using a nonlinear regression method that
fit the data to a sigmoidal concentration-response curve.

Statistics

Regression analyses and statistical tests were performed using
standard software (GraphPad Prism v. 5.03 for Windows; Graph-
Pad Software, San Diego, Calif., USA). Normal distributions of
the data and variables were verified using the Kolmogorov-
Smirnov test. Statistical analyses were performed using Student’s
t test, one-way ANOVA followed by Dunnets posttest or two-way
ANOVA followed by Bonferroni posttest. The data were expressed
as the mean * SEM, and statistical significance was defined as
p < 0.05.

Results

Effect of HO Inhibition on MAP and HR in

SHAM-Operated and AC Rats

The basal levels of MAP and HR were 107 £ 13 mm
Hg and 388 * 21 b.p.m., respectively, in sham-operated
rats (n =7) and 162 * 11 mm Hg (p < 0.05 vs. sham-op-
erated rats) and 428 + 40 b.p.m., respectively, in AC rats
(n = 7). In sham-operated rats, acute inhibition of HO
activity by ZnPP-IX administration increased the MAP
starting at 3 min (23 mm Hg) and reached a peak (33 mm
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Fig. 2. Effects of the HO inhibitor ZnPP-IX, 50 wmol/kg, i.p., on
changes in MAP (a) and HR (b) in sham-operated and hyperten-
sive AC rats pretreated with L-NAME (75 mg/kg, i.v.) or vehicle
(physiological solution, i.v.). Changes in MAP and HR were de-
scribed as the changes intraperitoneal injection of ZnPP-IX. Val-
ues are the means £ SEM of multiple experiments (n = 7 in each
group). * p <0.05 versus before administration. A = Sham-oper-
ated, vehicle-treated; A = sham-operated, L-NAME-treated; (I =
AC, vehicle-treated; Ml = AC, L-NAME-treated.

Hg) at 15 min (fig. 1a). Conversely, ZnPP-IX did not mod-
ity the MAP in AC rats at any time (fig. 1a). The HR was
not changed by ZnPP-IX administration either in the
sham-operated control group or in the AC rats (fig. 1b).
Preadministration of L-NAME induced a basal pressor
response in both sham-operated (148 = 9 mm Hg) and
AC (177 £ 7 mm Hg) rats without changes in HR (450
+ 37and 407 £ 42 b.p.m. in sham-operated and AC rats,
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respectively). Pretreatment with L-NAME abolished the
pressor response to ZnPP-IX in sham-operated rats
(tig. 2a). However, the HR was unaltered in all groups
(tig. 2b).

Effect of HO Induction on MAP and HR in

Sham-Operated and AC Rats

Protein abundance of HO-1 was analyzed by Western
blotting in sham-operated and AC rats before and after 4
days of treatment with hemin (fig. 3a). AC rats without
treatment showed a 2.8-fold higher expression of HO-1
than sham-operated rats (fig. 3b). Hemin administration
on 4 consecutive days increased the HO-1 protein abun-
dance 3-fold in sham-operated rats and 3.9-fold in AC
rats compared to sham-operated rats (fig. 3b). Although
chronic hemin by intraperitoneal administration in-
duced HO-1 overexpression, it did not modify MAP and
HR in sham-operated and AC rats compared to those
without treatment (fig. 4).

The effect of acute inhibition of HO was also evaluated
in normotensive sham-operated and hypertensive AC
rats treated with hemin. Basallevels of MAP and HR were
102 £ 12 mm Hg and 401 £ 21 b.p.m., respectively, in
sham-operated rats (n = 7) and 167 £ 10 mm Hg (p <
0.05 vs. sham-operated rats) and 445 * 35b.p.m., respec-
tively, in AC rats (n = 7). The pressor response induced by
ZnPP-IX in sham-operated rats was similar to that of rats
without hemin treatment (fig. 1a). As shown in figure 5a,
the effect of HO inhibition on MAP in normotensive rats
started at 3 min and reached a maximum of 30 mm Hg
at 20 min. Conversely, ZnPP-IX did not modify the MAP
of AC rats. In addition, the HR was not modified by
ZnPP-IX in both experimental groups (fig. 5b).

