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There is increasing evidence for rapid nongenomic effects of
aldosterone. Aldosterone has been demonstrated to alter in-
tracellular pH and calcium in isolated cells. However, few
studies have correlated these effects with aldosterone-medi-
ated physiological responses. Therefore, we studied rapid ef-
fects of aldosterone on vascular reactivity, intracellular Ca2�,
and pH in resistance vessels. Furthermore, we explored
whether the new antimineralocorticoid drug eplerenone
could effectively block nongenomic aldosterone-mediated ef-
fects. The vasoconstrictor action of aldosterone was examined
directly by determining the diameter of small resistance mes-
enteric vessels (160–200 �m resting diameter), simultaneously
with intracellular pH or Ca2�. Aldosterone (10 nM) caused a
rapid constriction of resistance vessels (8.1% � 1.0% reduction
in the diameter below control conditions, P < 0.05). Aldoste-
rone potentiated phenylephrine-mediated constriction in
small and large mesenteric vessels. Aldosterone induced a
rapid increase of intracellular Ca2� and cellular alkaliniza-

tion. Vasoconstrictor action of aldosterone and nongenomic
effects on the sodium-proton exchanger (NHE1) activity or
intracellular Ca2� responses was abolished by eplerenone.
The vasoconstrictor response of aldosterone was related to
phosphatidylinositol 3-kinase (PI3-K): the hormone decreased
protein kinase B phosphorylation; pharmacological inhibi-
tion of PI3-K (10 �M LY294002 or 1 �M wortmannin) increased
arterial contractility. Inhibitors of ERK 1/2 phosphorylation
(15 �M PD98059) had no effect on aldosterone-mediated vaso-
constriction. Inhibition of protein kinase C with 1 �M bi-
sindolylmaleimide I and/or inhibition of NHE1 with 100 �M
amiloride abolished aldosterone vasoconstrictor action of re-
sistance mesenteric arteries. We conclude that aldosterone-
mediated increase in vascular tone is related to a nongenomic
mechanism that involves protein kinase C, PI3-K, and NHE1
activity. Eplerenone is an effective blocker of nongenomic
effects of aldosterone in vascular tissue. 

SEVERAL STUDIES HAVE shown deleterious effects of
aldosterone in the cardiovascular system (1–3). In fact,

following the pioneer work from Weber’s laboratory (4), a
series of studies on the direct action of aldosterone in the
heart have been reported (5–7). The fact that the effects of
aldosterone occur over a relatively extended time course
(days/weeks) is indicative of a genomic action of the hor-
mone (8).

Nongenomic actions of aldosterone have been studied in
vitro in isolated human arteries (9), vascular smooth muscle
cells (VSMCs) (10), lymphocytes (11), and endothelial cells
(12) which include activation of the sodium-proton ex-
changer (NHE1) and increase in Ca2� intracellular levels.
Also, a biphasic effect of aldosterone on the Na pump has
been described: an initial, nongenomic inhibition of the Na�,
K�-ATPase activity, followed by the classical genomic action
of aldosterone on the Na pump (13). Spironolactone, a non-
specific mineralocorticoid receptor antagonist, failed to block

nongenomic aldosterone effects on NHE1 or intracellular
Ca2� (9, 14). However, eplerenone, a specific mineralocor-
ticoid antagonist, completely blocked the nongenomic aldo-
sterone action on the Na pump activity of isolated arteries
(13).

Little is known about the physiological significance of
nongenomic aldosterone action in resistance blood vessels.
Recently Arima et al. (15) demonstrated that aldosterone
caused nongenomic vasoconstiction in the glomerular mi-
crocirculation; but Uhrenholt et al. (16) concluded that aldo-
sterone inhibits depolarization-induced vasoconstriction in
renal efferent arterioles by a rapid nongenomic mechanism.

