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The aim of this study was to analyze the contribution of nitric oxide, prostacyclin
and endothelium-dependent hyperpolarizing factor to endothelium-dependent
vasodilation induced by acetylcholine in rat aorta from control and ouabain-induced
hypertensive rats. Preincubation with the nitric oxide synthase inhibitor N-omega-
nitro-L-arginine methyl esther (L-NAME) inhibited the vasodilator response to
acetylcholine in segments from both groups but to a greater extent in segments from
ouabain-treated rats. Basal and acetylcholine-induced nitric oxide release were high-
er in segments from ouabain-treated rats. Preincubation with the prostacyclin syn-
thesis inhibitor tranylcypromine or with the cyclooxygenase inhibitor indomethacin
inhibited the vasodilator response to acetylcholine in aortic segments from both
groups. The Ca2+-dependent potassium channel blocker charybdotoxin inhibited the
vasodilator response to acetylcholine only in segments from control rats. These
results indicate that hypertension induced by chronic ouabain treatment is accompa-
nied by increased endothelial nitric oxide participation and impaired endothelium-
dependent hyperpolarizing factor contribution in acetylcholine-induced relaxation.
These effects might explain the lack of effect of ouabain treatment on acetylcholine
responses in rat aorta.
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Ouabain, a sodium pump inhibitor,
regulates the body fluid balance and urine
sodium excretion and increases sympa-
thetic tone by a central mechanism trig-
gered by the activation of cerebral renin-
angiotensin and endothelin systems (10).
The role of an endogenous ouabain-like
compound in the development and/or
maintenance of hypertension has been
suggested by findings showing that
ouabain plasma levels are elevated in some
forms of hypertension, including essential
human hypertension (10, 24). In addition,
several reports have also demonstrated
that chronic administration of ouabain, or
its structurally related analogs, induces
hypertension in rats (22, 35). We have
demonstrated that this hypertensive ani-
mal model is accompanied by alterations
in the endothelial modulation of vascular
contractility. In rat aorta, chronic ouabain
treatment induced a decrease of the vaso-
constrictor response to phenylephrine
associated with increases in endothelial
hyperpolarizing factor and nitric oxide
release (22). In rat superior mesenteric
artery, increased release of endothelial
nitric oxide and decreased prostanoid par-
ticipation in phenilephrine vasoconstric-
tion was observed after ouabain treatment
(32). However, vasoconstrictor responses
to alpha-adrenoceptor agonists did not
change in mesenteric resistance arteries in
this hypertensive model probably due to
enhanced endothelial nitric oxide release
and impaired contribution of the endothe-
lium-dependent hyperpolarizing factor
(32). Collectively, these observations indi-
cate that chronic treatment with ouabain
alters the contribution of endothelial fac-
tors to vasoconstrictor responses, which
may be associated with changes in such
responses in the different vascular beds. 

Endothelium-dependent dilatation to
acetylcholine is modulated by three prin-

cipal mediators: nitric oxide, cyclooxyge-
nase-derived prostanoids, specially
prostacyclin and the still unidentified
endothelium-derived hyperpolarizing fac-
tor (6, 25). The vasodilator responses to
nitric oxide and prostacyclin are mediated
by activation of cGMP and cAMP respec-
tively, while the effect of endothelium-
derived hyperpolarizing factor is through
opening of large-conductance Ca2+-acti-
vated potassium channel (7). On the other
hand, nitric oxide would induce hyperpo-
larization of smooth muscle through the
opening of large-conductance Ca2+-acti-
vated potassium channels (4). 

