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ABSTRACT

Aldosterone interacts with mineralocorticoid receptor (MR) to
stimulate sodium reabsorption in renal tubules and may also
affect the vasculature. Caveolin-1 (cav-1), an anchoring protein
in plasmalemmal caveolae, binds steroid receptors and also
endothelial nitric oxide synthase, thus limiting its translocation
and activation. To test for potential MR/cav-1 interaction in the
vasculature, we investigated if MR blockade in cav-1-replete or
—deficient states would alter vascular function in a mouse model
of low nitric oxide (NO)-high angiotensin Il (Angll}-induced
cardiovascular injury. Wild-type (WT) and cav-1 knockout mice
(cav-17/7) consuming a high salt diet (4% NaCl) received
N,-nitro-L-arginine methyl ester (L-NAME) (0.1-0.2 mg/ml in
drinking water at days 1-11) plus Angll (0.7-2.8 mg/kg per day
via an osmotic minipump at days 8-11) = MR antagonist
eplerenone (EPL) 100 mg/kg per day in food. In both geno-
types, blood pressure increased with L-NAME + Angll. EPL
minimally changed blood pressure, although its dose was suf-
ficient to block MR and reverse cardiac expression of the injury
markers cluster of differentiation 68 and plasminogen ac-
tivator inhibitor-1 in L-NAME+Angll treated mice. In aortic
rings, phenylephrine and KCI contraction was enhanced with
EPL in L-NAME+Angll treated WT mice, but not cav-1 ~/~ mice.

Angll-induced contraction was not different, and angiotensin type 1
receptor expression was reduced in L-NAME + Angll treated WT
and cav-1~"" mice. In WT mice, acetylcholine-induced relaxation
was enhanced with L-NAME + Angll treatment and reversed
with EPL. Acetylcholine relaxation in cav-1~/" mice was greater than
in WT mice, not modified by L-NAME + Angll or EPL, and
blocked by ex vivo L-NAME, 1H-(1,2,4)oxadiazolo(4,3-a)
quinoxalin-1-one (ODQ), or endothelium removal, suggesting
the role of NO-cGMP. Cardiac endothelial NO synthase was
increased in cav-1~/~ versus WT mice, further increased with
L-NAME + Angll, and not affected by EPL. Vascular relaxation to
the NO donor sodium nitroprusside was increased with L-NAME +
Angll in WT mice but not in cav-1~/" mice. Plasma aldosterone
levels increased and cardiac MR expression decreased in
L-NAME + Angll treated WT and cav-1~'" mice and did not
change with EPL. Thus, during L-NAME + Angll induced hyperten-
sion, MR blockade increases contraction and alters vascular re-
laxation via NO-cGMP, and these changes are absent in cav-1
deficiency states. The data suggest a cooperative role of MR and
cav-1 in regulating vascular contraction and NO-cGMP-mediated
relaxation during low NO-high Angll-dependent cardiovascular

injury.

Introduction

The renin-angiotensin-aldosterone (ALDO) system (RAAS)
is a major regulator of sodium balance, plasma volume, and
blood pressure (BP) (Hall, 1986; Guyton, 1991; Ferrario and
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Strawn, 2006). Likewise, the endothelial nitric oxide (NO)
system is an important regulator of vascular function and
a key factor in the vascular control of BP (Fleming and Busse,
1999; Murad, 2006). Increased circulating angiotensin II
(AnglII) and decreased vascular NO levels are associated with
several pathologic cardiovascular conditions, such as heart
failure, diabetes mellitus, and arteriosclerosis. Mineralocorti-
coid receptor (MR) blockade has been shown to provide an
added benefit to individuals suffering from these conditions,
suggesting that excessive ALDO/MR signaling is an important
mechanism in the etiology of these diseases. In support of this
concept, our group has shown that low NO-high AngII in mice

