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Abstract: The role of nitric oxide (NO) on the vasorelaxant effect of atrial natriuretic peptide (ANP) on the basal tone
of rabbit aortic rings conditioned to angiotensin II (Ang II) was studied. ANP aortic relaxation and nitrite release were
measured in the presence and absence of endothelium and a NO-synthase inhibitor. Ang II at 10–8 M triggered a con-
tractile response, conditioning the vessel to a vasorelaxant effect of ANP (10–8 M). This effect was significantly en-
hanced by endothelium removal, NG-nitro-L-arginine methyl ester (L-NAME, 10–4 M), and methylene blue (10–5 M).
ANP decrease of basal tone in Ang-II-sensitized aortic rings was improved when a higher concentration of Ang II was
used (10–6 M). Basal and Ang-II-stimulated nitrite release were measured in stretched (S) and nonstretched (NS) aortic
rings. Nitrite release was significantly increased in S rings (p < 0.001). L-NAME (10–4 M) partially inhibited nitrite re-
lease in both basal and Ang-II-stimulated S aortic rings. In NS aortic rings, the NO inhibitor did not inhibit basal ni-
trite release but blunted the Ang-II-stimulated nitrite level. A significant negative correlation between nitrite release and
the ANP vasorelaxant effect on basal tone was dependent on the Ang-II-sensitizing dose. The present results demon-
strate that ANP relaxant effects on aortic basal tone are related to NO levels, which are regulated by S- and Ang-II-
concentration-dependent NO generation and quenching.
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Résumé : On a examiné le rôle joué par le monoxyde d’azote (NO) dans l’effet vasorelaxant du peptide natriurétique
auriculaire (ANP) sur le tonus basal d’anneaux aortiques de lapins sensibilisés à l’angiotensine II (Ang II). La relax-
ation aortique par l’ANP et la libération de nitrites ont été mesurées en présence et en absence d’endothélium et d’un
inhibiteur de la NO synthase. L’Ang II (10–8 M) a déclenché une réponse contractile conditionnant le vaisseau à un
effet vasorelaxant de l’ANP (10–8 M). Cet effet a été augmenté de manière significative par le retrait de l’endothélium
ainsi que par NG-nitro-L-arginine méthyl ester (L-NAME, 10–4 M) et le bleu de méthylène (10–5 M). La diminution du
tonus basal par l’ANP dans les anneaux aortiques sensibilisés à l’Ang II a été accrue lorsqu’une plus forte concentra-
tion d’Ang II a été utilisée (10–6 M). La libération de nitrites stimulée par l’Ang II et basale a été mesurée dans des
anneaux aortiques étirés (É) et non étirés (NÉ). La libération de nitrites a été augmentée significativement dans les
anneaux É (p < 0,001). L-NAME (10–4 M) a inhibé partiellement la libération basale ainsi que stimulée par l’Ang II
dans ces anneaux. Dans les anneaux NÉ, l’inhibiteur de NO n’a pas inhibé la libération basale, mais il a diminué le
taux de nitrites stimulés par l’Ang II. Une corrélation négative significative entre la libération de nitrites et l’effet
vasorelaxant de l’ANP sur le tonus basal a été fonction de la dose sensibilisant à l’Ang II. Les résultats démontrent
que l’effet relaxant de l’ANP sur le tonus basal aortique est lié aux taux de NO qui sont régulés par les muscles É
ainsi qu’à la production et à l’inhibition de NO fonction de la concentration d’Ang II.

Mots clés : peptide natriurétique auriculaire, monoxyde d’azote, réactivité vasculaire, tonus basal, aorte de lapin.