Based on the potential ability of aldosterone to acutely
increase intracellular Ca2� levels in vasculature smooth mus-
cle cells (16), we postulated that aldosterone could favor
vasoconstriction in blood vessels. We tested this hypothesis
in rat mesenteric conduit and resistance arteries. The effects
of aldosterone on vascular diameter of resistance vessels,
simultaneously with measurements on intracellular calcium
concentration and/or intracellular pH, were assessed in
microperfused-pressurized arteries. To determine whether
short-term aldosterone exposure might regulate different
signaling pathways, we assessed the involvement of protein
kinase C (PKC), ERK 1⁄2, and p38 MAPK as well as the
phosphatidylinositol 3-kinase (PI3-K), which are related to
aldosterone action in other tissues (16–19). In the present

Abbreviations: Bisindole I, Bisindolylmaleimide-I; KRB, Krebs-
Ringer bicarbonate; MEK, MAPK kinase; NHE1, sodium-proton ex-
changer; PBST, PBS containing Tween 20; PI3-K, phosphatidylinositol
3-kinase; PKB, protein kinase B; VSMC, vascular smooth muscle cell.
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work, we provide evidence of rapid aldosterone vasocon-
strictor effect; a response that was blocked by eplerenone, a
new mineralocorticoid receptor antagonist. We also provide
evidence that nongenomic aldosterone actions on NHE1 and
intracellular Ca2� levels were blocked by eplerenone.

Materials and Methods
Animals

Male Sprague Dawley rats weighting between 180 and 220 g were
allowed free access to tap water and standard rat chow. The Ethics
Committee of the Faculty of Medicine of University Los Andes approved
all protocols for animal experimentation, according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Vascular reactivity experiments

The superior mesenteric artery was removed and placed in cold (4 C)
physiological Krebs-Ringer bicarbonate (KRB), containing (in millimoles
per liter) 120 NaCl, 4.2 KCl, 1.18 KH2PO4, 1.2 MgSO4, 1.3 CaCl2, 25
Na2HCO3, 5 d-glucose, 5 HEPES, and 1.2 pyruvate, equilibrated with
5%CO2-95%O2 (pH 7.4). The tissue was cleaned of all adipose and
connective tissue and cut into rings (each 3 mm long). Extreme care was
taken during preparation of the rings to avoid stretching the tissue.
Standard isometric tension measurements were performed, as previ-
ously described (20). Briefly, the rings were mounted on two 27-gauge
stainless steel wires; the lower one was attached to a stationary glass rod,
and the upper one was attached to a force-displacement transducer
(Grass, Quincy, MA; FT-03C). The transducer was connected to a Grass
polygraph (model 7) for continuous recording of blood vessel tension.
After the equilibration period, the vascular rings were stabilized by two
successive near-maximal contractions with KCl (60 mm). Phenylephrine-
induced contraction (dose-response curve) was studied before and after
incubation with 10 nm aldosterone for 10 min for each vascular ring.

Contractility of small-diameter mesenteric arteries and
fluorometric determination of intracellular Ca2� and pH

Arterial diameter was measured simultaneously with intracellular
calcium or pH in perfused-pressurized mesenteric branches, according
to previously described methods (21). Briefly, the rats were euthanized
by decapitation and the mesenteric arcade was excised and placed in
cold KRB. First- and second-order branches from the superior mesen-
teric artery (160–200 �m in diameter) from experimental animals were
cleaned from adventitial tissue, transferred to a 2-ml vial, and incubated
with the fluorescent dye FURA2-AM (1.0 �g/ml in KRB, Molecular
Probes, Eugene, OR) for 75 min with gentle agitation at 37 C in a
water-saturated atmosphere containing 95% O2-5%CO2. After the dye
was loaded, tissue segments were cannulated at both ends (Microfilm,
WPI, Sarasota, FL), and mounted in a thermostatically controlled 10-ml
chamber. Temperature in the chamber was maintained at 37 C (BTC 9090
temperature controller, Brainchild Electronic Ltd., Taiwan). Tissues
were superfused (flow rate 2.5 ml/min, peristaltic pump, Minipulse-2,
Gilson, Villiers-Le-Bel, France) and microperfused (25 �l/min, syringe
pump SP101i, WPI) with constantly gassed KRB for 30 min to remove
extracellular dye. Intraluminal pressure was constantly monitored (pres-
sure transducer P23XL, Spectramed, polygraph model 7, Grass) and set
at 50 mm Hg by linking the distal end of the outflow cannula to a
pressure column.