Evaluation of eNOS Expression and Vascular

Reactivity in Sham-Operated and AC Rats

To explore the mechanisms involved in the blunted
response to HO inhibition in AC rats, we studied the ex-
pression of eNOS and the vascular reactivity of Ach, a
NO-dependent relaxant, in the thoracic aortas from
sham-operated and AC rats. A significant decrease in
eNOS levels was found in AC rats compared to sham-
operated rats (fig. 6b), suggesting impairment in eNOS
synthesis in the hypertensive group. In addition, hemin
treatment did not modify the protein levels in both sham-
operated and AC groups compared to rats without treat-
ment (fig. 6b).

At a functional level, aortic coarctation blunted the
maximal response to Ach compared to sham-operated
rats (fig. 6¢), suggesting a defective endothelium-depen-
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Fig. 3. HO-1 expression in the thoracic aortic homogenates of
sham-operated and hypertensive AC rats with hemin (+; 15 mg/
kg/day, i.p.) or vehicle pretreatment (—; 0.1 mol/l NaOH, titrated
to pH 7.4 with 0.1 mol/l HCl and diluted 1:10 with phosphate buf-
fer, pH 7.4, i.p.) for 4 consecutive days. a Representative Western
blots. b Relative expression level of HO-1. HO-1 protein abun-
dance was normalized using (3-actin as control, and results are
expressed as relative to a control of 1. * Significant differences
(p < 0.001) between the hemin-treated sham-operated and vehi-
cle-treated sham-operated groups. * Significant differences (p <
0.001) between the AC and vehicle-sham groups.  Significant dif-
ferences (p < 0.001) between the hemin-treated AC and vehicle-
treated sham-operated groups. Values are the means = SEM of
multiple experiments (n = 4 for each group).

dent relaxation in the arterial vessels of AC rats. These
results were confirmed by the fact that the vasorelaxant
properties of nitroglycerine, an non-endothelium-de-
pendent vasodilator, were not affected in AC rats com-
pared to the sham-operated rats (fig. 6d).

Discussion

In the present study, we demonstrated that HO regu-
lates blood pressure when the NOS pathway is fully func-
tional. In addition, we demonstrated that HO fails to at-
tenuate hypertension in AC rats, probably due to the im-
pairment of the NOS system in peripheral vascular vessels
in this experimental model.

HO-1 Fails to Attenuate Hypertension
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Fig. 4. MAP of sham-operated and AC rats with hemin pretreat-
ment (+; 15 mg/kg/day, i.p.) or vehicle pretreatment (-; 0.1 mol/l
NaOH, titrated to pH 7.4 with 0.1 mol/l HCl and diluted 1:10 with
phosphate buffer, pH 7.4, i.p.) for 4 consecutive days. * Significant
differences (p <0.001) between the AC and vehicle-treated sham-
operated groups. T Significant differences (p < 0.001) between the
hemin-treated AC and vehicle-treated sham-operated groups.
Values are the means = SEM of multiple experiments (n = 7 for
each group).