[Traduit par la Rédaction] Romano et al. 1029

Introduction

Atrial natriuretic peptide (ANP) displays a strong
natriuretic and vasodilator effect. Therefore, it is an impor-
tant factor in the regulation of arterial blood pressure and
body-fluid homeostasis (De Bold et al. 1981; Levin et al.
1998). The vasorelaxant effect of ANP has been studied in

vitro in precontracted vascular smooth muscle with several
agonists: angiotensin II (Ang II), norepinephrine (NE), and
histamine (Garcia et al. 1984). Our findings showed that
ANP was able to relax rabbit aorta basal tone when the ves-
sel was previously sensitized with Ang II and allowed to re-
turn to baseline levels (Peral de Bruno and Coviello 1992;
Peral de Bruno et al. 1992). The ANP effect in precontracted
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vascular smooth muscle is mediated by decreasing
intracellular calcium release with agonists (Meisheri et al.
1986) through the formation of cGMP (Waldmann and
Munrad 1989) by the guanylyl-cyclase-coupled natriuretic
peptide receptors NPR-A and NPR-B (Chinkers et al. 1989;
Schulz and Waldmann 1999). It has been recently demon-
strated that the vasorelaxant effect of ANP may be the result
of calcium-activated K+ channels (Tanaka et al. 1998). Ni-
tric oxide (NO) is another important vasorelaxant factor reg-
ulating vascular tone (Palmer et al. 1987) resulting from NO
synthase activation. Whereas ANP and NO mediate their ac-
tions by increasing cGMP levels, cGMP acts on soluble
guanylyl cyclase (Palmer et al. 1988). Although a large body
of literature shows that ANP vasorelaxant action is endothe-
lium independent (Winquist et al. 1984), an interaction be-
tween the hypotensive ANP activity and the endothelium
has been reported, suggesting that NO may be an ANP
intracellular messenger (Costa et al. 2000). However, in our
laboratory we demonstrated that the removal of the endothe-
lium or NG-nitro-L-arginine methyl ester (L-NAME) treat-
ment increased the ANP vasorelaxant effect on aorta basal
tone of rats with coarctation hypertension. This may be due
to an increase in basal tone resulting from NO removal,
which enhances the ANP vasorelaxant effect (Peral de
Bruno et al. 1999b). It is known that Ang II, while promoting
its direct vasoconstrictor effect on vascular smooth muscle,
also buffers its response via generation of NO-dependent ac-
tivation through Ang II type 1 (AT1) endothelium receptors.
NO acts as a counter-regulatory mechanism when basal tone
is increased. However, Ang II also releases superoxide an-
ions from vascular adventitial fibroblasts (Pagano et al.
1997). Superoxides in turn quench NO, resulting in in-
creased vascular tone. It is unknown at this time how this
mechanism may be involved in regulating the response to
ANP and if changes in Ang-II concentration modify ANP-
evoked vasodilation through NO levels.

Increased intracellular calcium has been attributed to NO
inhibition of basal tone of aortic hypertensive rats in vitro
(Pucci et al. 1994, 1995). This observation has been con-
firmed in rabbit aorta sensitized with Ang II, in which re-
moval of extracellular calcium significantly reduces basal
tone through AT1 receptors (Peral de Bruno et al. 1999a).

The purpose of the present paper was to determine the
role of NO in the vasorelaxant effect of ANP in a model of
Ang-II-increased rabbit aortic basal tone.

Material and methods

Animal preparation and experimental protocols

Contractility measurement
The thoracic aortas of male and female rabbits (Flanders

hybrid) weighing 1.5–2 kg were obtained from a slaughter-
house. The thoracic aorta was rapidly dissected, immersed in
Krebs solution and carefully cleaned of connective tissue.
Rings of 5 mm length were transversely cut; care was taken
to maintain the endothelium intact. They were then fixed in
a Lucite chamber to two stainless steel wire holders: one
was anchored and the other was connected to an isometric
force transducer (UC2, Gould Inc., Rolling Meadows, Ill.)
and a recorder (BD 41, Kipp and Zonnen, Hugo Sachs

Elektronik, March-Hugstetten, Germany). The chamber con-
tained 7 mL Krebs solution (128 mM NaCl, 4.7 mM KCl,
14.4 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM NaH2PO4,
1.2 mM MgCl2, 0.1 mM Na2–EDTA, and 11.1 mM glucose)
in which a 95% O2 – 5% CO2 mixture was bubbled at
pH 7.2 and 37°C.