Fluorescent measurements were made with a dual-excitation wave-
length imaging system using an Eclipse E400 epifluorescence micro-
scope with a Fluor �10 water immersion objective (Nikon, Tokyo, Japan)
attached to an optical filter changer (� 10–2, Sutter Instruments Co.,
Navato, CA). Emitted fluorescence was acquired by an intensified
charge-coupled device video camera (IC-100, Photon Technology Inter-
national, Lawrenceville, NJ) and processed by a scientific imaging soft-
ware (IPLab Spectrum, Scanalytics, Fairfax, VA). Wavelengths for ex-
citation were 340 and 380 nm; emission wavelength was 520 nm.
Intracellular calcium levels are calculated as integral ratio from emission
at 520 nm under variable excitation wavelengths 340/380 (21, 22). The
images obtained at 380 nm excitation were used to estimate average

vessel diameter of a 250-�m-long segment. In a separate set of exper-
iments, intracellular pH was determined by monitoring the fluorescence
of acetoxymethyl ester of the pH-sensitive dye 2�, 7�-bis(2-carboxyethyl)-
5,6-carboxyfluorescein (5 �m) as previously described (9). Arteries were
prepared and loaded with the dye as indicated for FURA2 experiments.
Wavelengths for excitation were 495 and 440 nm; emission wavelength
was 530 nm. The ratio of the 495/440-nm fluorescence values was used
to estimate intracellular pH.

Drug treatments

The effect of aldosterone (10 nm) on arterial contractility was mea-
sured in the presence of hormone alone and in arteries pretreated with
bisindolylmaleimide-I (Bisindole I; 1 �m), LY294002 (10 �m), PD98059
(15 �m), or wortmannin (100 nm and 1 �m) as indicated in the figures.
All drugs were added 10 min before the addition of the hormone, and
they were present throughout the study. Aldosterone was dissolved in
ethanol and diluted in KRB (10�6 m) and finally added (1:100 vol/vol)
into the superfusion chamber (0.01% methanol final concentration).
Drugs were prepared as stock solutions and diluted in KRB to the
desired concentration before use. To test drug effects, all the superfusion
volume was quickly changed (�10 sec), and solutions of identical com-
position were used in the new superfusion media. Bisindole I was
dissolved in dimethylsulfoxide (final concentration in KRB 0.005%).
Identical aliquots of solvents used for the drugs were added to the
control and hormone-treated paired experiments.

To study the effects of aldosterone, eplerenone, and LY294002 on ERK
1/2 and protein kinase B (PKB) phosphorylation, intact rat mesenteric
arteries were carefully dissected, cleaned from adventitial tissue, sep-
arated into five segments, and incubated in vials containing 2 ml KRB
constantly gassed with 95% O2-5% CO2 at 37 C (water saturated atmo-
sphere) with gentle agitation (Dubnoff, Chicago, IL). After 45–60 min of
washing, arterial segments were transferred to a new vial and incubated
with the corresponding hormone, inhibitor, and/or solvent in a paired
fashion, as indicated in Results. After the incubation period, mesenteric
first- and second-order branches were quickly removed and used to
prepare tissue extracts.

