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Aldosterone induces endothelial dysfunction in
resistance arteries from normotensive and
hypertensive rats by increasing thromboxane A,
and prostacyclin
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Background and purpose: The present study was designed to assess whether cyclooxygenase-2 (COX-2) activation is
involved in the effects of chronic aldosterone treatment on endothelial function of mesenteric resistance arteries (MRA) from
Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR).

Experimental approach: Relaxation to acetylcholine was measured in MRA from both untreated and aldosterone-treated
strains. Vasomotor responses to prostacyclin and U46619 were also analysed. Release of 6-oxo-prostaglandin (PG)F,, and
thromboxane B, (TxB,) was determined by enzyme immunoassay. COX-2 protein expression was measured by western blot.
Key results: Aldosterone reduced acetylcholine relaxation in MRA from both strains. In MRA from both aldosterone-treated
strains the COX-1/2 or COX-2 inhibitor (indomethacin and NS-398, respectively), TxA, synthesis inhibitor (furegrelate),
prostacyclin synthesis inhibitor (tranylcypromine) or TxA,/ PGH, receptor antagonist (SQ 29 548), but not COX-1 inhibitor
SC-560, increased acetylcholine relaxation. In untreated rats this response was increased only in SHR. Prostacyclin elicited a
biphasic vasomotor response: lower concentrations elicited relaxation, whereas higher concentrations elicited contraction that
was reduced by SQ 29 548. Aldosterone increased the acetylcholine-stimulated production of 6-oxo-PGF,, and TxB, in MRA
from both strains. COX-2 expression was higher in both strains of rats treated with aldosterone.

Conclusions and implications: Chronic treatment with aldosterone impaired endothelial function in MRA under
normotensive and hypertensive conditions by increasing COX-2-derived prostacyclin and thromboxane A,. As endothelial
dysfunction participates in the pathogenesis of many cardiovascular disorders we hypothesize that anti-inflammatory drugs,
specifically COX-2 inhibitors, could ameliorate vascular damage in patients with elevated aldosterone production.
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Introduction

Aldosterone is the main circulating mineralocorticoid in
humans, and it is normally produced in response to volume
depletion and angiotensin stimulation. It participates in the

electrolyte balance and plays an important physiological
role in the long-term regulation of Na™ and K™ in the distal
tubules and collecting ducts of the kidney (Giebisch, 1998;
Palmer, 1999; Giebisch and Wang, 2000; Palmer and Frindt,
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2000). In addition, it has also been shown that aldosterone
plays a major role in the regulation of the vascular tone and
in the vascular alterations associated with atherosclerosis,
heart failure and some forms of hypertension (Pitt et al.,
1999; Schiffrin, 2006). Furthermore, in primary or secondary
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aldosteronism, aldosterone production continues despite
volume expansion and elevating arterial blood pressure
(Stowasser, 2001).

Endothelial dysfunction is characterized by a shift in the
actions of vascular endothelium towards reduced vasodila-
tion, increased vasoconstriction, a proinflammatory state
and prothrombic events (Feletou and Vanhoutte, 2006).
Several studies have demonstrated that aldosterone stimu-
lates a vascular inflammatory response that could induce
endothelial dysfunction and fibrosis (Blanco-Rivero et al.,
2005; Neves et al., 2005). An aldosterone-mediated increase
in the activity of various inflammatory agents, including
COX-2-derived products, leukocyte chemoattractants and
adhesion molecules, has been demonstrated in some experi-
mental models of cardiovascular diseases (Blanco-Rivero
et al., 2005; Neves et al.,, 2005; Sanz-Rosa et al., 2005).
Diminished endothelium NOS expression or activity has also
been proposed as an important mechanism leading to the
endothelial dysfunction induced by aldosterone (Ikeda et al.,
1995). Previously, we have reported that vasoconstrictor
prostanoids, mainly prostacyclin, acting as a vasoconstrictor
factor, participate as mediators in the endothelial dysfunc-
tion induced by aldosterone in aorta from normotensive and
hypertensive rats (Blanco-Rivero et al., 2005). However, at
present, there are no published studies on the contribution
of COX-derived products to the vascular effects of aldoster-
one on resistance arteries. As the renin-angiotensin-aldo-
sterone system is involved in alterations of vascular function
in hypertensive patients, the study of aldosterone effects on
vascular function in resistance vessels could be especially
relevant, particularly as resistance arteries have a much
greater role in the regulation of vascular resistance and in the
haemodynamic abnormalities associated with hypertension.