ABBREVIATIONS: ACh, acetylcholine; ALDO, aldosterone; Angll, angiotensin Il; AT4R, angiotensin type 1 receptor; BP, blood pressure; cav-1,
caveolin-1; cav-1 ’/’, cav-1 knockout; eNOS, endothelial nitric oxide synthase; EPL, eplerenone; HD, high dose; HS, high salt; LD, low dose;
L-NAME, N,-nitro-L-arginine methyl ester; MR, mineralocorticoid receptor; NO, nitric oxide; NOS, nitric oxide synthase; ODQ, 1H-(1,2,4)oxadiazolo(4,3-a)
quinoxalin-1-one; PAI-1, plasminogen activator inhibitor-1; PCR, polymerase chain reaction; Phe, phenylephrine; RAAS, renin-angiotensin-aldosterone
system; SNP, sodium nitroprusside; VSM, vascular smooth muscle; WT, wild type.
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cause myocardial injury and cardiovascular inflammation
(Martinez et al., 2002; Oestreicher et al., 2003), and that
MR blockade prevents N,-nitro-L-arginine methyl ester
(L-NAME)+Angll-induced cardiovascular injury (Martinez
et al., 2002). These studies have suggested that the cardio-
vascular damage associated with low NO-high AngII states is
mediated by ALDO/MR and involves mechanisms indepen-
dent of changes in BP or AngII levels (Martinez et al., 2002;
Oestreicher et al., 2003).

Caveolin-1 (cav-1) is a transmembrane protein in the
plasma membrane caveolae of many cell types. In the heart,
cav-1 plays a role in regulating systolic and diastolic cardiac
function (Wunderlich et al., 2006). In endothelial cells, cav-1
anchors endothelial NO synthase (eNOS), thus limiting its
translocation and phosphoactivation (Feron et al., 1998; Segal
et al., 1999; Batova et al., 2006) and its capacity to produce NO
and activate the NO-cGMP relaxation pathway (Fleming and
Busse, 1999; Ignarro, 2002; Murad, 2006). Studies in cav-1
null mice on a normal salt diet have suggested a role for cav-1
in mechanotransduction, vascular remodeling, and cardiovas-
cular function (Drab et al., 2001; Razani et al., 2001; Wunderlich
et al., 2006; Yu et al., 2006). Also, we have reported that on
a high salt diet, cav-1-deficient mice display altered vascular
reactivity and eNOS activity, which can be reversed in part by
dietary sodium restriction or MR blockade (Pojoga et al., 2008,
2010a). We have also shown that MR colocalizes with cav-1 in
endothelial cells (Coutinho et al., 2014) and cardiac and renal
vessels (Pojoga et al., 2010b), suggesting a role for cav-1 as
a modulator of ALDO/MR signaling in the vasculature.
Importantly, we have shown that in low NO-high AnglI
states, cav-1-deficient mice develop less myocardial damage
compared with their wild-type (WT) counterparts (Pojoga
et al., 2010b). However, it is unknown whether cav-1 de-
ficiency in these low NO-high AngII states is also associated
with altered vascular MR signaling. In this report, we assess
whether cav-1 has a mechanistic role in ALDO/MR-mediated
vascular responses in a mouse model of low NO-high AnglII-
induced end organ damage.

Materials and Methods

Animals. Male 12-week-old cav-1 knockout (cav-1"~/") and genet-
ically matched WT mice purchased from The Jackson Laboratory (Bar
Harbor, ME). The genotypes were confirmed by polymerase chain
reaction (PCR) according to the guidelines of the The Jackson
Laboratory. Mice were housed in the animal facility in a 12-hour
light/dark cycle at 22 = 1°C ambient temperature and maintained on
ad libitum normal Purina rodent chow (0.8% NaCl; Purina, St. Louis,
MO) and tap water. After 3 days of acclimatization, mice from each
genotype were placed on a high-salt diet (HS) (4% NaCl) for 5 days to
achieve sodium balance (Holtzman et al., 1988; Oliverio et al., 2000)
and were maintained on the HS diet for an additional 11 days. To
induce cardiovascular injury, the mice received L-NAME in drinking
water during days 1-11 plus Angll SQ via an osmotic minipump
during days 8-11 as previously described (Martinez et al., 2002;
Oestreicher et al., 2003; Pojoga et al., 2010b). To induce moderate
cardiovascular injury, low-dose (LD) L-NAME (0.1 mg/ml)+AngII
(0.7 mg/kg per day) was used. To induce severe cardiovascular injury,
high-dose (HD) L-NAME (0.2 mg/ml)+AngII (2.8 mg/kg per day) was
used. Some of the L-NAME + AngII treated mice were treated with
the MR antagonist eplerenone (EPL) 100 mg/kg per day in food for 11
days. To confirm that the findings are related to MR blockade rather
than a specific MR blocker, some of the LD L-NAME + AngII treated
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mice were treated with the MR antagonist spironolactone 500 mg/kg
in drinking water for 11 days, and inclusion of these data did not affect
the general direction of the results. All procedures were conducted in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and the guidelines of the Harvard
Medical Area Standing Committee on Animals.