Endothelial dysfunction, usually asso-
ciated with vascular diseases such as
hypertension (27), is reported to be asso-
ciated to 1) decreased nitric oxide synthe-
sis and/or increased of its metabolism
(14), 2) increased production of contrac-
tile cyclooxygenase-derived prostanoids,
3) decreased prostacyclin synthesis (16)
and 4) altered endothelium-dependent
hyperpolarizing factor pathway (7). In
previous studies, we have found no
changes in the vasodilator response to
acetylcholine in conductance and resis-
tance arteries from ouabain-induced
hypertension model (21, 32). Although
the endothelium dependent vasodilator
response did not change, the contribution
of the different endothelial factors to
vasoconstrictor response does change in
this hypertensive model. Thus, the aim of
this study was to analyze the contribution
of nitric oxide, prostacyclin and endothe-
lium-dependent hyperpolarizing factor to
endothelium-dependent vasodilation
induced by acetylcholine in rat aorta from
control and ouabain-induced hyperten-
sive rats.
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Material and Methods

Tissue preparations.– Six-week-old
male Wistar rats were obtained from
colonies maintained at the Animals Quar-
ters of the Facultad de Medicina of the
Universidad Autónoma de Madrid (Reg-
istration No. EX-021U). During treat-
ment, rats were housed at a constant room
temperature, humidity and light cycle (12-
h light/dark) and had free access to tap
water and standard rat chow. All animals
were housed according to directives
609/86 CEE and R.D. 233/88 of the Min-
isterio de Agricultura, Pesca y Ali-
mentación of Spain.

Pellet implantation.– With the rats
under anaesthesia, a small incision was
made on the back of the neck, and one
controlled time-release pellet containing
either ouabain (0.5 mg/pellet) or vehicle,
was implanted subcutaneously according
to the described method (12). These pel-
lets are designed to release a constant
amount of either ouabain (≈8.0 µg/day) or
vehicle for a 60-day period. Indirect sys-
tolic blood pressure was measured once a
week for 5 weeks by tail-cuff plethysmog-
raphy. 

Reactivity experiments.– After 5-weeks
treatment, rats were decapitated and the
thoracic aorta was carefully dissected out,
cleaned of connective tissue and placed in
Krebs-Henseleit solution (KHS) at 4º C.

The method used for isometric tension
recording has been described in full else-
where (18). Briefly, two parallel stainless
steel pins were introduced through the
lumen of the vascular segments; one was
fixed to the bath wall and the other con-
nected to a force transducer (Grass
FTO3C; Quincy, MA, USA); this was
connected in turn to a model 7D Grass

polygraph. Segments of thoracic aorta (4
mm in length) were suspended in an organ
bath containing 5 ml KHS at 37 ºC con-
tinuosly bubbled with a 95% O2-5%
CO2 mixture (pH of 7.4) and subjected to
a tension of 1 g which was readjusted
every 15 min during a 90 min equilibra-
tion period before drug administration.

Each segment was exposed to 75 mM
KCl to check its functional integrity. The
contraction to 75 mM KCl was similar in
segments from both experimental groups
[control: 2137±110 mg; ouabain-treated:
2419±137 mg; P> 0.05]. After a washout
period, segments were precontracted with
noradrenaline to achieve a contractile
response of 50-70% of the contraction
elicited by 75 mM KCl [control: 1238±68
mg; ouabain-treated: 1409 ± 123 mg; P>
0.05]. The presence of endothelium was
tested by the ability of 10 µM acetyl-
choline to relax segments precontracted
with noradrenaline. A relaxation equal to
or greater than 95% was considered evi-
dence of the functional integrity of the
endothelium. Afterwards, concentration-
response curves to acetylcholine (0.01
nM-100 µM) were made in arterial seg-
ments from both groups and precontract-
ed with noradrenaline. The ability of sodi-
um nitroprusside (0.1 nM-10 µM) and
prostacyclin (0.1 nM-1 µM) to induce
relaxation was also analyzed in some
noradrenaline contracted segments from
both groups. 

The effects of the nonselective NOS
inhibitor N-nitro-L-arginine methyl ester
(L-NAME, 100 µM), the cyclooxygenase
inhibitor indomethacin (10 µM), the
prostacyclin synthesis inhibitor tranyl-
cypromine (10 µM) and the Ca2+-depen-
dent K+ channel blocker charybdotoxin
(0.1 µM) on the concentration-response
curves to acetylcholine were analyzed.
These drugs were added 30 min before
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generating the concentration-response
curves.

