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Ouabain at Nanomolar Concentration Promotes Synthesis
and Release of Angiotensin II from the Endothelium of the

Tail Vascular Bed of Spontaneously Hypertensive Rats
Alessandra Simão Padilha,* Luciana Venturini Rossoni,† Fabiano Elias Xavier,* and

Dalton Valentin Vassallo*‡

Abstract: The effects of 1 nM ouabain (OUA) on the contractile
actions of phenylephrine (PHE, 0.001–100 µg) and functional activity
of the sodium pump (NKA) in isolated-perfused tail vascular beds
from WKY and SHR were investigated. In preparations from SHR,
perfusion with OUA in the presence of endothelium (E+) increased
the sensitivity (pED50) of PHE (before: 2.14 ± 0.06 versus after: 2.47
± 0.07; P < 0.05) without altering the maximal response (Emax). After
endothelial damage, OUA reduced the Emax of PHE in SHR (before:
350 ± 29 versus after: 293 ± 25 mm Hg; P < 0.05). In SHR/E+, pre-
treatment with losartan (10 µM) or enalaprilat (1 µM) prevented the
increased sensitivity to PHE induced by OUA. OUA increased NKA
activity in SHR/E+ (before: 45 ± 6 versus after: 58 ± 5%, P < 0.05).
Losartan (10 mg/Kg, i.v.) also abolished the increment in systolic and
diastolic blood pressure induced by OUA (0.18 µg/Kg, i.v.) in anes-
thetized SHR. OUA did not alter the actions of PHE in either anes-
thetized WKY rats or vascular preparations. Results suggest that 1 nM
OUA increased the vascular reactivity to PHE only in SHR/E+. This
effect is mediated by OUA-induced activation of endothelial angio-
tensin converting enzyme that promotes the local formation of angio-
tensin II, which sensitizes the vascular smooth muscle to the actions
of PHE.
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Ouabain, or a closely related isomer, is an endogenous
compound secreted by some regions of the central ner-

vous system1,2 and the supra-renal cortex.3,4 It is present in
nanomolar concentration in the plasma of several animals such

as rats4 and humans.5 It is thought to play a role in some forms
of hypertension by inhibiting the Na+-pump activity. The in-
hibition of the Na+, K+-ATPase activity in the vascular smooth
muscle increases intracellular sodium6,7 reducing the activity
of the Na+/Ca2+ exchanger and increasing intracellular cal-
cium concentration. Thereafter, the calcium uptake by the sar-
coplasmic reticulum increases.6 When the vascular smooth
muscle is stimulated the final result is an amplification of the
calcium release and increase of the vascular tone.7 In some
vascular tissues, the �2 and �3 isoforms of Na+, K+-ATPase
cluster with the Na+/Ca2+ exchanger in the plasmalemmal mi-
cro domain adjacent to the sarcoplasmic reticulum.7 This re-
gion, named plasmerosome, can regulate Ca2+ signaling and
might explain how low concentrations of ouabain, which are
selective for these isoforms, can affect the vascular tone.

There is evidence that the endothelium modulates the
action of ouabain.8–10 Previously we reported that nanomolar
ouabain releases an endothelial potassium channel opener in
isolated vascular preparations from normotensive animals that
reduces the vasoconstrictor actions of phenylephrine.10 In con-
trast, ouabain at micromolar concentrations releases a vaso-
constricting factor in isolated aortae from spontaneously hy-
pertensive rats (SHR).8

We previously demonstrated that nanomolar concentra-
tions of ouabain increased the response to phenylephrine in the
tail vascular bed from SHR.11,12 The present study was under-
taken to investigate the mechanism(s) of action by which nano-
molar concentrations of ouabain sensitize the vasculature in
SHR to the contractile actions of phenylephrine. The role of
endothelial angiotensin converting enzyme (ACE) and Na+,
K+-ATPase activity on the enhanced reactivity to phenyleph-
rine produced by ouabain in the isolated tail vascular bed from
SHR was also investigated.

MATERIALS AND METHODS

Animals
Three-month-old male WKY (n = 51) and SHR (n = 83)

were used in this study. All experiments were conducted in
compliance with the guidelines for biomedical research as
stated by the Brazilian Societies of Experimental Biology. All
rats had free access to water and were fed rat chow ad libitum.