Preparation of tissue extracts

Soluble protein fractions from mesenteric arteries were prepared.
Small-diameter arteries were homogenized in an ice-cold glass-glass
homogenizer (122, VWR United, Strasbourg, France) into 150 �l of
ice-cold lysis buffer: 20 mm Tris-HCl (pH 7.5), 1 mm EDTA, 1 mm EGTA,
20 mm NaF, 1 mm sodium pyrophosphate, 1 mm sodium vanadate, 140
mm NaCl, and complete mini-protease inhibitor cocktail minitablets (1
tablet per 10 ml, Roche, Stockholm, Sweden), 10% (vol/vol) glycerol and
1% (vol/vol) Triton X-100. Samples were centrifuged at 14,000 � g for
20 min at 4 C, and supernatants were divided in aliquots. One aliquot
was stored at �70 C for protein concentration determination (BCA
method using BSA as a standard), and the other aliquot was heated at
95 C with 0.33 volumes of 4� SDS-PAGE sample buffer and stored at
�20 C.

Western blot analysis for ERK, p38-MAPK, and PKB

Tissue extracts (15 �g protein for ERK and p38MAPK and 35 �g
protein for PKB) were separated by SDS-PAGE on 12% (wt/vol) poly-
acrylamide gels and electrotransferred to nitrocellulose (ERK and p38-
MAPK) or polyvinylidene di fluoride (for PKB) membranes using a
Trans-blot unit (Bio-Rad Laboratories, Hercules, CA) for 1.5 h at 100 V.
Protein gels stained with Coomassie blue were used for densitometry to
check for protein abundance in each sample. Membranes were blocked
with 3% (wt/vol) BSA in PBS (pH 7.4) containing 0.1% (vol/vol) Tween
20 (PBST) overnight at 4 C. Then membranes were incubated for 1 h with
the primary antibody (25 C). After washing in PBST (4 � 15 min each),
blots were incubated for 1 h at room temperature with horseradish
peroxidase-linked secondary antibody (1:5000, 3% wt/vol BSA in PBST).
Finally, membranes were washed again in PBST (4 � 15 min each).
Specific binding was detected using enhanced chemiluminescence with
exposure to film (Kodak, Rochester, NY) for 10–90 sec. After stripping
the membranes were subjected to immunoblot analysis with anti-phos-
pho-ERK antibody or anti-phospho-p38-MAPK antibody for 1 h at 25 C.
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In the case of phospho-PKB and total PKB detection, polyvinylidene di
fluoride membranes were blocked with 5% nonfat milk in Tris-buffered
saline (20 mm Tris/HCl, 137 mm NaCl) plus 0.1% (vol/vol) Tween 20
(TTBS) overnight. They were later incubated as described for nitrocel-
lulose membranes but using Tris-buffered saline (20 mm Tris/HCl, 137
mm NaCl) plus 0.1% (vol/vol) Tween 20. Blots were quantified by
laser-scanning densitometry, and results were expressed as the ratio of
phosphorylated protein kinase to total protein kinase levels. The ratio
of phosphorylated protein kinase to the total protein kinase was calcu-
lated in each experiment, and results were expressed as the relative band
ratio of each experimental condition, compared with the control-paired
sample.

Materials

All biochemicals and other reagents were purchased from
Sigma (St. Louis, MO) unless stated otherwise. Enhanced
chemiluminescence was obtained from PerkinElmer Life Sci-
ences (Chemiluminescence Reagent Plus, MA). Autoradio-
graphic films were from Kodak. Prestained molecular mass
standard proteins were purchased from Invitrogen (Carls-
bad, CA). Protein assay reagents (BCA protein assay kit)
were from Pierce (Rockford, IL). Bisindole-I, LY294002,
PD98059, and wortmannin were from Calbiochem-Novabio-
chem Corp. (San Diego, CA). Polyclonal antibodies against
phosphorylated and total ERK, p38-MAPK, and PKB used in
Western blot analysis were purchased from Cell Signaling
Technology Inc. (Beverly, MA). FURA2-acetoxymethylester
was from Molecular Probes Inc. Eplerenone was kindly pro-
vided by Pharmacia.