The rings in all experiments were equilibrated for 120 min
at 2 g of force, which was previously found to be the opti-
mal tension for contraction induced by KCl (100 mM) and
Ang II (Peral de Bruno et al. 1992). The experiment began
after a stable baseline value was obtained while changing the
bathing solution every 15 min; the rings were then chal-
lenged with Ang II. Then, the bathing media was changed
five times at 10-min intervals. Once the previous baseline
level was regained, the recording pen was adjusted at a
higher level. After a stable baseline value had been achieved,
10–8 M atrial natriuretic peptide (ANP; �-hANP(99–126))
was added. Paired control experiments were performed, taking
care to avoid preconditioning of the vessel to biologically
active compounds before adding ANP. The endothelium was
removed in some experiments by rubbing the luminal sur-
face. NE (10–6 M) stimulation was performed in all cases at
the end of the experiment. In addition, the presence or ab-
sence of functional endothelium was tested by assessing the
ability of acetylcholine (10–6 M) to relax NE-contracted aor-
tic rings.

Protocol
Experiments were designed to investigate the role of en-

dothelium in the vasorelaxant effect of ANP in Ang-II-
sensitized aortic rings. For this purpose, basal tone in rubbed
and unrubbed aortic rings was assessed as the difference
between baseline levels before and after ANP incubation
(10–8 M) in the presence or absence of the NO synthase in-
hibitor L-NAME (10–4 M). This was added 15 min after Ang
II stimulation and 45 min before ANP, and its effect on basal
tone was recorded. This protocol was followed because the
response to Ang II in the presence of L-NAME at this con-
centration was increased (2372 ± 288 (N = 8) vs. 3346 ±
424 mg (N = 5), p < 0.01), a fact that, according to previous
reports, modified the response to ANP (Peral de Bruno et al.
1992). The sensitizing concentration of Ang II used in these
experiments was 10–6 M, which was effective in producing a
vasorelaxant response to ANP (Peral de Bruno et al. 1999a).

These experiments were repeated with 10–8 M Ang II and
10–4 M L-NAME. Paired controls were performed with
L-arginine (10–3 M) to assess specific reversibility of NO in-
hibition.

Methylene blue (a guanylyl cyclase inhibitor) was added
(2 × 10–5 M) during the washing period after stimulation
with Ang II (10–6 M) in unrubbed aortic rings. When a sta-
ble baseline value was reached, ANP (10–8 M) was added
and the vasorelaxant effect was registered.

Calculation of nitrite release
Nitrite was measured with the Griess reaction. The tech-

nique, used by other authors (Seyedi et al. 1995; Zhang et al.
1998) in coronary vessels, was adapted in previous work
from our laboratory to measure nitrite release in isolated
rabbit aorta (Jerez et al. 2001b). The Griess reaction, in
which NO metabolites are transformed in diazoic-coloured
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compounds, is one of the most frequently used assays
(Privat et al. 1997) to measure NO production indirectly.
Two sets of standard curves were prepared for each experi-
ment. The contents of tubes containing 500 �L of 0, 1, 2.5,
5, 7.5, and 10 �M NaNO2, N-(1-naphthyl)ethylenediamine
(50 �L of a 0.2% solution), and sulfanilamide (450 �L of a
0.1% solution) were added to each tube containing standard
or experimental samples and vortexed for a few seconds.
The tubes were kept at room temperature for 5–10 min until
a full pink color developed. Absorbance was measured at
540 nm with a spectrophotometer (Metrolab 1000, Buenos
Aires, Argentina) that was calibrated to zero with a blank
solution. Nitrite absorbance was computed with the use of
regression analysis (y = a + bx) and converted to a straight
line. Only curves with a correlation coefficient >0.95 were
used.