Received for publication February 27, 2004; accepted June 24, 2004.
From the *Department of Physiological Sciences, Federal University of

Espirito Santo; †Department of Physiological and Biophysical Sciences,
ICB, University of Sao Paulo, Sao Paulo, SP, Brazil; and ‡School of Medi-
cine of the Santa Casa de Misericordia, Vitoria, ES, Brazil.

This study was supported by grants from CNPq, FAPESP, and CAPES.
Reprints: Dalton Valentim Vassallo, Departamento de Ciências Fisiológicas,

CBM / UFES Av. Marechal Campos, 1468 29040-095 Vitória, ES, Brasil
(e-mail: daltonv2@terra.com.br).

Copyright © 2004 by Lippincott Williams & Wilkins

372 J Cardiovasc Pharmacol� • Volume 44, Number 3, September 2004



Blood Pressure, Heart Rate, and Body
Weight Determinations

On the day before the experiments the rats were anesthe-
tized with ether. The left femoral artery was cannulated with a
polyethylene catheter (PE-50 with heparinized saline) that was
exteriorized in the mid scapular region. On the day of the ex-
periments, 24 hours later, body weight, blood pressure, and
heart rate were measured in conscious animals.

Arterial blood pressure was measured by a pressure
transducer (model 1050BP, UFI, Inc., Morro Bay, CA) and
recorded using an interface and software for computer data
acquisition (model MP100A, BIOPAC Systems, Inc., Santa
Barbara, CA). Heart rate was determined from the intra-beat
intervals.

“In Vitro” Experiments
Isolated Rat Tail Vascular Bed Preparation

Isolated rat tail vascular beds were used in this study as
previously reported.13 Briefly, the rats were anesthetized with
sodium pentobarbital (65 mg/kg, i.p.) and after loss of the
righting reflex, heparin (500 UI, i.p.) was administered. Ten
minutes after the administration of heparin, a 1-cm strip of the
tail artery was dissected free and cannulated with an intracath
(Nipro 24G 3⁄4, Sorocaba, SP, BR) near the base of the tail. The
vascular bed was flushed with Krebs-Henseleit buffer (KHB in
mM) (NaCl: 120, KCl: 5.4, MgCl2: 1.2, CaCl2: 1.25,
NaH2PO4: 2.0, NaHCO3: 27, glucose: 11, and EDTA: 0.03)
bubbled with 5% CO2-95% O2, at 36 ± 0.5°C. The tail was then
severed from the body and placed in a tissue bath and perfused
with KHB at a constant flow of 2.5 mL/min with a peristaltic
pump (Milan, Colombo, PR, BR). After a 30- to 45-minute
equilibration period, the experimental protocol was initiated.
Mean perfusion pressure (MPP) was measured by using a pres-
sure transducer (TPS-2, InCor, São Paulo, SP, BR) and the data
recorded using an interface and software for computer data
acquisition (model MP100A, BIOPAC Systems, Inc., Santa
Barbara, CA) with a sample rate of 500 Hz per channel. Be-
cause a constant flow was used, changes in the perfusion pres-
sure represented changes in vascular resistance.

The following protocols were used:

Effects of Ouabain on the Actions of Phenylephrine in the
Presence and Absence of Endothelium

After a 30- to 45-minute stabilization period, increasing
doses of phenylephrine (0.001–100 µg, as bolus injections of
100 µL) were administered into the perfusion medium in
preparations from WKY (n = 15) and SHR rats (n = 13) with
intact endothelium (E+) prior to and after a 60-minute equili-
bration period of perfusion of KHB containing 1 nM ouabain
(E+/Oua 1 nM).

The same protocol, as described previously, was per-
formed in preparations following endothelium (E-) damage by

a bolus injection of 8 mg of CHAPS, {3-[(3-chloroamidopro-
pyl) dimethylammonium]-1-propane-sulfonate} as previously
described.10 The absence of functional endothelium was con-
firmed by the inability of ACh (5 µg in 100 µL) to produce
relaxation. Responses to phenylephrine were measured in the
WKY (n = 7) and SHR groups (n = 13): at 30 minutes after
endothelial damage (E-) and repeated following an equilibra-
tion period of 60 minutes with ouabain (1 nM) containing KHB
(E-/Oua 1 nM).