Thus, the purpose of this study was to analyse the probable
endothelial dysfunction produced by aldosterone in mesen-
teric resistance vessels under normotensive and hypertensive
conditions, as well as the possible role of COX-1- and COX-2-
derived prostanoids, prostacyclin and TxA, (thromboxane
A,), in that effect of aldosterone.

Methods

Animals

All animal procedures in this investigation conform to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH publication no.
85-23, revised 1996) and the directives 609/86 CEE and RD
233/88 of the Ministerio de Agricultura, Pesca y Alimenta-
cion (registration no. EX-021U) of Spain.

Six-month-old male Wistar-Kyoto rats (WKY) and sponta-
neously hypertensive rats (SHR) weighing 250-300g were
obtained from colonies maintained at the animal quarters
of the Facultad de Medicina of the Universidad Auténoma de
Madrid.

Controlled time-release pellets (Innovative Research of
America, Sarasota, FL, USA) containing aldosterone or
vehicle were subcutaneously implanted. Animals were
divided into four groups: WKY, WKY plus aldosterone
(0.05mgkg™" per day), SHR, SHR plus aldosterone. At the
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end of the treatment period (3 weeks), systolic blood pressure
was measured in awake rats by a tail-cuff method (Letica,
Digital Pressure Meter, LES000, Barcelona, Spain).

Vessel preparation
After death by CO; inhalation, the mesenteric vascular bed
was removed and placed in cold (4°C) Henseleit solution
(KHS (in mMm): 115 NaCl, 2.5 CaCl,, 4.6 KCl, 1.2 KH,POy, 1.2,
MgS04.7H,0, 25 NaHCO3, 11.1 glucose and 0.03 EDTA).
For reactivity experiments, the third-order branch of the
mesenteric arcade (untreated: SHR 262 +5.1, n=8 vs WKY
301 £ 4.8 um diameter, n=10, P<0.05; aldosterone-treated:
SHR 254+7.0, n=7 vs WKY 318+ 5.4um diameter, n=9,
P<0.05) was dissected from the mesenteric bed, cleaned of
connective tissue and cut in segments of approximately
2mm in length. Two tungsten wires (40-um diameter) were
introduced through the lumen of the segments and
mounted in a small vessel dual-chamber myograph (Danish
Myo Technology A/S, Aarhus, Denmark) to measure iso-
metric tension according to the method described by
Mulvany and Halpern (1977). After a 30-min equilibration
period in oxygenated KHS at 37 °C and pH=7.4, segments
were stretched to their optimal lumen diameter for active
tension development. This was determined based on the
internal circumference-wall tension ratio of the segments by
setting their internal circumference, Lo, to 90% of what the
vessels would have if they were exposed to a passive tension
equivalent to that produced by a transmural pressure of
100 mm Hg (Mulvany and Halpern, 1977). Afterwards, seg-
ments were washed with KHS and left to equilibrate for
30min; segment contractility was then tested by an initial
exposure to a high-K* (120 mm) solution.

Experimental protocols

Endothelium-dependent and -independent relaxations
were studied by evaluating relaxations to acetylcholine
(0.1nM-1pM) or diethylamine-nitric oxide (DEA-NO)
(0.1 nM-100 pM), respectively, in arterial rings submaximally
precontracted with noradrenaline (10 uMm). This concentra-
tion produced responses that were more stable than those
produced by lower concentrations. For example, at 1pM
noradrenaline, the tonic phase of the contractions was not
sufficiently sustained to generate a cumulative concentra-
tion-response curve to a vasodilator agent, such as acetyl-
choline or DEA-NO.

In a pilot study, we found that a 3-week aldosterone
treatment reduced endothelium-dependent relaxation to
acetylcholine in small mesenteric arteries from normoten-
sive and hypertensive rats. Therefore, the possible role of
arachidonic acid metabolites of COX was investigated in
segments from aldosterone-treated and -untreated SHR
and WKY rats. Arterial segments were preincubated with
either indomethacin (a COX inhibitor, 10uMm), SC-560
(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethyl-
pyrazole) (a COX-1 inhibitor, 1um), N-(2-cyclohexyloxy-4-
nitrophenyl) methansulphonamide (NS-398, a COX-2
inhibitor, 10 uM), furegrelate (a thromboxane synthase inhibitor,
10 M), SQ 29 548 (18-[1a,2a(Z),3a,4all-7-[3-[[2-(phenylamino)



carbonyl]hydrazino]methyl]-7-oxabicyclo [2.2.1] hept-2-yl]-
S-heptanoic acid) (a thromboxane receptor (TP) antagonist,
1pM) or tranylcypromine (TCP, a prostacyclin synthesis
inhibitor, 10 uM) before generating concentration-response
curves to acetylcholine. All drugs were added 30 min before
the concentration-response curve to acetylcholine. Because
we observed that relaxation to acetylcholine is blunted in a
time-dependent manner in single arterial segment not
exposed to inhibitors, experiments were performed in
unpaired segments.