Two experimental designs were followed for nitrite dos-
age. In the first design, nonstretched (NS) 5-mm-length aor-
tic rings were placed in Eppendorf tubes with 0.5 mL of
Krebs solution bubbled with carbogen at 7.2 pH and 37°C.
Unrubbed aortic rings were cut in 5-mm-length pieces and
placed in tubes with aerated Krebs solution. After an equili-
bration period of 120 min, the preparation was washed six
times each 15 min. This protocol was designed to maintain
similar conditions in stretched (S) and NS vessels. We found
that repeated washing during equilibration maneuvers in-
duced a significant decrease in nitrite levels (127.2 ± 33.3
and 44 ± 5.9 pmol/mg tissue (N = 20, p < 0.01) at 15 and
30 min, respectively). However, after 30 min washing, the
nitrite levels remained stable until the end of the equilibra-
tion period (32.6 ± 4.8 and 28.4 ± 2.5 pmol/mg tissue (N =
20, not significant) at 105 and 120 min, respectively). This
effect was only observed in NS vessels. After the equilibra-
tion period, the rings were divided among eight groups:
(i) control; (ii) 10–8 M Ang II; (iii) 10–7 M Ang II;
(iv) 10–6 M Ang II; (v) 10–4 M L-NAME; (vi) 10–4 M L-
NAME plus 10–8 M Ang II; (vii) 10–4 M L-NAME plus
10–7 M Ang II; and (viii) 10–4 M L-NAME plus 10–6 M Ang II.
A sample for nitrite measurement was taken at the end of the
equilibration period and the control, Ang II, L-NAME, and
Ang II plus L-NAME periods. Two samples were taken after
45 and 60 min washing.

In the second experimental design, in vitro simultaneous
measurements of vascular reactivity and nitrite release in S
rabbit aortic rings were performed, as described in Contrac-
tility measurement above.We took 0.5 mL Krebs solution
from the bathing solution at different experimental times:
during the washing equilibration period each 15 min, imme-
diately after the equilibration period in nonstimulated aortic
rings (basal), at Ang II (10–6–10–8 M) peak contraction, and
at 45–60 min washing in the absence or presence of L-NAME.

Drugs
Atrial natriuretic peptide (�-hANP(99–126)), human

angiotensin II ([Asp1,Ile5]Ang II), norepinephrine (DL-arterenol),
acetylcholine bromide, p-aminobenzenesulfonamide, N-(1-
naphthyl)ethylenediamine dihydrochloride, and methylene
blue were purchased from Sigma (St. Louis, Mo.). L-NAME
was a gift from Dr. Alberto Nasjletti (New York University,
Valhalla, N.Y.) and Dr. Howard Lippton (Tulane Medical
School, New Orleans, La.), respectively. Pyrogen-free dis-

tilled water was used in the preparation of all solutions.
Stock ANP solutions were prepared in 0.1 mM acetic acid
and kept refrigerated at –15°C.

Statistical analysis
Data for contractility measurements are shown as milli-

grams of tension, whereas data for nitrite release are ex-
pressed in picomoles per milligram of tissue or as a
percentage of basal levels. Detailed results are expressed as
means ± SE. A Student’s t test for paired and nonpaired
samples was used. In some cases, the data were analyzed by
ANOVA, and a Newman–Keuls test was used when appro-
priate. Results were considered significant when p < 0.05.

Results

Vasorelaxant activity of ANP
Figure 1 shows the effect of ANP (10–8 M) on the basal

tone of sensitized (10–8 and 10–6 M Ang II) rabbit aortic
rings with and without endothelium. ANP decreased the iso-
metric tension in unrubbed rings that were previously stimu-
lated with 10–8 M Ang II (Fig. 2A). The average of this
effect was 145 ± 23 mg (N = 7). However, when ANP at the
same concentration was added before Ang-II treatment, no
relaxing effect of ANP could be obtained (Fig. 2A). The
vasodilator effect of ANP in Ang-II-sensitized aortic rings
was significantly increased (p < 0.05) by endothelium re-
moval (255 ± 41 mg, N = 8) (Fig. 1). When the ring was
sensitized with a higher concentration of Ang II (10–6 M),
the ANP effect was significantly increased (245 ± 19 mg,
N = 10) over the lower Ang-II-sensitizing concentration.
However, no difference in the ANP vasorelaxant effect was
observed with endothelium removal at either higher or lower
concentrations (Fig. 1). Since the Ang II response was simi-
lar at 10–8 and 10–6 M concentrations (2372 ± 288 mg, N =
8, and 2333 ± 79 mg, N = 8, respectively), the increased
response to ANP was associated with higher Ang II doses
but not with the magnitude of previous contractile effect.
L-NAME (10–4 M) introduced no alterations in the basal tone
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Fig. 1. ANP effect on basal tone in rabbit aortic rings with (E+)
and without (E–) endothelium. The number of experiments is
given in parentheses. Data are means ± SE. *, p < 0.05 for
10–8 M Ang II with E+ vs. 10–8 M Ang II with E– (unpaired
t test); +, p < 0.05 for 10–8 M Ang II with E+ vs. all groups
(ANOVA and Newman–Keuls post-hoc test).
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of unrubbed aortic rings (data not shown). However, it im-
proved the vasorelaxant effect of ANP (10–8 M) after 1 h
washing with Ang-II-sensitizing concentrations (10–8 M)
(Fig. 2B). Figure 3 shows the effects of different Ang-II-
sensitizing concentrations and of NO inhibition by L-NAME
on the response of basal tone to ANP (10–8 M) unrubbed
aortic rings. Treatment with L-NAME (10–4 M) significantly
increased (81.1%, p < 0.01) the vasorelaxant response to ANP
in Ang-II-sensitized (10–8 M) aortic rings. This inhibitor also