Time-control dose-response curves to phenylephrine
(0.001–100 µg, as bolus injections in 100 µL) were adminis-
tered before and after a 60-minute equilibration period of in-
fusion of ouabain-free KHB solution in preparations with and
without endothelium from WKY (n = 7–9) and SHR rats (n =
7–9).

Effect of Renin-Angiotensin-System-Derived Products on
the Effects of Ouabain on the Phenylephrine-Induced
Pressure Response

The possibility that ouabain might stimulate the release
of a renin-angiotensin-system-derived product was evaluated
in preparations from SHR, by determining responses to phen-
ylephrine before and 1 hour after incubation with ouabain (1
nM) plus an AT1 receptor antagonist, losartan (10 µM, n = 7) or
an angiotensin converting enzyme inhibitor (ACE), enalaprilat
(1 µM, n = 8). The same protocol was performed in the absence
and in the presence of KBS solution with losartan (10 µM, n =
7) or enalaprilat (1 µM) without ouabain for 60 minutes.

Functional Activity of the Na+, K+-ATPase

The functional activity of Na+, K+-ATPase in prepara-
tions from WKY (n = 6) and SHR rats (n = 5) was measured
using K+-induced relaxation as described by Webb and Bohr14

and modified by Rossoni et al.10 After a 30- to 45-minute
equilibration period in normal KHB, preparations were per-
fused during 30 minutes with a K+-free KHB. Afterward, the
preparations were precontracted with phenylephrine (10−7 M)
and once a plateau was attained, the concentration of KCl in
the perfusate was increased in steps (1, 2, 4, and 6 mM), each
one with 5 minutes’ duration. This protocol was repeated 60
minutes after the initiation of perfusion with 1 nM of ouabain.

Time-control concentration-dependent curves to KCl (1,
2, 4, and 6 mM) were performed before and after 60 minutes of
infusion of ouabain-free KBS solution in preparations from
WKY (n = 7) and SHR rats (n = 7).

“In Vivo” Experiments
Effect of Ouabain on the Arterial Blood Pressure in
Anesthetized Animals

Urethane (1.2 g/Kg, i.p.) was used as an anesthetic and
supplemented when necessary. The jugular vein and the ca-
rotid artery were dissected and cannulated with a polyethylene
catheter (PE-50 filled with heparinized saline) for drug admin-
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istration and arterial blood pressure measurements, respec-
tively. The arterial blood pressure was measured with a pres-
sure transducer (model 1050BP, UFI, Inc., Morro Bay, CA)
and recorded using an interface and software for computer data
acquisition (model MP100A, BIOPAC Systems, Inc., Santa
Barbara, CA). Heart rate was determined from the intra-beat
intervals.

After a 30-minute stabilization period, systolic and dia-
stolic blood pressures were measured before and 60 minutes
after administration of 0.18 µg/Kg (approximately 0.3 nmol/Kg)
ouabain, a dose that increases blood pressure in hypertensive but
not in normotensive animals.12,15,16 Additionally, the effects of
ganglionic blockade with hexamethonium (5 mg/Kg, i.v.) or AT1

receptor blockade with losartan (10 mg/Kg, i.v.) were investi-
gated. Following anesthesia and stabilization, hexamethonium or

losartan were administered. Thirty minutes later, a time when
the depressor effects of hexamethonium or losartan had stabi-
lized, ouabain (0.18 µg/Kg, i.v.) was administered. The sys-
tolic and diastolic blood pressures at 60 minutes after the oua-
bain administration were recorded.

Drugs and Reagents

Ouabain octahydrate, L-phenylephrine hydrochloride,
hexamethonium hydrochloride, losartan, enalaprilat, acetyl-
choline chloride, CHAPS, and sodium pentobarbital were pur-
chased from Sigma (St. Louis, MO); heparin was purchased
from Roche (São Paulo, SP, BR).

The drugs were dissolved in bi-distilled water and all
solutions were prepared freshly before use and protected from
light.