BP. Systolic BP was measured in conscious mice after reaching
a sodium balance on days 0 and 13 using tail-cuff plethysmography
(BP analyzer, model 179; IITC Life Science, Woodland Hills, CA). Mice
were warmed at 30°C and allowed to rest quietly. BP measurements
were taken in a quiet room, and the mice were kept calm and handled
by the same person. No sedation was used. We have previously
demonstrated excellent correlation between systolic BPs assessed
simultaneously by tail cuff and telemetry in mice (Guo et al., 2006).

Plasma ALDO Levels. Mice were euthanized under deep anes-
thesia with isoflurane. Blood was collected in purple-top BD Micro-
tainer tubes (Franklin Lakes, NJ) (EDTA), plasma was separated
by centrifugation, and ALDO levels were determined in duplicates
(200 ul each) using a solid-phase RIA kit (Diagnostic Products Corp.,
Los Angeles, CA).

Tissue Preparation. In euthanized mice, the thoracic cavity was
opened, and the aorta and heart were rapidly excised. The thoracic
aorta was placed in oxygenated Krebs solution, carefully dissected,
cleaned of connective tissue under microscopic visualization, and cut
into 2-mm-wide rings. Sections of the aorta and heart were placed in
liquid nitrogen immediately after collection in preparation for mnRNA
and protein analysis.

Isometric Contraction and Relaxation. Aortic rings were
suspended between two tungsten wire hooks. One hook was fixed at
the bottom of a tissue bath, and the other hook was connected to
a Grass force transducer (FT03; Astro-Med Inc., West Warwick, RI).
Aortic rings were stretched under 0.5 g of resting tension and allowed
to equilibrate in a temperature controlled, water-jacketed tissue bath
filled with 50 ml of Krebs solution bubbled with 95% O and 5% CO,, at
37°C. The changes in isometric contraction were recorded on a Grass
polygraph (Model 7D; Astro-Med).

After tissue equilibration, a control contraction to 96 mM KCI was
elicited. Once maximum KCI contraction was reached, the tissue was
rinsed with Krebs’ three times, 10 minutes each. Aortic segments were
stimulated with increasing concentrations of phenylephrine (Phe)
(107° to 10~° M), concentration-contraction curves were constructed,
and the maximal Phe contraction was measured. The individual
Phe concentration-response curves were further analyzed using a
nonlinear regression curve (best-fit sigmoidal dose-response curve;
Sigmaplot, San Jose, CA), and the effective concentration that
produced half the maximal contraction (ED5s¢) was measured and
presented as pED5q (—1log M). In other experiments, the tissues were
precontracted with Phe (10~% M), increasing concentrations (10~ ° to
075 M) of acetylcholine (ACh) were added, and the percentage of
relaxation of Phe contraction was measured. Parallel contraction and
relaxation experiments were performed in endothelium-intact aortic
rings pretreated with the NOS inhibitor L-NAME (3x10~ % M) or the
guanylate cyclase inhibitor 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-
one (ODQ) (10°% M) for 15 minutes. The contraction to Phe and
relaxation to ACh were also measured in endothelium-denuded aortic
rings prepared by rubbing the vessel interior five times around the tip
of a fine forceps. To test the ability of vascular smooth muscle (VSM) to
respond to vasodilators, the relaxation of Phe-precontracted aortic
rings to the exogenous NO donor sodium nitroprusside (SNP) was
measured. Individual ACh and SNP concentration-relaxation curves
were further analyzed using a nonlinear regression best-fit sigmoidal
dose-response curve, and ACh and SNP ED5, were calculated.