significantly increased the response to ANP in higher Ang-
II-sensitizing concentrations (10–6 M) (33.2%, p < 0.05). No
significant difference was found between the vasorelaxant
responses to ANP in 10–8 and 10–6 M Ang II in the presence
of L-NAME (Fig. 3). The effects of L-NAME were re-
versed with pretreatment with L-arginine (10–3 M). An
increase in the response to 10–8 M ANP (28 ± 6%, N = 5,
p < 0.05) was also induced by pretreatment with methylene
blue (2 × 10–5 M), through inhibition of soluble guanylyl
cyclase.

Levels of nitrite release in S aortic rings were signifi-
cantly higher than basal ones in NS rings at both the begin-
ning (15 min) and at the end (120 min) of the equilibration
period. Mean values were 127.4 ± 33.4 (N = 20) and 28.4 ±
2.5 (N = 20) pmol/mg tissue versus 274.7 ± 13.7 (N = 12)
and 254.8 ± 14.8 (N = 12) pmol/mg tissue in NS and S
rings, respectively (p < 0.001, ANOVA and Newman–Keuls
post-hoc test). This difference was maintained during the en-
tire equilibration period.

Figure 4 shows the effect of Ang-II nitrite release in un-
rubbed NS and S aortic rings. Ang II (10–8 M) significantly
increased nitrite release by 55.3 ± 9.4 (N = 6) and 69.5 ±
14.4% (N = 6) in both NS and S aortic rings, respectively,
over basal levels (p < 0.01). No difference in nitrite release
induced by 10–8 M Ang II was found between NS and S. On
the other hand, in S, no additional increase in nitrite release
could be obtained with higher Ang-II (10–7 and 10–6 M) con-
centrations. In NS rabbit aorta, 10–7 M Ang II significantly
decreased (p < 0.01) nitrite release as compared with lower
concentrations of Ang II (Fig. 4). This difference could not
be obtained with 10–6 M Ang II.

Basal nitrite release was partially and significantly inhib-
ited by 10–4 M L-NAME in S rabbit aortic rings (505 ± 58
pmol/mg tissue (N = 10) in control vs. 257 ± 30 pmol/mg
tissue (N = 8) with L-NAME, p < 0.01, Fig. 5A). In NS
vessels, L-NAME at this concentration had no effect on basal
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Fig. 2. (A) Tracing from a typical experiment showing the the
lack of effect of ANP on the previously unstimulated basal tone
of aortic rabbit rings and its vasorelaxant response in Ang-II-
sensitized rabbit aorta. (B) Effect of L-NAME on the basal tone
of Ang-II-sensitized rabbit aorta and the further increase in the
ANP relaxing effect.