Nitric oxide release.– Segments of tho-
racic aorta from control and ouabain-
treated were subjected to a resting tension
of 1 g, as indicated for the reactivity
experiments. After an equilibration period
of 60 min in HEPES buffer (in mM:
NaCl 119; HEPES 20; CaCl2 1.2; KCl 4.6;
MgSO4 1; KH2PO4 0.4; NaHCO3 5; glu-
cose 5.5; Na2HPO4 0.15; pH 7.4)  at
37 ºC, segments were incubated with the
fluorescent probe 4,5-diaminofluorescein
0.5 µM for 45 min. Then, the medium was
collected to measure the basal nitric oxide
release. Once the organ bath was refilled,
a concentration-response curve to acetyl-
choline (0.01 nM-100 µM) was applied to
evoke nitric oxide release. The stimula-
tion-induced nitric oxide release was cal-
culated by subtracting basal nitric oxide
release from that evoked by acetylcholine.
Blank measures were collected in the same
way but without segments in order to
subtract background emission. The fluo-
rescence of the medium was measured at
room temperature using a spectrofluo-
rimeter (LS50 Perkin Elmer instruments,
FL WINLAB Software) with excitation
wavelength set at 495 nm and emission
wavelength at 515 nm. Some experiments
were performed in presence of 100 µM
L-NAME to ensure de specifity of the
method. The amount of the nitric oxide
release was expressed as arbitrary units
(A.U.) per mg tissue.

Solutions, drugs and statistical analy-
sis.– The composition of KHS was in mM:
NaCl 115, CaCl2 2.5, KCl 4.6, KH2PO4
1.2, MgSO4 7-H2O 1.2, NaHCO3 25, glu-
cose 11.1, Na2-EDTA 0.03. 

Drugs used were: noradrenaline
hydrochloride, acetylcholine chloride, L-

NAME hydrochloride, indomethacin,
tranylcypromine, prostacyclin and
charybdotoxin (Sigma, St. Louis, MO,
USA). Ouabain pellets (Innovative
Research of America, Saratoga, FL, USA).
Stock solutions (10 mM) of drugs were
made in distilled water, except for nora-
drenaline, which was dissolved in a NaCl
(0.9%)–ascorbic acid (0.01% w/v) solu-
tion, and indomethacin and prostacyclin,
which were solubilized in ethanol and
administered from a prepared stock in
such a way that the maximal ethanol con-
centration of the medium was less than
0.001% (vol/vol). These solutions were
kept at –20 °C and appropriate dilutions
were made in KHS on the day of the
experiment.

Results are expressed as mean ± SEM of
the number of rats indicated. Differences
were analyzed using Student’s t-test for
nitric oxide release experiments or two-
way ANOVA for the relaxation-response
curves to acetylcholine, using the Graph-
pad Prism 3.0 software (CA, USA). Some
results were expressed as differences of
area under the concentration-response
curves (dAUC) to acetylcholine obtained
in segments from control and treated ani-
mals. AUC were calculated from the indi-
vidual concentration-response curves/
plot and the differences were expressed as
a percentage of the difference in AUC of
the corresponding control situation.
Differences were considered statistically
significant at P < 0.05.

Results

After 5 weeks, ouabain-treated rats
(n = 24) showed significant hypertension
compared with the control group (n =18)
systolic blood pressure (155 ± 2.4 mm Hg
vs. 124 ± 2 mm Hg; P < 0.05) without dif-
ferences in body weight gain.
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In segments precontracted with nora-
drenaline, ouabain treatment did not
modify the vasodilator response induced
by acetylcholine (0.01 nM- 100 µM) (Fig.
1), sodium nitroprusside (0.1 nM-10 µM)
or prostacyclin (0.1 nM-1 µM) (data not
shown).