HO is an important enzyme involved in numerous sec-
ondary enzymatic functions, including those of antioxi-
dant enzymes and heat shock proteins. CO, one of the
products of HO, seems to exert an important role on blood
pressure regulation, considering its direct vasodilator ac-
tion is through the activation of sGC and the subsequent
production of cGMP [25, 26]. Because CO is produced en-
dogenously as a by-product of heme catabolism by HO, the
inhibition of HO may result in an increase in blood pres-
sure. This hypothesis was supported by the elegant study
of Johnson et al. [27], who showed that HO inhibitors such
as ZnPP-IX increase the systemic arterial pressure with an
upsurge in peripheral resistance. A reduction in HO-cat-
alyzed CO production, rather than that of biliverdin and
iron, is believed to underlie the pressor response to HO
inhibition, as biliverdin and iron per se do not induce va-
sorelaxation [27]. Metalloporphyrins, including ZnPP-IX,
have been reported to inhibit NOS and sGC activities in
addition to HO inhibition [28, 29]. However, the specific
effect of ZnPP-IX on HO activity has been reported at
lower concentrations [30, 31]. For example, several studies
showed that the intraperitoneal administration of ZnPP-
IX (50 pmol/kg) does not alter sGC activity [31, 32]. Fur-
thermore, ZnPP-IX, at the same concentration, specifi-
cally inhibits aortic HO activity without affecting sGC
and NOS activity [33]. In agreement with Johnson et al.
[27], we showed that the acute inhibition of HO by ZnPP-

Pharmacology 2011;87:341-349 345



IX administration produced a fast increase in MAP with-
out changing the HR in normotensive rats. Furthermore,
we evaluated the mechanism involved in this pressor re-
sponse. It has been shown that CO can directly stimulate
sGC in many different cell types [34-40]. For instance,
this signaling cascade is largely responsible for the CO-
induced activation of neurotransmission and vasodilation
[27, 34]. By activating sGC, CO also inhibits platelet ag-
gregation [34] and can increase the activity of purified bo-
vine lung sGC several-fold [26, 41] although its effect is
30-100 times less than that of NO [35]. The relatively low
potency of CO in activating sGC does not seem to dimin-
ish the physiological importance of CO, as certain puta-
tive endogenous substances may greatly boost the stimu-
latory effect of CO on sGC [41]. Nevertheless, a number of
recent studies have shown that CO may activate NOS, and
the subsequently synthesized and released NO stimulates
sGC [42]. Therefore, CO could be an important modula-
tor of NO signaling. Considering this interrelation be-
tween CO and NO, we hypothesized that inhibition of NO
production could prevent the pressor response found by
ZnPP-IX administration in the normotensive group. In
this manner, L-NAME pretreatment induced a hyperten-
sive response in sham-operated rats, and HO inhibition
with ZnPP-IX did not further increase MAP in those rats.
This last result could be attributed to the endothelial iso-
form of NOS, considering that ZnPP-IX does not cross the
brain barrier and NO only acts in the peripheral tissue to-
gether with the fact that L-NAME, at the selected dose, is
specific for eNOS. These findings suggest that the CO
generated by HO activity interacts with the NO pathway
to exert its regulatory action.

On the other hand, HO/CO seems to play an impor-
tant role in the pathogenesis of experimental hyperten-
sion [20]. In this regard, it has been shown in young spon-
taneously hypertensive rats that the activation of the
sGC/cGMP pathway through the upregulation of the
HO/CO system could have a beneficial effect not only on
hypertension but also on many cardiovascular complica-
tions that arise from elevated blood pressure, but only
when the NOS/sGC/cGMP system is not impaired [42].
Thus, the integrity of the sGC/cGMP pathway is indis-
pensable to the homeostatic control of the contractile ma-
chinery of vascular smooth muscle cells by CO [43], and
alterations in the CO/sGC/cGMP pathway result in the
development of hypertension [44]. Therefore, an interest-
ing question is whether the hypotensive effect of HO in-
duction observed in spontaneously hypertensive rats
could be extrapolated to other models of experimental
hypertension.
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Fig. 5. Effects of the HO inhibitor ZnPP-IX, 50 wmol/kg, i.p., on
changes in MAP (a) and HR (b) in sham-operated and AC hyper-
tensive rats pretreated with vehicle (0.1 mol/l NaOH, titrated to
pH 7.4 with 0.1 mol/l HCl and diluted 1:10 with phosphate buffer,
pH 7.4, i.p.) or hemin (15 mg/ kg/day, i.p.) for 4 consecutive days.
Changes inM AP were described as the changes after intraperito-
neal injection of ZnPP-IX. Values are the mean * SEM of mul-
tiple experiments (n = 7 for each group). " p < 0.05 versus before
administration in the sham-operated vehicle-treated group. * Be-
fore administration in the sham-operated hemin-treated group.
A = Sham-operated, vehicle-treated; A = sham-operated, he-
min-treated; 0 = AC, vehicle-treated; ll = AC, hemin-treated.