Statistical analysis

Values are reported as mean � sem. Differences between
mean values were assessed by ANOVA or Student’s t test
(paired). Values were considered significant for P � 0.05.

Results
Vasoconstrictor response and intracellular Ca2�

Phenylephrine-elicited concentration-dependent constric-
tions were measured in isolated superior mesenteric rings in
the presence and absence of aldosterone. As shown in Fig. 1,
aldosterone (10 nm) significantly increased phenylephrine
response. No changes were observed in the threshold of
phenylephrine-contractile dose. Aldosterone itself had no
effect in vascular tone, as measured by isometric tension
studies, in large mesenteric vessels. However, in small
branches of the mesenteric arteries (160–200 �m), aldoste-
rone elicited a significant vasoconstrictor response (8.1%
�1.0% reduction of resting diameter after 10 min of hormone
addition, Fig. 2). Eplerenone (2 �m) completely blocked al-
dosterone-vasoconstrictor response. As shown in Fig. 2A,
aldosterone induced a rapid rise of intracellular Ca2�.
Eplerenone suppressed the rapid aldosterone-mediated rise
in intracellular Ca2�. Figure 2B depicts the changes of arterial
diameter in the presence of 10 nm aldosterone and in the
measure of phenylephrine dose response. Eplerenone
blocked aldosterone-mediated vasoconstriction. Eplerenone
alone had no effect on intracellular Ca2� levels or in phen-
ylephrine-induced responses.

Intracellular signals and rapid aldosterone action in
mesenteric arteries

The involvement of PKC on aldosterone-mediated vaso-
constriction in resistance mesenteric vessels was evaluated in
the presence of 1 �m Bisindole I. As shown in Fig. 3, this
inhibitor completely blocked the effect of aldosterone on the
vascular tone, without affecting the phenylephrine dose-
response curve.

To determine whether ERK 1/2 or p38 MAPK were acti-
vated by aldosterone, mesenteric arteries were incubated
with 10 nm aldosterone for different periods of time. Extracts
were then prepared and assayed for the phosphorylated
forms of ERK 1/2 and p38 MAPK by Western blot analysis.
As shown in Fig. 4A, aldosterone had no effect on ERK
phosphorylation, measured up to 20 min after hormone ad-
dition. ERK activity was also measured when eplerenone
was added in addition to aldosterone (Fig. 4B). These find-
ings are consistent with the lack of effect of PD98059 [MAPK
kinase (MEK)-dependent signal inhibitor] on the aldoste-
rone-vasoconstrictor response (Fig. 4C).

In many tissues, activation of p38 MAPK is associated with
hormonal action. However, aldosterone had not effect on p38
MAPK phosphorylation in resistance mesenteric arteries af-
ter 5, 10, or 20 min, as measured by Western blot analysis
(data not shown).

The PI3-K signaling pathway has been involved in many

FIG. 1. Effect of aldosterone (10 nM) on phenylephrine-mediated va-
soconstriction in large mesenteric vessels. A, Representative original
polygraph recordings of the dose-dependent constrictor response to
phenylephrine (Phe) in the absence and presence of 10 nM aldoste-
rone. The first two traces correspond to consecutive phenylephrine
dose-response curves; the third trace was obtained in the same artery
10 min after the addition of aldosterone. B, Mean values � SE of six
independent experiments. *, P � 0.05, compared with contraction in
absence of aldosterone. Open circles represent constrictor responses
in the absence of aldosterone; filled circles correspond to phenyleph-
rine dose-response curve in the presence of 10 nM aldosterone.
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aldosterone-mediated effects. PKB is activated by hormones
and growth factors in a wortmannin-sensitive pathway in-
volving PI3-K. Therefore, to evaluate PI3-K, we measured
PKB phosphorylation. Figure 5, A and B, includes the results
of total and phospho-PKB levels after incubation of mesen-
teric arteries with 10 nm aldosterone for 10 min. As shown
in the Fig. 5, aldosterone had a significant inhibitory effect on
protein phosphorylation, compared with control arteries.
Vessels incubated in the presence of aldosterone plus 5 �m
eplerenone were not different from controls. As expected, the
treatment with 10 �m LY294002 completely blocked the
phosphorylation of PKB. Consistent with these observations,
LY294002 increased the vasoconstrictor response of mesen-
teric arteries, and no additional effect of aldosterone was
observed (Fig. 5C). Similar results were obtained with the use
of 0.1 or 1 �m wortmannin, another inhibitor of the PI3-K
pathway (data not shown).