Fig. 3. Effect of L-NAME on the vasorelaxant effect of ANP on
the basal tone of unrubbed rabbit aortic rings sensitized with two
different concentrations of Ang II. **, p < 0.01 for 10–8 M Ang II
control vs. 10–8 M Ang II plus L-NAME (unpaired t test); *,
p < 0.05 for 10–6 M Ang II control vs. 10–6 M Ang II plus L-
NAME (unpaired t test); +, p < 0.05 for 10–6 M Ang II control
vs. all groups (ANOVA and Newman–Keuls post-hoc test). The
number of experiments is given in parentheses.
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nitrites levels (28.0 ± 4.8 pmol/mg tissue (N = 9) in control
vs. 32.7 ± 4.6 pmol/mg tissue (N = 5) with L-NAME, not
significant, Fig. 5B). In nitrite release induced by 10–8 M
Ang II, L-NAME was effective in both S and NS aortic rings
(Fig. 5A and 5B). In S aortic rings, the nitrite level stimu-
lated by 10–6 M Ang II was 775 ± 107 pmol/mg tissue (N =
10), and L-NAME significantly decreased this value to 580 ±
75 pmol/mg tissue (N = 8) (p < 0.05, unpaired t-test).

In NS aortic rings stimulated by 10–6 M Ang-II, no differ-
ences were found whether in the presence or absence of
L-NAME (10–4 M). The values obtained were 35.3 ± 1.5
(N = 7) and 33.2 ± 10.5 pmol/mg tissue (N = 6) (not signifi-
cant, unpaired t-test) in the control and L-NAME groups, re-
spectively. A similar response to L-NAME was obtained with
a lower Ang-II (10–7 M) concentration. The values were 34.5 ±
4.6 (N = 5) and 32.7 ± 4.3 (N = 5) pmol/mg tissue (not sig-
nificant, unpaired t-test) in the control and L-NAME groups,
respectively. Lack of total inhibition of NO release by L-
NAME in basal conditions has been previously observed
(Seyedi et al. 1995; Jerez et al. 2001b), a fact that has no ex-
planation at present.

Figure 5 also shows the results of the Ang-II-sensitization
experiments performed on S and NS aortic rings to test the
effect of washing on nitrite release. In unrubbed S aortic
rings, after 10–8 M Ang II stimulation, nitrite release did not
return to basal levels after 45 and 60 min washing (Fig. 5A,
left bars). In the presence of L-NAME, nitrite levels de-
creased to control levels after 45 and 60 min washing
(Fig. 5A right bars). However, in unrubbed NS aortic rings
stimulated by 10–8 M Ang II, nitrite release returned to pre-
vious basal levels after washing in the presence or absence
of L-NAME (Fig. 5B, right and left bars, respectively).

Figure 6 shows a significant negative correlation (p <
0.02) between nitrite levels and the ANP vasorelaxant effect
in unrubbed S aortic rings sensitized by 10–8 M Ang II. This

correlation disappeared at higher Ang-II concentrations
(10–6 M).

Discussion

Atrial natriuretic peptide reduced basal tension of
noncontracted isolated rabbit aorta after full recovery from a
previous Ang-II challenge. This effect was absent in rabbit
thoracic aorta not previously exposed to Ang II (Peral de
Bruno et al. 1992). This paper confirms a role for the endo-
thelium in this action. Mechanical removal of endothelium,
as well as NO synthase or guanylyl cyclase blockade, improved
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Fig. 4. Nitrites released by three different Ang-II concentrations
in stretched and nonstretched aortic rings. **, p < 0.01 for
nonstretched rings with 10–7 M Ang II vs. stretched rings with
10–7 M Ang II; ��, p < 0.01 for nonstretched rings with
10–8 M Ang II vs. nonstretched rings with 10–7 M Ang II
(ANOVA and Newman–Keuls post-hoc test). The number of
experiments is given in parentheses.