In another set of experiments, the vasoactive response to
prostacyclin (0.01 nM-10 pM) was analysed in noradrenaline-
precontracted segments. To analyse the participation of
TP receptors in response to prostacyclin, segments were
preincubated with SQ 29 548 (1uM). To analyse possible
alterations produced by the aldosterone treatment in
vascular response mediated by activation of TP or «
adrenoceptors, concentration-response curves to the TP
receptor  agonist  (15)-hydroxy-11a,9a-(epoxymethano)
prosta-5,13-dienoic acid (U46619, 1 nM-3 pM) or noradrena-
line (10nM-0.1 mM), respectively, were obtained in segments
from both experimental groups.

Prostanoid production

To measure the release of TxA, and prostacyclin, we used a
thromboxane B, (TxB;) or 6-oxo-PGF;, enzyme immuno-
assay kit (Cayman Chemical, Ann Arbor, MI, USA) respectively.
The second, third and fourth branches of mesenteric artery
were preincubated for 45min in 200ul of KHS at 37°C
and continuously gassed with a 95% O,-5% CO, mixture
(stabilization period). Afterwards, three wash-out periods of
7 min in a bath of 200 pl of KHS were run before incubation
with acetylcholine (0.1 nM-1uM). The different assays were
performed following the manufacturer’s instructions. Results
were expressed as pgmL ™! per mg wet tissue.

Western blot analysis

Mesenteric resistance arteries from untreated and aldoster-
one-treated WKY and SHR were homogenized in a boiling
buffer composed of 1 mM sodium vanadate (Sigma-Aldrich,
St Louis, MO, USA), 1% sodium lauryl sulphate and pH 7.4,
0.01 M Tris-HCI, and protein content was measured with a
DC protein assay kit (Bio-Rad, Hercules, CA, USA). Homo-
genates containing 60 pg protein were fractionated in a 10%
sodium lauryl sulphate-polyacrylamide gel electrophoresis
and transferred to a polyvinylfluoride membrane (Bio-Rad).
Membranes were blocked in 5% non-fat milk in Tris-HCI-
buffered saline-0.1% Tween 20. Subsequent washes were
done in Tris-HCl-buffered saline-Tween 20, and the mem-
branes were then incubated with antibody against COX-2
(1:200; Cayman Chemical) and after washing, they were
incubated with anti-mouse IgG antibody conjugated to
horseradish peroxidase (1:2000; Transduction Laboratories,
San Jose, CA, USA). The immunocomplexes were detected
using an enhanced horseradish peroxidase/luminol chemilu-
miniscence system (ECL Plus; Amersham International plc,
Little Chalfont, UK) and subjected to autoradiography
(Hyperfilm ECL; Amersham International plc). Signals on the
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immunoblot were quantified using a computer program (NIH
Image V1.56). The same membranes were used to determine
a-actin expression using a mouse monoclonal antibody
(1:3000; Boehringer Mannheim, Mannheim, Germany).

Statistical analysis

Relaxation responses to acetylcholine and DEA-NO were
expressed as the percentage of relaxation of the maximum
contractile response induced by noradrenaline. Vascular
responses to prostacyclin were expressed as a percentage of
the tone previously obtained with noradrenaline. U46619
contractile response was expressed as a percentage of the
maximum response produced by KCI. For each concentra-
tion-response curve, the maximum effect (Enax) and the log
of the concentration of agonist that produced half of the
Enax (10g ECso) were calculated using non-linear regression
analysis (GraphPad Prism Software, San Diego, CA, USA).
Results of COX-2 expression are expressed as the ratio
between optical density for COX-2 and for a-actin.

All values are expressed as means + s.e.mean of the number
of animals used in each experiment. Results were analysed
using Student’s t-test or by two-way ANOVA for comparison
between groups. When ANOVA showed a significant treat-
ment effect, Bonferroni’s post hoc test was used to compare
individual means. Differences were considered statistically
significant at P<0.05.