Real-Time PCR. Total mRNA was extracted from the hearts
using the RNeasy mini kit (Qiagen, Germantown, MD). cDNA was
synthesized from 1.5 ug RNA with the first-strand cDNA synthesis kit
(GE Healthcare, Piscataway, NJ). PCR amplification reactions to
detect MR, angiotensin type 1 receptor (AT;R), eNOS, the macrophage
and inflammation markers CD68, plasminogen activator inhibitor-1
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(PAI-1), and housekeeping 18S ribosomal RNA were performed in
duplicate using TagMan gene expression assays (proprietary primers
and probes designed and synthesized by Applied Biosystems, Foster
City, CA) and the ABI Prism 7000 sequence detection system (Applied
Biosystems). The mRNA expression levels, as normalized to 18S
ribosomal RNA levels, were determined using the AACT method, and
the data were presented as a fold increase relative to the measure-
ments in control WT mice.

Western Blot Analysis. Protein was extracted by homogenizing
cardiac tissue with RIPA lysis buffer (Santa Cruz Biotechnology Inc.,
Dallas, TX). Protein extracts (40 ug) were combined with an equal volume
of 2x Laemmli loading buffer, boiled for 5 minutes, and size fractionated
by electrophoresis on 7.5% SDS-polyacrylamide gels. Proteins were
transferred from the gel to a nitrocellulose membrane by electroblotting.
Membranes were incubated in 5% nonfat dried milk in Tris-buffered
saline-Tween (USB Corporation, Cleveland, OH) for 1 hour, and then
overnight at 4°C with mouse anti-eNOS antibody (1:2500; BD Trans-
duction Laboratories, San Diego, CA). The nitrocellulose membranes
were washed 5 x 15 minutes in Tris-buffered saline—Tween, incubated
with horseradish peroxidase—conjugated secondary antibody for
1.5 hours, and the reactive proteins were detected using enhanced
chemiluminescence (PerkinElmer Life Sciences, Boston, MA) and ana-
lyzed with optical densitometry. The blots were subsequently reprobed
for B-actin (1:5000; Sigma-Aldrich, St. Louis, MO), and the data were
normalized to B-actin to correct for loading. Data were presented as a fold
increase relative to the measurements in control WT mice.

Solutions and Drugs. Krebs solution contained (in mM) 120 NacCl,
5.9 KCl, 25 NaHCOs;, 1.2 NaH,PO,, 11.5 dextrose, 2.5 CaCly, and
1.2 MgCls, at pH 7.4, and was bubbled with 95% O and 5% CO,. High
(96 mM) KCIl was prepared as Krebs’ with equimolar substitution of
NaCl with KC1. Stock solutions of Phe, ACh, SNP, and L-NAME (10! M;
Sigma-Aldrich) were prepared in distilled water. A stock solution of
0DQ (10! M) was prepared in dimethylsulfoxide. The final concen-
tration of dimethylsulfoxide in the experimental solution was <0.1%.
All other chemicals were of reagent grade or better.

Statistical Analysis. Data were presented as mean = S.E.M.,
with n equaling the number of mice. Data were first analyzed using
analysis of variance for the comparison of different groups (cav-1
status versus L-NAME + Angll treatment). When a statistical
difference was observed, the data were further analyzed using the
Student-Newman-Keuls post hoc test for multiple comparisons and
Student’s ¢ test for the comparison of two means. Differences were
considered significant if P < 0.05. In all studies, experiments were
performed blinded to the animal genotype and treatment. Some of the
initial measurements of body weight, BP, CD68, and PAI-1 and AT;R
mRNA in control and HD L-NAME + AnglI groups were partially
included in a previous report (Pojoga et al., 2010b).

Results

Body weight was similar in WT and cav-1~"~ mice and did not
differ across treatment groups, although there was a tendency
for cav-1~'" mice to have lower body weights, especially when
receiving L-NAME + AnglI (Table 1). In WT and cav-1~'" mice,
heart weight and heart/body weight ratio were similar across
treatment groups, except for the HD L-NAME + Angll
treatment group, as compared with control, which was associ-
ated with a significant increase in heart weight in WT mice and
heart/body weight ratio in cav-1~"" mice (Table 1).