The non-specific NOS inhibitor
L-NAME (100 µM) inhibited the
vasodilator response to acetylcholine in
segments from both groups of rats. This

decrease was higher in segments from
ouabain-treated rats than in control rats
(Fig. 1). Basal nitric oxide release was
increased in segments from ouabain-treat-
ed rats. Acetylcholine significantly
increased nitric oxide release in segments
from both groups; this increase was
greater in segments from ouabain-treated
rats (Fig. 2). Preincubation with 100 µM
L-NAME abolished NO release in arter-
ies from both groups (data not shown).

The cyclooxygenase inhibitor indo-
methacin (10 µM) and the prostacyclin
synthesis inhibitor tranylcypromine
(10 µM) similarly inhibited the vasodila-
tor response to acetylcholine in aortic seg-
ments from ouabain-treated and control
rats (Fig. 3).

The Ca2+-dependent potassium channel
blocker charybdotoxin (0.1 µM), inhibit-
ed the vasodilator response to acetyl-
choline only in segments from control rats
(Fig. 4).

Incubation with L-NAME, indo-
methacin or charybdotoxin did not modi-

OUABAIN AND ENDOTHELIAL NO RELEASE 119

J Physiol Biochem, 64 (2), 2008

a
Control (10)

b
Control + L-NAME (6)

c
Ouabain (9)

d
Ouabain + L-NAME (6)

Control 
Ouabain

R
el

ax
at

io
n 

(%
)

100

75

50

25

0

d
A

U
C

 (%
)

0

50

100

150

-11 -10

a-b, b-d, c-d 
ANOVA P<0.0001

-9 -8 -7 -6 -5 -4
Acetylcholine, log M

Fig. 1. Effect of 100 µM L-NAME on the concentra-
tion-dependent relaxation to acetylcholine in aortic
segments from control and ouabain-treated Wistar

rats.
Results (mean ± SEM) are expressed as a percent of a
previous contraction to noradrenaline. ANOVA
(two-way): P<0.0001. The number of animals used is
indicated within parentheses. The inset graph shows
the dAUC (differences of area under the curves) to
acetylcholine in segments in the absence or presence
of L-NAME. dAUC values (mean ± SEM) are
expressed as a percentage of the difference with the
corresponding AUC for segments in the absence of

L-NAME (unpaired t-test *P<0.05)
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Fig. 2. Effect of chronic treatment with ouabain on
nitric oxide release in basal conditions or after acetyl-
choline stimulation in aortic segments from Wistar

rats.
Results (mean ± SEM) are expressed as arbitrary
units (A.U.) per mg tissue. Paired t-test *P < 0.05 vs
the respective basal nitric oxide release and #P < 0.05
vs basal and after acetylcholine stimulation nitric
oxide release from control rats. Number of animals

within parentheses.



fy the basal tone in segments from either
control or ouabain-treated rats. However,
tranylcypromine induced a sustained
increase in tension that was similar in con-
trol (326.8 ± 87.82 mg) and ouabain-treat-
ed rats (405±178.4 mg).

Discussion

It is now established that chronic
ouabain treatment induces hypertension

in rats (9, 12, 22). This hypertension seems
to depend, at least in part, on central
mechanisms associated with increased
sympathetic tone subsequent to the acti-
vation of renin-angiotensin (35) and
endothelin (9) systems. However, addi-
tional peripheral mechanisms might occur
in the hypertension induced by chronic
treatment with ouabain. This hyperten-
sive model is accompanied by a reduction
in vascular reactivity to phenylephrine in
aorta and superior mesenteric artery (21,
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22, 32) although the alpha adrenergic
responses do not change in mesenteric
resistance arteries (32) or even increase in
renal arteries (13). Endothelial cells induce
vasodilation and modulate the contractile
responses by releasing vasoactive factors
including nitric oxide, endothelium-
derived hyperpolarizing factor and prod-
ucts of the cyclooxygenase pathway.
We have demonstrated that this hyperten-
sive model induces alterations in the
endothelial modulation of vasoconstrictor
responses with changes in the participa-
tion of the endothelial factors (21, 22, 32).
The present study was designed to ana-
lyze the effect of hypertension induced by
chronic treatment with ouabain on the
relative contribution of the different
endothelial factors in the endothelium-
dependent relaxation induced by acetyl-
choline.