Experimental hypertension is frequently induced by
stimulation of the renin-angiotensin system by chronic
infusion of angiotensin II , overexpression of renin and
angiotensinogen genes, or coarctation of the renal artery
with or without uninephrectomy [45]. Aortic coarctation
is a renovascular model of hypertension that depends on
angiotensin II function [46]. In this model, we previously

Polizio et al.
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Fig. 6. eNOS expression in the thoracic aortic homogenates of
sham-operated and hypertensive AC rats pretreated with vehicle
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ferences (p < 0.05) between the AC versus sham groups. T Signifi-

showed a redox imbalance in the aorta [9], heart [8] and
kidney [21] and oxidative stress generation that contrib-
uted in the development of the hypertensive stage. As a
consequence, HO-1 was overexpressed in these tissues
and exerted a protective response against reactive oxygen
species [8, 9]. Taking into account these previous find-
ings, the main objective of the present work was to estab-
lish the role of the HO system in blood pressure regula-
tion in AC rats. Although HO expression is upregulated
3-fold in these rats compared to sham-operated rats, we
did not find any increase in MAP by acute administration
of ZnPP-IX in this experimental group. This observation
suggests that HO hypotensive activity is abolished in AC
rats. Moreover, we performed a set of experiments with

HO-1 Fails to Attenuate Hypertension

cant differences (p < 0.001) between the hemin-treated AC and
vehicle-treated sham-operated groups (n = 4 for each group). Vas-
cular reactivity to the endothelium-dependent agonist Ach (c) or
endothelium-independent NO donor nitroglycerin (d) in aortic
rings from sham-operated (@) and AC rats (A). Rings were pre-
constricted with phenylephrine (1 X 10~ mol/l). * Significant dif-
ferences (p < 0.05) between the AC versus the sham-operated
groups.

hemin, a potent inducer of HO-1, to determine whether
HO-1 upregulation led to a drop in MAP in AC rats. We
did not find any antihypertensive effect through the up-
regulation of HO-1 in AC rats. It seems that, depending
on the model of hypertension, the pathogenic contribu-
tions from reduced or increased expression and activity
of HO-1, lowered or increased CO production and dys-
functional signaling pathways mediated by CO will be
different [45].

As L-NAME blocked the pressor response to ZnPP-IX
in normotensive rats, we explored the expression levels
and functionality of eNOS in this model of hypertension.
With regard to sham-operated rats, AC rats showed a
greatly reduced expression of eNOS and a blunted re-
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sponse to endothelium-dependent relaxation induced by
Ach, suggesting a functional impairment of this system.
Taken together, these data suggest that NOS mediates the
biological action of CO, and impairment of this system,
as we found in AC rats, may prevent its action. Further-
more, we found that the pharmacological induction of
HO-1 by hemin in sham-operated rats increased the
MAP similarly to the group without treatment. We hy-
pothesized that this equivalent response is due to the
fact that eNOS could have a limiting role in that effect be-
cause the expression of this enzyme was equal in both
the sham-operated and hemin-treated sham-operated
groups, strengthening our conclusion that the CO de-
rived from HO activity exertsits biological action through
the NOS pathway.

In summary, our results indicate that the CO derived
from HO activity exerts its biological action through the
NOS pathway. Thus, it seems that the successtul HO ther-
apeutic strategy for hypertension is closely related to the

mechanisms involved in the pathogenesis of the hyper-
tensive stage. Furthermore, as in adult spontaneously hy-
pertensive rats, HO-1 overexpression in AC rats failed to
attenuate hypertension when the NOS system was not
tully operative.
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