Effect of L-NAME + AngIl on BP. In WT mice, there
was a dose-response relationship between L-NAME + AnglII
treatment and BP, with a minimal BP reduction when EPL
was added to the HD L-NAME + AngII (Fig. 1A). In contrast,
in cav-1"'" mice, two notable differences were observed when
compared with WT mice. First, consistent with the reported
increase in eNOS activity and NO levels in cav-1"'" mice

(Razani et al., 2001; Wunderlich et al., 2006; Pojoga et al.,
2008, 2010a), BP significantly increased even with only a low
dose of L-NAME (Fig. 1B). Second, the BP responses to all
treatments were generally greater in cav-1"" versus WT
mice. However, similar to WT mice, EPL also had little effect
on reducing the elevated BP in cav-1~'" mice (Fig. 1B).

Effects of L-NAME + AnglIl on RAAS. Because the
effects of L-NAME + AngIl treatment on BP could partly
involve the RAAS, we assessed the RAAS in WT and cav-1~"~
mice. LD L-NAME + AnglIl had a minimal effect on plasma
ALDO levels in WT mice and a relatively greater effect in
cav-1~"" mice (Fig. 2A). The EPL dose used was effective in
blocking the MR, as reflected in the increase in ALDO levels.
Importantly, the increase in ALDO levels with EPL was
greater in cav-1~" mice than in WT mice, suggesting
a sufficient blockade of MR with the EPL dose used (Fig.
2A). Real-time PCR analysis revealed that under control
conditions, cardiac AT;R mRNA, but not MR mRNA levels,
were greater in cav-1"'" mice than in WT mice (Fig. 2, B and
C). However, both MR and AT;R were appropriately down-
regulated in the L-NAME + AngII treated groups secondary
to the increased levels of their agonists ALDO and Angll,
respectively (Fig. 2, B and C). The decreases in MR and AT,R
with L-NAME + AngIl could still be observed with EPL
treatment in both genotypes (Fig. 2, B and C), although there
was a small but significant increase in AT;R mRNA with EPL
in the L-NAME + AngII treated cav-1~'~ mice (Fig. 2C).

Effect of EPL on L-NAME + AnglI-Induced Cardiac
Injury. It could be argued that the lack of effects of EPL on
reversing the L-NAME + Angll-induced increases in BP is due
to an inadequate dose of EPL. We have previously documented,
both with histologic and molecular biology tools, that this dose
of EPL can reduce the cardiac injury observed with L-NAME +
AngII administration (Rocha et al., 2000; Martinez et al., 2002;
Oestreicher et al., 2003). In this study, we assessed cardio-
vascular injury by measuring cardiac mRNA levels for the
macrophage marker CD68 and the inflammation marker
PAI-1. In WT mice, L-NAME + AngII treatment, as com-
pared with control, increased cardiac mRNA levels for CD68
(Fig. 3A) and PAI-1 (Fig. 3B). The L-NAME + Angll-induced
increases in CD68 and PAI-1 expression were blunted when
WT mice received EPL. In cav-1"'" mice, L-NAME + AngII
treatment also increased CD68 mRNA levels, and this in-
crease was blunted with EPL (Fig. 3A). In contrast to the
results in WT mice, L-NAME + AngIl treatment did not
increase PAI-1 mRNA levels in cav-1~'" mice. Further, the
addition of EPL to L-NAME + AngII treatment led to an
increase in PAI-1 rather than a decrease in PAI-1, as ob-
served in WT mice (Fig. 3).

EPL Enhances Vascular Contraction Mechanisms in
WT but Not Cav-1~'". To assess if the observed changes in
BP are related to changes in vascular contraction mecha-
nisms, aortic rings were isolated from control and L-NAME +
AngII+EPL treated WT and cavl™’~ mice and their vaso-
reactivity was measured. Phe contraction was reduced in the
aorta of cav-1~'" mice as compared with WT mice (Fig. 4).
L-NAME + Angll treatment, as compared with control, did
not significantly influence Phe contraction in either WT or
cavl™’" mice. However, the vascular response to Phe during
combined L-NAME + AnglIl + EPL treatment differed by
genotype and was enhanced in L-NAME + Angll + EPL
treated versus control in WT mice (Fig. 4A) but not in cav-1~""~
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mice (Fig. 4B). When Phe contraction was presented as the
percentage of the maximum and Phe ED5, was calculated, Phe
was equally potent in the aorta of L-NAME + AngII+=EPL
treated mice versus control WT (Fig. 4C) or cav-1""" mice (Fig.
4D; Table 1).