The existence of endothelial dysfunc-
tion has been widely described in different
models of hypertension. This dysfunction
presents different characteristics depend-
ing of the hypertension model studied (3,
5, 27). However, the relaxation induced
by acetylcholine in rat aorta remains
unmodified after ouabain treatment.
These results are in agreement with those
previously obtained in conductance and
resistance arteries (21, 32) and apparently
discount the existence of endothelial alter-
ations in this hypertensive model. The
modulation of phenylephrine responses
by endothelial nitric oxide and the expres-
sion of eNOS in rat aorta was greatly aug-
mented after ouabain treatment (22). In
addition, increases of eNOS activity and
expression have been associated to hyper-
tension (29). It has been described that
endothelium dependent relaxation to
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acetylcholine in rat aorta is mainly medi-
ated by the release of nitric oxide from the
endothelium (31) although other endothe-
lial factors could also be implicated (8). In
order to know whether the participation
of endothelial nitric oxide in acetylcholine
relaxation is altered with ouabain treat-
ment we studied the effect of the NOS
inhibitor, L-NAME on acetylcholine
relaxation. This inhibitor reduced acetyl-
choline relaxation in rat aorta from both
groups, but to a greater extent in segments
from ouabain-treated rats. These results
indicate that the participation of endothe-
lial nitric oxide in acetylcholine vasodila-
tor responses is augmented in this hyper-
tensive model obtained by ouabain
administration. In this line of evidence, we
have previously demonstrated that the
endothelial modulation of vasoconstrictor
responses by nitric oxide was greater in
vessels from ouabain-treated rats (22, 32).
This could be a compensatory mechanism
consequence of a direct vascular action by
ouabain and/ or an adaptive response to
the increased sympathetic outflow. The
greater participation of nitric oxide in
vasodilator responses to acetylcholine was
not due to an alteration in the response to
nitric oxide since sodium nitroprusside
responses were similar in aorta from both
groups. The quantification of nitric oxide
release induced by acetylcholine, mea-
sured as fluorescence emitted by 4,5-
diaminofluorescein, showed higher values
in segments from ouabain-treated rats
suggesting that a greater synthesis of nitric
oxide in these segments would be respon-
sible for the increased participation of
nitric oxide in the acetylcholine responses.
In agreement, acute ouabain incubation
increased nitric oxide release in carotid
arteries (33) and in smooth muscle cells
(19).

Prostacyclin is another endothelial fac-
tor that participates in the endothelium
dependent vasodilator response induced
by acetylcholine (8). Earlier studies
reported that ouabain induces prostacy-
clin release from bovine endothelial cells
(15) and enhances its production in aortic
endothelial cells stimulated by ATP or
bradykinin (2). In addition, alterations in
the synthesis of prostaglandins in hyper-
tension have also been reported (27, 28).
In the present study, both indomethacin
and the prostacyclin synthesis inhibitor
tranylcypromine induced a small but sig-
nificant reduction of the vasodilator
response induced by low concentrations
of acetylcholine in segments from both
groups of rats, indicating the participation
of prostacyclin in the vasodilator response
induced by acetylcholine at low concen-
trations. Some investigators have also
reported that prostacyclin plays a sec-
ondary role in the relaxation induced by
acetylcholine in rat aorta (9) although
other investigators have not found any
effect of COX inhibitor in the vasodilator
responses induced by acetylcholine in this
vessel (1). The reason for this discrepancy
may lie in the higher acetylcholine con-
centration used in those studies. The effect
of indomethacin and tranylcypromine on
acetylcholine responses was similar in
both control and ouabain-treated groups
in our study. Moreover, the vasodilator
responses to exogenous prostacyclin
remained unaffected by ouabain treat-
ment. These results suggest that ouabain-
induced hypertension is not accompanied
by changes in the synthesis or effect of
vasodilator prostanoids in this artery. 