Drugs

Drugs used were noradrenaline hydrochloride, acetylcholine
chloride, furegrelate, tranylcypromine, indomethacin, SC-560,
DEA-NO (Sigma, St Louis, MO, USA), NS-398 (Calbiochem-
Novabiochem GmbH, San Diego, CA, USA) and SQ 29 548
(Cayman Chemical). Stock solutions of drugs were made
in distilled water, except for noradrenaline, which was
dissolved in an NaCl (0.9%)-ascorbic acid (0.01% w/v)
solution, and indomethacin, which was dissolved in
1.5mM NaHCOj;. These solutions were kept at —20°C
and appropriate dilutions were made on the day of the
experiment.

Results

Blood pressure

As expected, SHR presented higher blood pressure levels
than WKY (SHR 171 £ 5.0 vs WKY 118 + 3.0 mm Hg; P<0.05,
N=8-10). Chronic aldosterone administration did not
significantly modify this parameter in any strain (SHR-aldo
180+ 4.0 vs WKY-aldo 120+ 8.0mm Hg, N=7-9).

Vascular response to KCI, noradrenaline and
endothelium-dependent and -independent relaxations

KCI (120mM) evoked similar contractions in vessels from
both untreated and aldosterone-treated WKY and SHR (WKY
3.25+0.02mNmm ', SHR 3.19 £0.04 mN mm '; WKY-aldo
3.19£0.05; SHR-aldo 3.21+£0.08; P>0.05). Similarly, vaso-
constriction to noradrenaline was not different between
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Figure 1 Effect of chronic treatment with aldosterone (Aldo) on the
concentration-dependent relaxation to acetylcholine in mesenteric
resistance segments from WKY (a) and SHR (b). Each point
represents the mean of seven to eight experiments+s.e.mean.
SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.

WKY and SHR; this response was not changed by aldosterone
treatment (Emax: WKY 110+0.12, WKY-aldo 110+0.27;
SHR 113+1.40, SHR-aldo 114%0.79, P>0.05; logECso:
—5.72+0.001; WKY-aldo —5.84£0.003; SHR —5.72+0.02;
SHR-aldo —5.60+0.009, P>0.05).

Acetylcholine induced endothelium-dependent vasodila-
tor responses that were greater in segments from WKY than
in those from SHR (Figure 1, Table 1). Aldosterone treatment
markedly impaired vasodilation to acetylcholine in resis-
tance mesenteric arteries from either strains (Figure 1,
Table 1).

In arterial segments from untreated rats, incubation with
either indomethacin or NS-398 increased vasorelaxation to
acetylcholine only in segments from SHR (Figures 2a and c,
Table 1). This effect was similar in presence of indomethacin
or NS-398. In both aldosterone-treated WKY and SHR,
pretreatment of mesenteric resistance arteries with indo-
methacin or NS-398 resulted in a potentiation of the
concentration-response curve to acetylcholine (Figures 2b
and d, Table 1). In these arteries, the effect of indomethacin
and NS-398 was comparable, but was greater in SHR than in
WHKY. In segments from all experimental groups, preincuba-
tion with SC-560 did not modify acetylcholine-induced
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Table 1 Changes in the maximum response (Enax, expressed as a
percentage of relaxation) and logECso to acetylcholine of mesenteric
resistance arteries from untreated and aldosterone-treated WKY and SHR

Untreated Aldosterone-treated
Emax (%) /09 ECSD Emax (%) /Og ECSO

Control

WKY 100+£1.15 —8.15+0.02 79.0+0.60* —7.81+0.01*

SHR 66.3+1.60" —8.30+0.04 42.2+1.04* —8.07+0.03
Indomethacin

WKY 96.5+1.0 —8.11+0.02 93.8+1.19% —8.43+0.03*

SHR 93.0+1.5% —8.32+0.03 95.4+2.28% —8.23+0.05
NS-398

WKY 99.6+2.96 —8.12+0.06 92.3+1.62% —8.51+0.06*

SHR 90.0+0.56% —8.44+0.01 90.6 +2.27% —8.28+0.05
Furegrelate

WKY 100+1.91 —8.17+0.04 95.0+0.63% —8.26+0.02*

SHR 82.4+1.21% —8.1140.03 72.8+1.36" —8.23+0.03
5Q 29 548

WKY 100£2.15 —8.174£0.05 93.1+£1.19% —7.83+0.02

SHR 81.1+1.40* —8.12+0.03 60.0+1.31% —8.00+0.03

Tranylcypromine
WKY 99.7+£2.34
SHR 65.0+£0.59

—8.03+0.04 92.0+0.93* —8.31+0.02*
—8.15+0.01 77.8 +1.38% —8.27+0.03*

Abbreviations: En,x, maximum response; SHR, spontaneously hypertensive
rats; WKY, Wistar-Kyoto.