We tested the vascular response to other vasoconstrictor
agonists. AnglI (10~% M) caused a small contractile response
in aortic rings that was not significantly different among
control and L-NAME + AnglI+EPL treated WT (Fig. 5A) and
cav-1""" mice (Fig. 5B).

High KCI (96 mM), which causes membrane depolariza-
tion and stimulates Ca®" entry into the VSM (Khalil and
van Breemen, 1990; Murphy and Khalil, 1999), caused
aortic contraction that did not change with L-NAME +
AngllI treatment, but was enhanced in L-NAME + AngIl +
EPL treated mice compared with control WT mice (Fig. 6A).
KCI contraction was not different between cav-1~/" and
WT mice or between L-NAME + Angll = EPL treated and
control cav-1"'" mice (Fig. 6B). We also assessed possible
changes in other mechanisms of VSM contraction that
could enhance the myofilament force sensitivity to Ca®"
and found that Phe contraction as the percentage of the
Ca?"-dependent KCI contraction was not different in control
and L-NAME + AnglI + EPL treated WT (Fig. 6C) or cav-1""~
mice (Fig. 6D) .

Effects of Modulators of Endothelium-Derived NO-
cGMP Pathway on Vascular Contraction. To test for the
role of endothelium-derived factors in the observed differences in
vascular contraction during chronic treatment with L-NAME +
AngIl = EPL, vascular contraction was measured in vessels
treated ex vivo with the NO synthase (NOS) blocker L-NAME or
guanylate cyclase inhibitor ODQ and in endothelium-denuded
vessels. Analysis of vascular contraction in grams showed that ex
vivo L-NAME significantly enhanced Phe contraction in control
WT (Fig. 7A), but this enhancement was less apparent in
L-NAME + Angll = EPL—treated WT (Fig. 7, C, E, G, and I;
Table 1). Ex vivo ODQ and endothelium removal insignificantly
enhanced Phe contraction in control WT mice (Fig. 7A) and
showed fewer effects in L-NAME + Angll = EPL—treated WT
mice (Fig. 7, C, E, G, and I). Ex vivo L-NAME enhanced Phe
contraction significantly in cav-1""" mice treated with L-NAME +
Angll (Fig. 7, D and F), but had fewer effects in control (Fig.
7B) and L-NAME + AnglI + EPL treated cav-1~"" mice (Fig. 7,
Hand J; Table 1). Ex vivo ODQ enhanced Phe contraction mainly
in HD L-NAME + AngII + EPL cav-1""" mice (Fig. 7J), and both
ex vivo ODQ and endothelium removal showed fewer effects in
control (Fig. 7B), L-NAME + AnglII treated (Fig. 7, D and F), and

LD L-NAME + Angll + EPL treated cav-1~'" mice (Fig. 7H;
Table 1).

When Phe contraction was presented as the percentage of
the maximum and Phe ED5q was calculated, ex vivo L-NAME,
0DQ, or endothelium removal did not significantly enhance
the sensitivity to Phe in any of the treatment groups or
genotypes (Fig. 8; Table 1). However, ex vivo ODQ appeared to
cause a decrease in Phe potency in aortic rings of HD L-NAME +
AnglIl treated WT mice (Fig. 8E).

When Phe contraction was presented as the percentage of
KCl contraction, ex vivo L-NAME or ODQ significantly
enhanced the Phe contractile response in control mice (Fig.
9A) but not L-NAME + AngII = EPL treated WT mice (Fig. 9,
C, E, G, and I). Endothelium removal did not enhance Phe
contraction as the percentage of KCl in any of the WT groups
(Fig. 9, A, C, E, G, and I). There was no significant effect of
ex vivo L-NAME, ex vivo ODQ, or endothelium removal in any
of the cav-1""" groups. However, examination of Fig. 9 reveals
tendencies for enhanced Phe contraction as the percentage of
KCl in ex vivo L-NAME treated aortic rings from control and
L-NAME + AngII treated cav-1""" mice (Fig. 9, B, D, and F),
in ex vivo ODQ-treated aortic rings from HD L-NAME + AngII
treated mice, and in endothelium-denuded aortic rings from
control and LD L-NAME + Angll + EPL treated cav-1~"~
mice (Fig. 9, B, D, and H; Table 1).