In addition to nitric oxide and prosta-
cyclin, endothelium-derived hyperpolar-
izing factor appears to be a mediator of
acetylcholine-induced relaxation in differ-
ent vascular beds (11). The various candi-
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dates suggested to explain endothelium-
derived hyperpolarizing factor-mediated
responses in blood vessels include
epoxyeicoatetranoic acid derived from the
cytochrome P450 monooxigenase, potas-
sium ion and hydrogen peroxide (7).
Endothelium-derived hyperpolarizing
factor is known to induce hyperpolariza-
tion and vasodilatation through activation
of potassium channels (small- and inter-
mediate-conductance Ca2+-activated
potassium channels in endothelial cells
and large-conductance Ca2+-activated
potassium channels in smooth muscle
cells) and the Na+/K+ ATPase pump (7).
Some studies have described an inhibition
of potassium channels induced by ouabain
(23). In addition, nanomolar concentra-
tions of ouabain induce the release of an
endothelium-derived relaxing factor that
seems to open intermediate-conductance
Ca2+-activated potassium channels in the
rat-tail arterial bed preparation (20). In
our study, the functional contribution of
endothelium-derived hyperpolarizing fac-
tor in aortas from ouabain-treated and
control rats was assessed with charibdo-
toxin which blocks intermediate-, large-
conductance Ca2+-activated potassium
channels as well as some voltage-depen-
dent potassium channels (7). The
vasodilator responses to acetylcholine
were reduced by charibdotoxin only in
aorta from control rats. This suggests a
decreased participation of some factor
that opens potassium channels and would
elicit hyperpolarization in segments from
ouabain hypertensive animals. Increased
(26) and decreased (30) endothelium-
derived hyperpolarizing factor produc-
tion have been both described in different
hypertension models. In the ouabain-
induced hypertension model, we have
reported an increase (22) and decrease (32)
of endothelium-derived hyperpolarizing

factor participation in rat aorta and
mesenteric resistance arteries respectively.
As acetylcholine-induced relaxation was
similar in both control and ouabain-treat-
ed rats, we suggest that the increased NO
production could compensate the lack of
endothelium derived hyperpolarizing fac-
tor participation in ouabain-treated rats,
in order to maintain a normal endotheli-
um-dependent function.

In conclusion, our results suggest that
hypertension induced by chronic ouabain
treatment is accompanied by an increase
in the release of endothelial nitric oxide
and an impairment of the effects of an
endothelium-dependent hyperpolarizing
factor; both effects might explain the lack
of effect of ouabain treatment on acetyl-
choline responses in rat aorta.
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experimentales, pero en mayor medida en los
de ratas tratadas con ouabaína. La liberación de
óxido nítrico basal e inducida por acetilcolina
fue mayor en segmentos de animales tratados
con ouabaína. La preincubación con tranilci-
promina, inhibidor de la prostaciclina sintasa,
y con indometacina, inhibidor de la ciclooxige-
nasa, inhibió la respuesta vasodilatadora a ace-
tilcolina en segmentos de aorta de ambos gru-
pos experimentales. El bloqueante de los cana-
les de potasio dependientes de Ca2+, charib-
dotoxina, inhibió la respuesta vasodilatadora a
acetilcolina sólo en segmentos de animales
control. Estos resultados indican que la hiper-
tensión inducida por el tratamiento crónico
con ouabaína se acompaña de aumento en la
participación del óxido nítrico endotelial y de
disminución del efecto del EDHF mediado por
canales de potasio dependientes de Ca2+ en la
relajación inducida por acetilcolina. Estos efec-
tos opuestos podrían explicar el hecho de que
el tratamiento con ouabaína no modifique la
respuesta a la acetilcolina.

Palabras clave: Óxido nítrico, Factor hiperpola-
rizante dependiente de endotelio, Prostaciclina,

Acetilcolina.
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