FIGURE 1. Changes of the mean
perfusion pressure (MPP) produced
by phenylephrine (PHE) in tail vascu-
lar bed from SHR (left panels) and
WKY (right panels). Dose-response
curves were performed in prepara-
tions with intact endothelium: be-
fore (E+) and 60 minutes after 1 nM
ouabain (E+/OUA) (panels A and B).
Panels C and D show the time-
control dose-response curves to
phenylephrine before (E+) and after
1 hour of infusion with Krebs-
Henseleit buffer (E+/KHB). Number
of preparations indicated in paren-
theses. Results are expressed as
means � SEM. * P < 0.01, after ver-
sus before OUA, 2-way ANOVA, re-
peated measures.
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Data Analysis
Results regarding perfusion pressure measurements are

presented as changes in the mean perfusion pressure subtract-
ing peak pressure from baseline pressure. Relaxation response
to potassium was expressed in percentage of relaxation in
preparations precontracted with phenylephrine (10−7 M).

For each concentration-response curve for phenyleph-
rine, the maximum effect (Emax) and the bolus dose (µg) that
produced one-half Emax (log ED50) were estimated using non-
linear regression analyses (GraphPad Prism Software, San
Diego, CA). The sensitivity of the agonists is expressed as
pED50 (−log EC50).

Results are presented as means ± SEM. Data were ana-
lyzed using a t-test and ANOVA. When the ANOVA showed
a significant treatment effect, a Tukey’s post-hoc test was used
to compare means. P < 0.05 was considered significant.

RESULTS
Three-month-old male awake SHR had a higher mean

arterial pressure (SHR: 179 ± 1 versus WKY: 106 ± 2 mm Hg,
P < 0.001) and a lower body weight when compared with
WKY rats (SHR: 227 ± 4 versus WKY: 289 ± 5 g, P < 0.05).
However, no change in heart rate was observed (SHR: 363 ± 4
versus WKY: 347 ± 5 bpm, P > 0.05).

Effects of Ouabain on the Actions of
Phenylephrine in the Presence and Absence
of Endothelium

In endothelium-intact tail vascular bed preparations
from WKY and SHR, perfusion of 1 nM ouabain for 60 min-
utes did not change baseline mean perfusion pressure (in mm
Hg, WKY: before: 75 ± 3 versus after ouabain: 80 ± 4, P >
0.05; SHR: before: 95 ± 4 versus after ouabain: 84 ± 2, P >

FIGURE 2. Changes of the mean
perfusion pressure (MPP) produced
by phenylephrine (PHE) in tail vascu-
lar bed from SHR (left panels) and
WKY (right panels). Dose-response
curves were performed in prepara-
tions with damaged endothelium
before (E-) and after 1 hour perfu-
sion of 1 nM ouabain (E-/OUA)
(panels A and B). Panels C and D
show the t ime-contro l dose-
response curves to phenylephrine
before (E-) and after 1 hour of infu-
sion with Krebs-Henseleit buffer
(E-/KHB). Number of preparations
indicated in parentheses. Results are
expressed as means � SEM. *P <
0.01, after versus before OUA, 2-way
ANOVA, repeated measures.
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0.05). The perfusion with ouabain did not change the response
to phenylephrine in the tail vascular bed from WKY (Fig. 1A).
However, in preparations from SHR ouabain increased pED50

to phenylephrine (2.14 ± 0.06 before versus 2.47 ± 0.07 after
ouabain, P < 0.01) without changing Emax (303 ± 18.7 before
versus 302 ± 20.3 mm Hg after ouabain, P > 0.05) (Fig. 1B). It
is important to emphasize that perfusion for 60 minutes with
ouabain-free KHB solution (time control) did not change the
baseline perfusion pressure or the pressor response to phenyl-
ephrine in WKY or SHR vascular bed (Fig. 1 C and D).

In the absence of endothelium, 1 nM ouabain did not
alter Emax or pED50 values for phenylephrine in tail vascular
bed preparations from WKY rats (Fig. 2A). This result was
similar to that obtained in preparation with intact endothelium
(compare with Fig. 1A). On the other hand, in endothelium-
denuded tail vascular bed from SHR 1 nM ouabain produced a
reduction in the Emax to phenylephrine (381 ± 23.5 before ver-
sus 314 ± 16.9 mm Hg after ouabain; P < 0.01), without change
in pED50 values (3.30 ± 0.06 before versus 3.25 ± 0.09 after

ouabain, P > 0.05) (Fig. 2B). This result was opposite to that
obtained in preparations from SHR with an intact endothelium
(compare with Fig. 1B). The results of control experiments
showed that perfusion for 60 minutes with ouabain-free KHB
did not change the baseline perfusion pressure or the pressor
responses to phenylephrine in tail vascular beds without endo-
thelium from either WKY or SHR (Fig. 2 C and D).