ANOVA: *P<0.05 vs untreated, *P<0.05 vs WKY, *P<0.05 vs WKY/SHR
control.

vasodilation (Figure 2). Results obtained in presence of the
TxA, synthesis inhibitor, furegrelate, were comparable to
those in presence of indomethacin or NS-398 (Figure 3,
Table 1). In the presence of SQ 29 548, vasodilation to
acetylcholine was also increased in segments from untreated
SHR (Table 1) and in segments from both aldosterone-treated
strains (Table 1). Incubation with the prostacyclin synthesis
inhibitor tranylcypromine did not modify endothelium-
dependent relaxations in segments from untreated WKY or
SHR (Figures 3a and ¢, Table 1). In segments from both
strains treated with aldosterone, tranylcypromine increased
the acetylcholine relaxation (Figures 3b and d, Table 1);
however, this effect was greater in SHR than in WKY. All
inhibitors used did not affect basal or noradrenaline-induced
tone of arteries from either untreated or aldosterone-treated
WKY and SHR (results not shown).

Relaxation to the NO donor, DEA-NO, was similar in
segments from WKY and SHR (Enax: SHR 85.6£3.3, WKY
81.5+£3.5%, P>0.05; logECs0: SHR —6.29+0.13 vs WKY
—6.131£0.16, P>0.05) (Figure 4) and remained unmodified
after aldosterone treatment (E..x: SHR aldo 84.3+1.73%,
WKY-aldo 73.0+7.4, P>0.05; 1logECso: SHR-aldo
—6.34+0.07 vs WKY-aldo —6.13+0.25, P>0.05) (Figure 4).

Vasomotion to prostacyclin

Exogenous prostacyclin induced a concentration-dependent
relaxation in mesenteric resistance arteries from WKY rats
(Figure Sb, Table 2). In segments from SHR and in
both strains when treated with aldosterone, prostacyclin
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Figure 2 Effect of indomethacin, NS-398 or SC-560 on the concentration-dependent relaxation to acetylcholine in mesenteric resistance
segments from control WKY (a) and SHR (c), aldosterone-treated WKY (b) and SHR (d). Results are expressed as mean ts.e.mean. N=6-8
animals in each group. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.

concentrations below 0.1 uM induced concentration-dependent
relaxation whereas concentrations equal or above 0.1puM
have a biphasic effect, characterized by an initial contracting
response followed by a relaxing phase (Figures Sa, ¢, d and e,
Table 2).

The observed contractile effect of prostacyclin was greater
in segments from SHR treated with aldosterone than in the
aldosterone-treated WKY rats or untreated SHR (Table 2). In
mesenteric segments from these experimental groups, in-
cubation with SQ 29 548 markedly reduced vasoconstriction
induced by prostacyclin (Figures 5c, d and e, Table 2). The
relaxing effect of prostacyclin was greater in segments from

WKY than in segments from SHR (Table 2). In both strains,
relaxation to prostacyclin was reduced by aldosterone
treatment (Table 2). Incubation with SQ 29 548 increased
the relaxant response to prostacyclin in segments from
untreated SHR and in both strains when treated with
aldosterone, but not in segments from untreated WKY rats
(Figures 5c, d and e, Table 2).

Vascular response to the TP receptor agonist, U46619
In mesenteric resistance arteries from SHR, the contractile
response to U46619 was greater than in those from WKY rats.
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Figure 3 Effect of furegrelate or tranylcypromine (TCP) on the concentration-dependent relaxation to acetylcholine in mesenteric resistance
segments from control WKY (a) and SHR (c), aldosterone-treated WKY (b) and SHR (d). Results are expressed as mean ts.e.mean. N=6-8
animals in each group. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.