Aldosterone vasoconstrictor response and the
Na�/H� exchanger

Figure 6A depicts the rapid aldosterone-mediated rise of
intracellular pH in isolated resistance mesenteric arteries. The
aldosterone activation of NHE1 was completely blocked by 2
�m eplerenone or 100 �m amiloride (not shown). Eplerenone
alone had no significant effect on intracellular pH.

To determine whether NHE1 is involved in the vasocon-
strictor response to aldosterone, we assessed the effect of
amiloride in resistance mesenteric vessels. As shown in Fig.
6B, 100 �m amiloride completely abolished aldosterone-
mediated vasoconstriction. A partial inhibition of phenyl-
ephrine response was present.

Discussion

Depending on the cell type, aldosterone can elicit numer-
ous rapid responses. In human mononuclear blood cells,
aldosterone rapidly increases cellular volume as a conse-
quence of an increment in intracellular Na� and Ca2� levels.
Aldosterone activation of NHE1 has been described in
VSMCs, endothelial cells, and human uterine and chorionic
arteries. Spironolactone, a nonspecific mineralocorticoid re-
ceptor antagonist, had no effect on the above-mentioned
nongenomic aldosterone actions (16); even though another
aldosterone antagonist, RU28136, was an effective blocker of
the aldosterone-mediated rise in intracellular pH in isolated
uterine arteries (9). Here we present data that eplerenone, a
new mineralocorticoid receptor antagonist, blocks rapid al-
dosterone effects on intracellular Ca2� and pH.

Eplerenone binds specifically to the cytosolic receptor (23–
26), and it is possible that the same receptor is related to both
genomic and nongenomic action of aldosterone. In this regard,
previous work from our group (9) indicated that when the
protective mineralocorticoid receptor enzyme was blocked
with carbenoxolone, cortisol mimicked the nongenomic aldo-

FIG. 2. Effect of aldosterone on intracellular Ca2� and vascular di-
ameter in resistance mesenteric vessels. Intracellular Ca2� was mea-
sured by FURA-2 imaging in isolated small vessels, simultaneously
with the arterial diameter. A, Representative original recordings of
six independent experiments: 10 nM aldosterone (ALDO) promote
rapid calcium increase in mesenteric arteries; 2 �M eplerenone
(EPLE), added 10 min in advance of aldosterone inhibited the rise in
intracellular-free Ca� caused by aldosterone. B, Effect of 10 nM al-
dosterone on the arterial diameter and after phenylephrine dose-
response curve and/or in the presence of 2 �M eplerenone. *, P � 0.05,
compared with contractile response in absence of aldosterone.

FIG. 3. Effect of PKC inhibition on aldosterone-mediated vasocon-
striction responses. Dose-response curves to phenylephrine were
measured in the presence of hormone alone (ALDO) and in mesenteric
arteries pretreated with 1 �M Bisindole I (BIS); n � 4. *, P � 0.05
aldosterone alone vs. aldosterone plus Bisindole I.
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sterone effect on human vascular tissue. Also, eplerenone
blocked the biphasic effect of aldosterone on the Na pump
activity in isolated rat arteries, as evidenced by a rapid non-
genomic inhibition of Na�-K�-ATPase activity followed by the
classical aldosterone genomic response on the number of Na
pumps (13). The inhibitory effect on the Na pump was maximal