EPL Reverses Enhanced NO-cGMP Relaxation in
L-NAME + AnglI Treated WT but Not Cav-1~'". We also
assessed if the changes in BP are related to the changes in
vascular relaxation mechanisms. ACh-induced vascular re-
laxation did not significantly change with LD L-NAME +
Angll = EPL, but was enhanced in HD L-NAME + AnglI
treated versus control WT mice, and this enhancement was
prevented by the addition of EPL to HD L-NAME + AnglII
treatment (Fig. 10A). ACh-induced relaxation was enhanced
in control cav-1""" mice (Fig. 10B) as compared with WT mice
(Fig. 10A). However, in contrast to what was observed in WT
mice, L-NAME + Angll treatment with or without EPL did
not affect ACh-induced relaxation in cav-1~'" mice (Fig. 10B).
Real-time PCR revealed that cardiac eNOS mRNA levels were
similar in cav-1""" mice versus WT mice. In both genotypes,
cardiac eNOS mRNA levels were reduced with L-NAME +
Angll = EPL treatment as compared with control groups
(Fig. 10C). Western blots revealed that cardiac total eNOS
protein was higher in cav-1~/~ mice as compared with WT
mice under control and L-NAME + AnglI treatment. Further,
and in contrast to the decrease in eNOS mRNA levels with
L-NAME + AngII = EPL, cardiac eNOS protein was higher in
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L-NAME + Angll = EPL treated mice as compared with
control WT and cav-1"'" mice (Fig. 10D).

Endothelium removal and ex vivo treatment of aortic rings
with the NOS inhibitor L-NAME or guanylate cyclase in-
hibitor ODQ significantly inhibited ACh-induced relaxation in
vessels from control or L-NAME + Angll = EPL treated WT
and cav-1""" mice (Fig. 11).

The exogenous NO donor SNP caused a concentration-
dependent relaxation that was enhanced in HD L-NAME +
AnglI versus control WT mice, and addition of EPL to HD
L-NAME + AngIl treatment reversed this enhancement,
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Fig. 3. Cardiac mRNA expression of the inflammation markers CD68 (A)
and PAI-1 (B) in control and LD or HD L-NAME + AngII + EPL treated
WT and cav-1~~ mice. Data represent mean = SEM. (n = 4-8).
*Significantly different (P < 0.05) from respective control WT or cav-1"~
mice; P < 0.05, EPL-treated versus without EPL treatment; *P < 0.05,
cav-1"'" versus WT mice.

resulting in relaxation that did not differ significantly from
control WT mice (Fig. 12A). In comparison, SNP-induced
relaxation was not significantly different in L-NAME + AngIl =
EPL treated versus control cav-1~"" mice (Fig. 12B).

Discussion

The main findings of this study are 1) BP is increased in WT
and cav-1""" mice treated with L-NAME + AnglI; 2) EPL does
not reverse the L-NAME + Angll-induced increases in BP,
although its dose is sufficient to reverse the L-NAME +
Angll-induced cardiac expression of the inflammation
marker CD68; 3) Phe- and KCl-induced vascular contraction
are enhanced by EPL in L-NAME + Angll-treated WT mice,
but not in cav-1~'" mice; 4) ACh- and SNP-induced relaxation
is enhanced by L-NAME + AnglIl, and EPL reverses these
effects in WT mice but not cav-1~'~ mice; and 5) in both WT
and cav-1""" mice, L-NAME + AnglI treatment is associated
with increased eNOS protein and plasma ALDO levels and
decreased cardiac eNOS, AT;R, and MR mRNA expression,
and EPL minimally changes these levels.