In both strains, this response was increased by chronic
aldosterone treatment (E.x: untreated, SHR 72.6+2.2,
WKY 66.2+1.0; aldosterone-treated, SHR 102+ 2.0, WKY
72.0+1.8%, P<0.05; log ECso: untreated, SHR —7.15+0.05
vs WKY —6.55+£0.01; aldosterone-treated, SHR —7.05 £ 0.06,
WKY —6.97 +£0.03, P<0.05) (Figure 6).

Prostanoid production

In mesenteric resistance arteries from all experimental
groups, acetylcholine increased the production of both
6-0x0-PGF;, and TxB, (Figure 7). The acetylcholine-
stimulated 6-oxo-PGF,, levels were similar in arteries from
untreated WKY and SHR and were increased by aldosterone
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treatment (untreated, SHR 4752 + 883 vs WKY 4953 £+ 1608;
aldosterone-treated, SHR 19528 +2759 vs WKY 15477 +
2501 pgmL~" per mg tissue, P<0.05) (Figure 7). In mesen-
teric arteries from SHR, the levels of acetylcholine-stimulated
TxB, were higher than in those from WKY rats. In both
strains, aldosterone treatment increased TxB, production
(untreated, SHR 73.2 £ 7.90 vs WKY 47.7 + 3.16; aldosterone-
treated, SHR 152+ 14.0 vs WKY 120 +12.0pgmL~! per mg
tissue, P<0.05) (Figure 7).

COX-2 protein expression
Basal COX-2 protein expression was higher in mesenteric
resistance arteries from SHR compared with WKY. In both rat
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Figure 4 Effect of chronic treatment with aldosterone (aldo) on
the concentration-dependent relaxation to DEA-NO in mesenteric
resistance segments from WKY and SHR. Each point represents the
mean of four experiments + s.e.mean. DEA-NO, diethylamine-nitric
oxide; SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.

strains, this variable was increased after chronic aldosterone
treatment (Figure 8).

Discussion and conclusions

In several pathological conditions, including hypertension,
atherosclerosis and heart failure, aldosterone promotes
vascular damage through the formation of reactive oxygen
species and proinflammatory agents (Duprez et al., 2000;
Stier et al., 2002; Funder, 2004). In this study, we observed
that a 3-week aldosterone treatment altered endothelial
function in mesenteric resistance vessels from normotensive
and hypertensive rats because its chronic administration
diminished the acetylcholine-induced relaxation in these
vessels without any effect on relaxant response to DEA-NO.
This effect confirms previous studies indicating that this
mineralocorticoid produces endothelial dysfunction in these
vessels (Virdis et al., 2002). However, in contrast to earlier
reports by Virdis et al. (2002), our findings demonstrated that
the effects of aldosterone on the endothelial-dependent
responses of mesenteric resistance arteries appear to be
independent of haemodynamic changes, because no differ-
ences in blood pressure were observed between aldosterone-
treated and -untreated animals. As we have previously
reported (Blanco-Rivero et al., 2005), the reasons for these
differences are not clear, although they could be explained
by differences in the strains used.

Several mechanisms have been implicated in the endothe-
lial dysfunction associated with different pathological states,
including reduced vasodilator bioavailability due to in-
creased oxidative stress and an increase in vasoconstrictor
factors (Feletou and Vanhoutte, 2006). In resistance mesen-
teric arteries from aldosterone-infused rats, it has been
reported that the observed endothelial dysfunction seems
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to be mediated by increases in NADPH oxidase-dependent
oxidative stress (Virdis et al., 2002). However, in a previous
study, we demonstrated that chronic aldosterone treatment
induced endothelial dysfunction in aorta from normotensive
and hypertensive rats by increasing COX-2-dependent
vasoconstriction (Blanco-Rivero et al., 2005). Similarly, the
results presented here show that COX-2-derived arachidonic
acid metabolites in mesenteric resistance arteries are also
involved in the endothelial dysfunction produced by
aldosterone treatment in normotensive and hypertensive
rats. In vessels from aldosterone-treated rats, indomethacin
or NS-398, but not SC-560, improved the vasodilator
response to acetylcholine, indicating that COX-2, but not
COX-1, contributes to the pathogenesis of aldosterone-
induced endothelial dysfunction in mesenteric resistance
vessels. Supporting these results is the fact that COX-2 is
overexpressed in mesenteric resistance arteries from normo-
tensive and hypertensive aldosterone-treated animals, reach-
ing higher levels in SHR. These agree with our previous study
in rat aorta under similar experimental conditions (Blanco-
Rivero et al., 2005).