10 min after the addition of 10 nm aldosterone and was not
inhibited by actinomycin D or cycloheximide. Therefore, we
selected a 10-min period to measure most of aldosterone va-
soconstrictor effects on rat mesenteric arteries; in fact, a signif-
icant increase in vascular tone was observed 10 min after the
addition of the hormone. The effect of aldosterone on vascular
tone was clearly evident in small resistance mesenteric vessels,
whereas aldosterone potentiated phenylephrine-induced vaso-
constriction in large mesenteric arteries. Our data are consistent

FIG. 4. Aldosterone and ERK 1/2 phosphorylation in mesenteric ar-
teries. A, 10 nM aldosterone had no significant effect on ERK 1/2
phosphorylation at 10 and 20 min after the addition of the hormone
(n � 4). Open bars, control; gray bars, aldosterone. B, Western blot
analysis of the protein isolated from resistance arteries at 3 and 10
min in the presence of 10 nM aldosterone (ALDO) or aldosterone plus
2 �M eplerenone (EPLE); n � 3. C, Phenylephrine dose-response
curves of aldosterone or aldosterone plus 15 �M PD98059, an inhibitor
of MEK I. No significant differences were observed in the presence of
the inhibitor, compared with aldosterone alone.

FIG. 5. Aldosterone and PI3-K pathway in mesenteric arteries. A,
Representative Western blot analysis of phospho-PKB: incubation for
10 min in the presence of 10 nM aldosterone (ALDO) or 10 �M
LY294002 significantly inhibited PKB phosphorylation; time 10 min.
Eplerenone (2 �M, EPLE) suppressed the inhibitory effect of aldoste-
rone. B, Bar graph represents mean � SE (n � 3). C, LY294002 alone
potentiated phenylephrine-mediated constriction (*, P � 0.05); no
further vasoconstrictor effect of aldosterone plus LY294002 was ob-
served.
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with recent studies of Arima et al. (14) on the vasoconstrictor
action of aldosterone in the afferent and efferent arterioles; but
they differ from the work of Uhrenholt et al. (15), which reported
that aldosterone had no direct effect in internal diameter of
rabbit renal afferent arterioles; they concluded that aldosterone
inhibits depolarization-induced vasoconstriction. Furthermore,
Liu et al. (17) found that aldosterone attenuated phenylephrine-
mediated constriction in endothelium-intact aortic ring prepa-
rations of normotensive Wistar rats. The reasons for this dis-
crepancy with our results are not clear, but it may be due to
differences between resistance vessels and conduit arteries used
in the above work. It is known that in humans, the iv application
of aldosterone significantly increases systemic vascular resis-
tance within a few minutes (27, 28).

To study the mechanism(s) for aldosterone-induced va-
soconstriction, we first examined the contribution of PKC
because several studies demonstrated the role of PKC in the
intracellular signaling for nongenomic aldosterone action on
the VSMCs (29–33). As expected, we found that pretreatment
with Bisindole I completely abolished aldosterone-induced
constriction in small mesenteric arteries, demonstrating the
participation of PKC and the phosphoinositide pathway in
the intracellular signaling for aldosterone-induced constric-
tion of resistance arteries. Mihailidou et al. (18) recently
showed that rapid nongenomic effects of aldosterone in the
heart are mediated by PKC�. However, the precise mecha-
nism of post-PKC activation for rapid aldosterone constric-
tion remains unclear. Long-term aldosterone action caused a
significant increase in the activities of ERK 1/2, c-Jun N-
terminal kinase, and big mitogen-activated protein kinase-1
in renal cortical tissue, whereas p38 MAPK activity remained
unchanged (34). We now found that aldosterone inhibited
PKB phosphorylation; furthermore, inhibition of PI3-K
with either LY294002 or wortmannin also induced vaso-
constriction. These observations are consistent with the
involvement of PI3-K in aldosterone-mediated effects on
vasomotion. However, Uhrenholt et al. (15) and Liu et al.
(17) in different vascular territories found that short-term
aldosterone decreases vascular reactivity simultaneously
with PI3-K-activation.