Fig. 5. Effect of L-NAME and washing on basal and Ang-II-
stimulated (10–8 M) nitrite contents in stretched (A) and
nonstretched (B) unrubbed rabbit aortic rings. (A) *, p < 0.01
for basal vs. Ang II and washing in the control groups (ANOVA
and Newman–Keuls post-hoc test); **, p < 0.01 for basal vs.
Ang II and washing in the L-NAME groups (ANOVA and
Newman–Keuls post-hoc test); +, p < 0.05 for basal in the con-
trol group vs. basal in the L-NAME group (unpaired t test); �,
p < 0.05 for Ang II in the control group vs. Ang II in the L-
NAME group (unpaired t test). (B) ***, p < 0.01 for Ang II in
the control group vs. Ang II in the L-NAME group (unpaired t
test). The number of experiments is given in parentheses.
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the ANP vasorelaxant effect. In previous work carried
out in coarctation-hypertensive rat aortic rings, an increase
in the ANP response was observed when endothelium was
removed (Peral de Bruno et al. 1999b). The response to
ANP in the presence or absence of endothelium was depend-
ent on the previous Ang-II sensitization dose. Enhancement
was only achieved by endothelial removal and a 10–8 M Ang
II concentration; this fact is in agreement with results ob-
tained with maximal nitrite release at this dose (Fig. 6). At a
higher Ang-II concentration (10–6 M), a maximal relaxant
response to ANP was obtained, and no further increase in
ANP response by endothelial removal was achieved. The
lack of differences between the response to ANP in arteries
with and without endothelium in tissues sensitized with a
maximal dose of Ang II (10–6 M) suggests that the NO ef-
fect is almost partially suppressed by oxidative stress in-
duced by Ang-II-stimulated superoxide anion formation.
This is in agreement with previous finding in the literature
(Pagano et al. 1997, 1998), in which it has been demon-
strated that Ang II enhanced a constitutively active, phagocyte-
like NADPH oxidase from adventitial fibroblasts in rabbit
aortic rings. On the other hand, there may be a decrease in
the counter-regulatory effect of NO on the basal tone when
endothelium is removed, a fact that may explain the increase
in the ANP vasorelaxant effect in this condition. Further-
more, in our laboratory we reported that Ang-II-induced
nitrite release in NS rabbit aortic rings is decreased at supra-
maximal Ang-II concentrations (Jerez et al. 2001b). This ef-
fect has been accounted for by an Ang-II action on oxidative
stress that increases superoxide anion through
NADH/NADPH oxidase activation (Griendling et al. 1994;
Rajagopalan et al. 1996). The lack of differences found be-

tween the ANP vasorelaxant effect in supramaximal-Ang-II-
sensitized rubbed and unrubbed aorta is in agreement with
previous reports of other hormones like Ang II. In our labo-
ratory (Jerez et al. 2001a) we demonstrated in rabbit aorta
that contractile response to Ang II remains unchanged by the
presence or absence of endothelium. This finding was also
described by Saye et al. (1984). These results may be ex-
plained if Ang II releases similar relaxing and contractile
factors from endothelium. However, this differs from the ob-
servations of Zhang et al. (1994), who reported that the
Ang-II response is increased by endothelial disruption.

The ANP vasorelaxant effect enhancement in Ang-II-
sensitized arteries in the absence of NO cannot be explained
by an ANP- and NO-pathway interaction, as suggested for
findings in rat vessels, which support the view of a stimulat-
ing action of ANP in endothelium and smooth muscle NO
synthase (Costa et al. 2000). The fact that L-NAME (a nitric
oxide synthase inhibitor) was unable to suppress the ANP
vasorelaxant effect may suggest that ANP-induced NO syn-
thesis might not be involved. The vasorelaxant effect of
ANP persists in the absence of endothelium and, further-
more, it is enhanced. Our results are in agreement with re-
ports elsewhere (Meisheri et al. 1986; Winquist et al. 1984)
indicating a direct effect of ANP through the particulate
guanylyl cyclase family (Waldmann and Munrad 1989;
Schulz and Waldmann 1999). In regard to the present study,
ANP might trigger an increased and persistent response after
soluble guanylyl cyclase inhibition with methylene blue. The
results presented here provide evidence that a transient
exposure to Ang II induces changes in vascular smooth mus-
cle that might be enhanced in the absence of NO. Such
changes would lead to increased vascular tone, which, in
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Fig. 6. Correlation between nitrite release by Ang II and the vasorelaxant action of 10–8 M ANP in stretched, unrubbed aortic rings
sensitized with 10–8 and 10–7 M Ang II. The thinner and thicker dotted lines indicate SE for 10–6 and 10–8 M Ang II, respectively.
There was a significant negative correlation only with the lower concentration of Ang II.
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turn, would condition an increased ANP effect. These ef-
fects might be mediated by increased calcium permeability,
which may increase intracellular free calcium and, conse-
quently, basal tone (Peral de Bruno et al. 1999a). An in-
creased Ang-II-dependent tone has been described in
coarctation-induced hypertensive rats (Pucci et al. 1994,
1995; Dellipizzi et al. 1997; Peral de Bruno et al. 1999b).