It has been reported that activation of TP receptors allows
vasoconstrictor prostanoids such as TxA, and prostacyclin
to participate in endothelial dysfunction associated with
different cardiovascular risk factors (Carvalho et al., 1997;
Alvarez et al., 2005; Blanco-Rivero et al., 2005; Gluais et al.,
2005). In the present study, incubation with furegrelate or
SQ 29 548 increased acetylcholine-induced relaxation in
both WKY and SHR treated with aldosterone, this effect
being higher in segments from SHR. Different from those
reported in conductance vessels (Blanco-Rivero et al., 2005),
results presented here suggest the participation of TxA, in
the endothelial dysfunction induced by aldosterone in
resistance arteries from WKY and SHR. In untreated rats,
SQ 29 548 or furegrelate only increased acetylcholine
response in segments from SHR, indicating the participation
of TxA, in the endothelial dysfunction induced by the
hypertensive state in resistance vessels (Carvalho et al., 1997;
Suzuki et al., 2000). Moreover, the TxA, release and the
contraction induced by the TxA, analogue, U46619, were
higher in mesenteric resistance arteries from SHR than in
arteries from WKY rats. Both parameters were increased by
aldosterone treatment, contrasting to the results observed in
aorta from the same strains, where aldosterone treatment did
not change acetylcholine-stimulated TxA, levels (Blanco-
Rivero et al., 2005). To our knowledge, this is the first report
showing that chronic aldosterone treatment increases the
acetylcholine-stimulated TxA,; release and its vasoconstrictor
response in resistance vessels from WKY and SHR. Our
findings are in line with some studies suggesting that
aldosterone sensitizes the vasculature to vasoconstrictors
(Schiffrin, 2006); however, under our experimental condi-
tions, this effect seems to be specific for TP receptor
activation, as the vasoconstriction induced by noradrenaline
or KCI remained unmodified, after aldosterone treatment.

Numerous studies have demonstrated that prostacyclin
promotes vasodilation in various vascular beds by stimulat-
ing prostacyclin (IP) receptors and thereby increasing the
intracellular cyclic-AMP concentration (Wise and Jones,
1996). However, it is often forgotten that prostacyclin can
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Figure 5 Typical tracings of tension recordings of resistance mesenteric arteries exposed to prostacyclin (a); effect of SQ 29 548 on the
concentration-dependent response to prostacyclin in segments from control WKY (b) and SHR (d) and aldosterone-treated WKY (c) and SHR
(e). Results (mean +s.e.mean) are expressed as per cent of previous contraction to noradrenaline. N=5-6 animals in each group. SHR,

spontaneously hypertensive rats; WKY, Wistar-Kyoto.

also promote vasoconstriction via TP receptors (Levy, 1978,
1980; Davis et al., 1980; Williams et al., 1994; Zhao et al.,
1996; Gluais et al.,, 2005). To assess the involvement of
prostacyclin in the effect of aldosterone in resistance vessels
from WKY and SHR, we used the prostacyclin synthase
inhibitor, tranylcypromine. In vessels from aldosterone-
treated WKY and SHR, the blunted endothelium-dependent
relaxation was improved by exposure to tranylcypromine, an
effect that was higher in arteries from SHR. These results
therefore indicate that prostacyclin, acting as a contracting
factor, mediates the effect of aldosterone in resistance vessels
from normotensive and hypertensive rats. In keeping with
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these functional results, acetylcholine-stimulated release of
6-0x0-PGF;,, was higher in mesenteric resistance vessels from
aldosterone-treated WKY and SHR, similar to that previously
reported for rat aorta (Blanco-Rivero et al., 2005). Taken
together, our findings provide the first demonstration of
participation of increased TxA, release together with prosta-
cyclin on changes of endothelial function produced by
aldosterone in resistance vessels from normotensive and
hypertensive conditions, supporting the possible relevance
of these prostanoids in hyperaldosteronism.