Many studies in cultured cells have found ERK activation
by aldosterone, but it is not known whether short-term al-
dosterone action implicates ERK activity in intact vessels, as
seen in VSMCs. Recently Mazak et al. demonstrated that
aldosterone potentiates angiotensin II-induced signaling in
vascular smooth muscle cells (19). Masset et al. (29) noted that
there are important tissue and/or stimulus-specific differ-
ences in the effect of the PKC and MAPK pathway. For
example, Watts (35) reported that PD98059 reduced seroto-
nin but not angiotensin II-induced contraction of aortic rings.
In contrast, at the arteriolar level, ERK 1/2 play only a minor
role, if any, in norepinephrine-induced vascular response
(29). Also, arteriolar response to norepinephrine was insen-
sitive to inhibition of p38 MAPK. We found that p38 MAPK
is not activated by short-term aldosterone exposure in mes-
enteric arteries. Also, no rapid changes were observed in ERK
1/2 phosphorylation. Therefore, we conclude that aldoste-
rone has no rapid activation on the above-mentioned kinases
in resistance mesenteric arteries. This possibility was further
evaluated with the studies on vasoconstriction: PD98059, a
known inhibitor of the ERK/MAPK activator kinase MEK-1,
was unable to block aldosterone-mediated increase of vas-
cular tone.

The last part of our study aimed to explore whether ac-
tivation of NHE1 by aldosterone was involved in the effect
of the hormone on vascular tone. Young and Funder (5)
suggested that cardiac fibrosis may involve coronary VSMCs
and that NHE1 activity is a possible contributor to the cas-
cade of transcriptional events that contribute to the delete-
rious effect of aldosterone in the heart. Tepel et al. (36)
showed that activation of NHE1 produces vasoconstriction
of renal resistance vessels. The exchanger is quiescent at
physiological intracellular pH levels, but it is activated rap-
idly in response to intracellular acidosis. Several stimuli,

FIG. 6. Aldosterone and intracellular pH levels in mesenteric arter-
ies. A, Representative 2�, 7�-bis(2-carboxyethyl)-5,6-carboxyfluores-
cein fluorescence ratio time course in the presence of 10 nM aldoste-
rone (ALDO) alone or aldosterone plus 2 �M eplerenone. B,
Contractile responses to phenylephrine in the presence of 100 �M
amiloride (AMIL) or aldosterone plus amiloride. *, P � 0.05, compared
with contractile response of phenylephrine alone.
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including growth factors and hormones, increase NHE1 ac-
tivity through various signaling pathways (37). These in-
clude direct phosphorylation of the cytoplasmic regulatory
domain (38), binding of calmodulin (39), and interaction with
accessory proteins (40). Although a regulatory role of NHE1
has been suggested for several pathways (37, 41), the most
extensively studied kinase mechanism of NHE1 activation
involves PKC (37, 42). Here we found that aldosterone in-
creased NHE1 activity, an effect that was blocked by 100 �m
amiloride as well as by eplerenone; both drugs also inhibited
aldosterone action on vascular tone. Also, amiloride had a
partial inhibitory effect on phenylephrine-vasoconstriction
response, as previously suggested (43).

The present study highlights the nongenomic effects
that aldosterone exerts on NHE1 activity, intracellular
Ca2�, and the contractile performance of systemic resis-
tance arteries. Eplerenone, a new specific mineralocorti-
coid receptor antagonist, blocks both rapid aldosterone-
mediated vasoconstriction and the nongenomic effects on
intracellular Ca2� and pH levels. Further studies are nec-
essary to resolve whether eplerenone blockage of rapid
aldosterone effects on resistance arteries are mediated by
the classic cytosolic mineralocorticoid receptor or a new
membrane receptor present in the vascular tissue.
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