Effect of Renin-Angiotensin-System-Derived
Products on the Effects of Ouabain on the
Phenylephrine-Induced Pressure Response

No changes in baseline perfusion pressure or in phenyl-
ephrine pressor response were observed in preparations from
SHR group during the perfusion with enalaprilat (1 µM) or
losartan (10 µM), even after ouabain treatment (Figs. 3C and
D). The infusion with ouabain (1 nM) plus enalaprilat (Fig.
3A) or losartan (Fig. 3B) for 60 minutes did not change pED50

or Emax for phenylephrine suggesting that AT1 blockade or

FIGURE 3. Changes of mean perfu-
sion pressure (MPP) produced by
phenylephrine (PHE) in tail vascular
bed from SHR. Dose-response curves
were performed in preparations 30
minutes before enalaprilat (Ena: 1
µM-Panel A) or losartan (Los: 10 µM-
Panel B) infusion (E+) and after
enalaprilat or losartan plus 1 nM
ouaba in in fus ion (E+/Ena or
Los/OUA). Panels C and D show the
dose-response curves to phenyleph-
rine performed 30 minutes before
enalaprilat (Ena-Panel C) or losartan
(Los-Panel D) infusion (E+) and after
enalaprilat or losartan plus Krebs-
Henseleit buffer infusion (E+/Ena or
Los/KBS). The number of prepara-
tions is indicated in parentheses. Re-
sults are expressed as means � SEM.
2-way ANOVA, repeated measures.
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ACE inhibition abolished the sensitization induced by ouabain
on the phenylephrine pressor response.

Functional Activity of the Na+, K+-ATPase
As shown in the Figure 4A, 1 nM ouabain did not alter

the relaxation induced by increasing concentrations of KCl in
preparations from WKY rats. In contrast, in preparations ob-
tained from SHR rats, 1 nM ouabain increased the relaxation
induced by KCl (Fig. 4B). It is important to emphasize that
perfusion for 60 minutes with ouabain-free KHB solution
(time control) did not change the relaxation induced by KCl in
tail vascular bed from WKY or SHR rats (Figs. 4C and D).

Effect of Ouabain on the Arterial Blood
Pressure in Anesthetized Animals

Anesthesia with urethane reduced systolic and diastolic
blood pressures in both groups, similar to previous re-

ports.12,15,16 In WKY, neither systolic nor diastolic arterial
pressures changed 60 minutes after administration of ouabain
(0.18 µg/kg, i.v.) (Fig. 5). In contrast, this treatment signifi-
cantly increased both systolic and diastolic blood pressures in
SHR (Fig. 5). In both groups, ouabain did not change the heart
rate (results not shown). Ganglionic blockade with hexame-
thonium did not change the effects on blood pressure induced
by ouabain in SHR (Fig. 6); however, after losartan treatment
this effect was completely blocked (Fig. 6).

DISCUSSION
Results presented here show that 1 nM of ouabain in-

creases the sensitivity to phenylephrine in the tail vascular bed
from SHR by a mechanism involving an increase in the activity
of endothelial ACE and the local synthesis of angiotensin II.
This observation with respect to putative mediators involved in
elevations of vascular tone produced by ouabain is novel and

FIGURE 4. Reversal of PHE-induced
contractions in KCl-free KHB pro-
duced by the addition of increasing
concentrations of KCl in the absence
and presence of 1 nM ouabain.
(Panel A) Curves in WKY and (Panel
B) curves in SHR before and after 60
minutes after 1 nM ouabain infu-
sion. (Panel C) Curves in WKY and
(Panel D) curves in SHR before and
60 minutes after KCl-free Krebs-
Henseleit buffer infusion. The num-
ber of preparations is indicated in
parentheses. Results are expressed
as means � SEM. * P < 0.01 after
versus before OUA, 2-way ANOVA,
repeated measures.