Experiments with exogenous prostacyclin revealed that,
different from reports on WKY and SHR aorta (Gluais et al.,



2005), prostacyclin was able to promote relaxation in
mesenteric resistance arteries from both strains. This
response was smaller in segments from SHR than in those
from WKY rats and in both strains it was reduced by
aldosterone. Previous studies have demonstrated that vaso-
dilation to prostacyclin may be ‘masked’ by its contractile
effect through activation of TP receptors (Zhao et al., 1996).
Results presented here demonstrated that in the presence of
SQ 29 548, the vasodilation to prostacyclin was similar in
segments from all experimental groups, supporting the
hypothesis that the impaired vasodilation to prostacyclin
in segments from SHR and in both strains when treated with
aldosterone is related to its contractile effect through
activation of TP receptors instead of dysfunction linked to
the IP receptor itself. The present study also demonstrates

Table 2 Maximum contracting and relaxing responses (expressed as a
percentage of the tone previously obtained with noradrenaline) to
prostacyclin in mesenteric resistance arteries from untreated and
aldosterone-treated WKY and SHR

Untreated Aldosterone-treated
Contracting Relaxing Contracting Relaxing
response response response response
WKY
Control — 2.22+1.05 108+9.50 13.53+4.90*
SQ 29 548 — 484+1.86 49.9+5.50% 2.06+1.46"
SHR .
Control 93.32+7.30 19.8+5.27" 156+15.0" 43.75+9.80*
SQ 29 548 70.25+8.44" 8.33+1.24" 103+20.0" 8.69+2.66"

Abbreviations: SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.
ANOVA: *P<0.05 vs untreated, "P<0.05 vs WKY control/SQ 29 548, *P<0.05
vs WKY/SHR control.
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that, in contrast to earlier reports on WKY aorta (Gluais et al.,
2005), exogenous prostacyclin failed to produce contraction
in mesenteric resistance arteries from WKY rats. However, in
arteries from hypertensive rats, a vasoconstrictor effect to
this prostanoid was also observed. Aldosterone treatment
allowed prostacyclin to induce contraction in segments from
WHKY rats and increased this response in segments from SHR.
In both cases, the contractile responses were transient, as
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Figure 6 Effect of chronic treatment with aldosterone (aldo) on the
concentration-dependent contraction to U46619 in mesenteric
resistance segments from WKYand SHR. Results (mean ts.e.mean)
are expressed as per cent of previous contraction to KCl. N=5-8
animals in each group. SHR, spontaneously hypertensive rats; WKY,
Wistar-Kyoto.
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Figure 7 Effect of chronic treatment with aldosterone on the basal and acetylcholine-stimulated production of 6-oxo-PGF;, from WKY (a) and
SHR (b) and on the production of TxB, from WKY (c) and SHR (d). N=4-5 animals in each group. SHR, spontaneously hypertensive rats; TxB,,
thromboxane B,; WKY, Wistar-Kyoto; 6-oxo-PGF,,, 6-oxo prostaglandin 1.
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Figure 8 Representative western blot for COX-2 expression in
resistance mesenteric arteries from control and aldosterone-treated
WKY and SHR (a). Figure is representative of four separate
experiments. (b) Densitometric analysis of the western blot for
COX-2 protein expression. Results (means + s.e.mean) are expressed
as the ratio between the signal for the COX-2 protein and the signal
for a-actin. ~ P<0.05 WKY vs SHR; *P<0.05 untreated vs aldosterone-
treated. SHR, spontaneously hypertensive rats; WKY, Wistar-Kyoto.

also reported in rat aorta (Gluais et al., 2005), and were
reduced by SQ 29 548, indicating that this response is
mediated in part by TP receptor activation (Williams et al.,
1994; Zhao et al., 1996; Gluais et al., 2005). To our knowl-
edge, this is the first study to demonstrate the actions of
prostacyclin in resistance mesenteric arteries from normo-
tensive and hypertensive rats as well as its contribution to
the vascular effects of aldosterone in these vessels.

Our results, in concert with a prior report (Blanco-Rivero
et al., 2005) show that an increase in COX-2-derived
products, especially TxA, and prostacyclin, is one mechan-
ism linked to impairment of endothelial function induced by
aldosterone in resistance vessels. Because endothelial dys-
function is involved in the pathogenesis of hypertension,
heart failure and atherosclerosis, it could be hypothesized
that treatment with anti-inflammatory drugs, specifically
COX-2 inhibitors, could ameliorate vascular damage and the
progression of that damage in patients with elevated
aldosterone production.

In conclusion, the results of the present study demon-
strated that chronic treatment with aldosterone was able to
produce endothelial dysfunction in mesenteric resistance
vessels, through COX-2 activation in normotensive and
hypertensive conditions. In both strains, increased TxA, and
prostacyclin release and vasoconstrictor response seem to be
the main factors involved. Nevertheless, further studies are
necessary to clearly elucidate the mechanism by which
aldosterone increases COX-2 expression in vessels from
normotensive and hypertensive rats.
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