Comparative results between simultaneous measurements
of vascular relaxation and nitrite concentration in vascular
tissues are infrequent in the literature. On the other hand,
smooth muscle relaxation, as well as NO measurement, has
been studied under different experimental conditions. Ang-II
effects on vascular NO release have been studied principally
through the inhibition of NO synthase in renal preglomerular
vessels (Ito et al. 1991; Zhang et al. 1995), isolated arteries
from hypertensive rats (Ferrer et al. 2001), and rabbit aorta
(Zhang et al. 1994). It has also been studied in Ang-II-
induced urinary nitrate and (or) nitrite excretion (Deng et al.
1996) and NO synthase III mRNA expression (Hennington
et al. 1998), and by directly measuring nitrites in isolated
vessels like dog coronary arteries (Privat et al. 1997), bovine
aortic endothelial cells (Wiemer et al. 1993), and rabbit aorta
(Jerez et al. 2001b). Simultaneous measurements of relax-
ation and NO release in rat mesenteric arteries have pro-
vided evidence that the endothelium-dependent vasodilator
acetylcholine is associated with endogenous NO release in
the precontracted vessel (Simonsen et al. 1999). However,
no correlation has been found between the increase in NO
concentration and the isometric force measurement in the
noncontracted vessel (resting basal tone). Our findings show
differences in Ang-II-stimulated nitrite release between S
and NS aortic rings. Submitting the aortic ring to mechanical
stretching increases nitrite release and blunts the decrease of
nitrite release after 1 h washing. Increased nitrites during
stretching may provide a better explanation for the
potentiation of the relaxant response to ANP when NO is in-
hibited by L-NAME. At present, we are unable to explain the
mechanisms by which stretching may influence nitrite pro-
duction in our preparation. Nevertheless, stretching has been
reported to increase cytosolic calcium in canine cerebral ar-
tery cells by opening dihydropyridine-sensitive Ca2+ chan-
nels and releasing Ca2+ from intracellular stores (Tanaka et
al. 1994). Ruiz-Velasco et al. (1996) reported a similar ob-
servation in A7r5 vascular smooth muscle cells. Similarly,
endothelial cells submitted to stretching also increase
intracellular calcium through smooth muscle stretch-
activated ion channels and by releasing calcium from
intracellular stores (Naruse et al. 1998; Lee et al. 1999).
However, stretching-activated channels in endothelial cells
are not blocked by dihydropyridines. It is well known that
increased calcium activates NO synthase through the calcium–
calmodulin complex (Furchgott 1983). This may explain in-
creased nitrite production in stretched aortic rings. Our find-
ings support the view that stretching may influence nitrite
production in previously Ang-II-sensitized rings. This find-
ing may be due to the observation that, in this condition, a
calcium-AT1-dependent mechanism is involved in rabbit
aorta (Peral et al. 1999a). In conclusion, the present results
support an endothelial role in ANP vasorelaxant action by
means of a counter-regulatory mechanism. Nitric oxide re-
lease in the presence of functional endothelium decreases

Ang-II-induced basal tone. Thus, NO inhibition increases
basal tone and the vasorelaxant effect of ANP. If Ang-II–NO
interactions are well known (lower concentrations succeed
in buffering its vasoconstrictor action through NO vascular
release, whereas in higher ones oxidative stress predomi-
nates), in the present work we demonstrate for the first time
that these Ang-II-dependent mechanisms are conditioning
vessel reactivity to an important regulator of vascular tone,
like ANP. This would have importance in the our under-
standing of additional mechanisms of blood pressure regula-
tion that are available when endothelial dysfunction has
been established; furthermore, it would indicate an additive
action of ANP in conditions like Ang-II-dependent hyper-
tension when basal tone is increased.
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