J Cardiovasc Pharmacol� • Volume 44, Number 3, September 2004 Ouabain-Induced Endothelial ACE Activity

© 2004 Lippincott Williams & Wilkins 377



here-to-fore unreported. In addition, 1 nM ouabain activated
instead of inhibited, Na+, K+-ATPase activity in the vascular
smooth muscle, an observation similar to that described by
Gao et al17 in cardiac myocytes.

Previous reports show that 10 nM ouabain increases the
pressor responses to phenylephrine in tail vascular bed from
both normotensive and spontaneously hypertensive and vol-
ume-dependent hypertensive rats.10–12,15 These actions are
also seen in anesthetized rats and are still present in hyperten-
sive models even when normotensive animals show no re-
sponse.12,15 However, the normal plasma concentrations of
ouabain are lower than 10 nM18 and the purpose of this experi-
ment was to test possible effects at a concentration of ouabain
near the physiological norm.

Ouabain in the quantity of 1 nM increased the sensitivity
to phenylephrine only in tail vascular bed from SHR. This re-
sult reinforces our previous observations12 that tail vascular
beds from SHR are more responsive to the effects induced by
nanomolar concentrations of ouabain.

It has been previously demonstrated that the endothe-
lium modulates the actions of higher doses of acutely admin-

istered ouabain in vascular preparations from normotensive
and hypertensive rats.8,10 For this reason, we investigated the
possible role of the endothelium on the actions of 1 nM oua-
bain in preparations from WKY and SHR. Endothelial damage
increased maximal response and sensitivity to phenylephrine
before ouabain administration, as expected. In de-endothelized
preparations ouabain did not alter the pressor responses to
phenylephrine in preparations from WKY rats but reduced
maximal response to this �1-adrenoceptor agonist in prepara-
tions from SHR.

Endothelium-derived factors might modulate positively
or negatively the vascular actions of ouabain. In normotensive
Wistar rats and in L-NAME hypertensive rats the acute admin-
istration of ouabain induces the release of EDHF.10,16 In rats
made hypertensive by a chronic ouabain treatment an en-
hanced endothelial release of nitric oxide and EDHF was re-
ported15; meanwhile in SHR it releases an unknown vasocon-
strictor factor.8 There are reports showing that the effects
induced by acute treatment with ouabain in aorta from SHR did
not involve products from the arachidonic-acid pathway or
free radicals release.8 One pathway that may play a role on

FIGURE 5. Systolic (SBP) and diastol-
ic (DBP) blood pressure before and
60 minutes after the administration
of 0.18 µg/kg ouabain in WKY (N =
8) and in SHR (N = 8) anesthetized
rats. Results are expressed as means
� SEM. +P < 0.01 SHR versus WKY
before ouabain, unpaired t- test and
* P < 0.01 after versus before oua-
bain, paired t-test.

FIGURE 6. Effect of ganglionic
blockade with hexamethonium (5
mg/Kg, i.v.) or AT1 blockade with
losartan (10 mg/Kg, i.v.) on the
pressor actions of ouabain in anes-
thetized SHR. Systolic (SBP) and di-
astolic (DBP) blood pressure before
and 60 minutes after the administra-
tion of 0.18 µg/kg ouabain in con-
trol SHR (N = 8), ganglionic blocked
SHR (N = 8), and AT1 blocked SHR
(N = 8). Results are expressed as
means � SEM. # P < 0.01 SHR plus
hexamethonium or losartan before
versus SHR before, unpaired t-test
and * P < 0.01 after versus before
ouabain, paired t-test.
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ouabain action is the local renin-angiotensin system. There are
evidences that 10 nM ouabain interact with angiotensin II to
stimulate aldosterone production in bovine adrenal glomeru-
losa cells.19 At the same time angiotensin II, via AT2 receptors,
might induce its own release from these cells.20 Besides these
peripheral actions other reports presented links between oua-
bain and angiotensin II in some areas of the central nervous
system in SHR and in a chronic ouabain-treated model.1,21 The
central mechanism already described suggests that ouabain
stimulates ACE leading to the production of angiotensin II that
further stimulates the sympathetic tone and ultimately in-
creases arterial blood pressure. Considering that ouabain
stimulates ACE centrally a question arises. Could ouabain
stimulate local ACE at a vascular level? If this is true angio-
tensin II could be the unknown endothelial vasoconstrictor fac-
tor previously suggested.

The perfusion of 1 nM ouabain plus an ACE inhibitor,
enalaprilat, or an AT1-angiotensin receptor antagonist, losar-
tan, did not change the vasoconstrictor response induced by
phenylephrine suggesting that the sensitization induced by
ouabain on the phenylephrine pressor response is mediated by
the local vascular renin-angiotensin system. The fact that oua-
bain effect was also abolished by the endothelium damage sug-
gests that the renin-angiotensin system activated by ouabain is
localized in the endothelium. This is the first report to demon-
strate that ouabain stimulates the production of endothelial an-
giotensin II, which act as a positive endothelial modulator.
This property is similar to what was previously reported in the
central areas of SHR, where ouabain stimulates angiotensin II
production.1

The mechanism by which angiotensin II increases the
sensitivity to alpha-adrenergic stimulation is probably related
to changes on the vascular smooth muscle function. As previ-
ously reported by Henrion et al22, subthreshold concentration
of angiotensin II increases the vasoconstriction induced by
noradrenaline in rabbit facial artery segments by a PKC-
dependent mechanism. This mechanism could explain the in-
crease in the blood pressure induced by acute administration of
ouabain in SHR by an enhanced vascular resistance.12

To evaluate if these effects on blood pressure are also
dependent on the renin-angiotensin system, “in vivo” experi-
ments were performed. In anesthetized WKY rats 0.18 µg/kg
ouabain (∼0.3 nmol/Kg) had no effects on arterial blood pres-
sure, reproducing previous results.12,15,16 In addition, similar
to our previous results using SHR,12 and other models of hy-
pertension,15,16 this dose of ouabain increased systolic and di-
astolic blood pressures in SHR.

Although the ouabain effect on arterial blood pressure
was not changed by the ganglionic blockade with hexametho-
nium, it was completely blocked by pretreatment with an AT1-
angiotensin receptor antagonist, losartan. The present results
were completely different to those obtained with L-NAME-
treated rats where the pretreatment with hexamethonium

blocked the increase in systolic and diastolic blood pressures
produced by the acute administration of 0.18 µg/ kg ouabain.16

All together, these observations suggest that the acute low dose
of ouabain used in the present study did not have actions at
preganglionic neurons and/or at the central nervous system.
Moreover, these results reinforce our hypothesis that in SHR
ouabain activates the local renin-angiotensin system, which in-
duces an increase in the vascular resistance and blood pressure.

Previous reports suggested that ouabain inhibited ACE
activity in endothelial cells from bovine pulmonary artery23

instead of activating it, as suggested by the findings presented
here. The proposed mechanism was that intracellular sodium
increment would inhibit ACE activity as a result of the inhibi-
tion of the Na+, K+-ATPase activity. However, these authors
used an ouabain concentration (10–20 nM) higher than ours,
which is known to inhibit the Na+, K+-ATPase activity but
does not increase the bulk intracellular sodium.24 In contrast to
that, low concentration of digitalis compounds are reported to
activate the Na+, K+-ATPase activity instead of inhibiting it.17

We then investigated the effects of 1 nM ouabain on the Na+,
K+-ATPase functional activity. Ouabain (1 nM) did not alter
the relaxation induced by increasing concentrations of KCl in
the WKY group, but increased the relaxation in preparations
obtained from SHR.

Even accepting that intracellular sodium modulates
ACE activity the increased Na+, K+-ATPase activity would
reduce intracellular sodium activating ACE. Although know-
ing that low concentrations of ouabain activates the Na+, K+-
ATPase activity we should stress that the angiotensin II, which
is formed by local ACE, is also capable to activate the Na+,
K+-ATPase activity.25,26 This activation of Na+, K+-ATPase
induced by ouabain would explain why in tails from SHR with
endothelium an increased maximal response was not observed,
but only an increased sensitivity. Moreover, this effect can
help us to explain the reduction in the maximal response in-
duced by ouabain in preparations without endothelium, since
increased Na+, K+-ATPase activity reduces intracellular Ca2+

levels and contraction.
In conclusion, our results suggest a new mechanism for

the peripheral action of low concentrations of ouabain that
might increase the sensitivity of the vascular smooth muscle
from spontaneously hypertensive rats to phenylephrine stimu-
lating the endothelial ACE activity and increasing the angio-
tensin II release.
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