L-NAME + Angll Increase BP in WT and Cav-1~"~
Mice. BP is tightly regulated by neural, renal, hormonal,
and vascular control mechanisms that prevent any sudden or
long-term variations during various environmental changes
(Cain and Khalil, 2002; Ponnuchamy and Khalil, 2009). For
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example, HS diet alone may not significantly change BP,
vascular reactivity (Giardina et al., 2001; Smith et al.,
2003), or cardiac tissue integrity (Rocha et al., 2000;
Martinez et al., 2002; Oestreicher et al., 2003; Turchin
et al., 2006). In the presence of an intact renal feedback
mechanism, any HS-induced increases in plasma volume
cause feedback inhibition of RAAS, leading to decreased
salt and water reabsorption (Hall, 1986; Guyton, 1991).
Also, in the presence of an intact vascular endothelium, any
HS-induced vasoconstriction is normally counterbalanced
by compensatory NO production and vascular relaxation
(Giardina et al., 2001; Smith et al., 2003). However, in the

>
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Angll Contraction (g)
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presence of aberrant renal or cardiovascular mechanisms, an
HS diet could lead to increased BP and cardiovascular injury.
For instance, in rats chronically treated with L-NAME, an HS
diet causes increases in BP and vasoconstriction (Giardina
et al., 2001). Also, in mice chronically treated with L-NAME +
AngIl, an HS diet is associated with cardiovascular injury and
inflammation (Martinez et al., 2002; Oestreicher et al., 2003).
Consistent with these reports, the present data demonstrate
that in WT mice consuming an HS diet, chronic L-NAME +
AnglI increased BP. BP was insignificantly greater in cav-1"""
mice than in WT mice, an observation that we previously
attributed to excessive NO production and increased formation
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Fig. 5. Angll-induced contraction in aortic rings of control and LD or HD L-NAME + AngII + EPL treated WT (A) and cav-1""" mice (B). Aortic rings
were stimulated with AngII 107® M, and the contractile response was measured in grams. Data represent mean + S.E.M. (n = 4-8).
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of peroxinitrites and oxidative stress (Pojoga et al., 2008, 2010a).
BP also showed greater sensitivity to L-NAME in cav-1~/"~
mice than in WT mice, supporting differential regulation of
BP in cav-1"'" mice versus WT mice. Additionally, the body
weight was different in L-NAME + AnglI-treated cav-1"""
mice versus WT mice, suggesting differences in volume regu-
lation. L-NAME functions by blocking NOS, whereas AnglI
activates vascular AT;R to increase vasoconstriction (Touyz
and Schiffrin, 2000) and increases salt and water reabsorption
either directly via renal tubular AT;R or indirectly by
stimulating ALDO secretion, which in turn activates MR in
the renal collecting ducts and further increases plasma
volume (Hall, 1986; Meneton et al., 2005; Khalil, 2006; Adler
and Williams, 2007). We reasoned that if the pressor effects of
L-NAME + AngII involve ALDO/MR-mediated renal mecha-
nisms, then an adequate dose of the MR antagonist EPL
should be sufficient to prevent the effects of ALDO on renal
MR and in turn decrease sodium absorption, plasma volume,
and BP.

MR Antagonism Reverses L-NAME + AnglI-Induced
Cardiac Injury but Not BP. To confirm the use of an
adequate dose of EPL, we made use of our previous ob-
servations that ALDO/MR could mediate L-NAME +
Angll-induced renal arteriopathy and myocardial necrosis
(Rocha et al., 2000; Oestreicher et al., 2003; Pojoga et al.,
2010b) and that EPL treatment prevents the cardiac and renal
damage in the L-NAME + AngIl model of cardiovascular

injury (Rocha et al., 2000; Martinez et al., 2002; Oestreicher
et al., 2003). Consistent with our previous report (Pojoga et al.,
2010b), L-NAME + AnglI increased cardiac expression of the
inflammation markers CD68 and PAI-1 in WT mice and to
alesser extent in cav-1""" mice, and EPL reversed the increases
in CD68 in both genotypes and PAI-1 in WT mice. Thus,
although L-NAME + AngIl treatment could have different
systemic effects on the cardiac and renal systems, our use of
an adequate dose of EPL should rule out the contribution of
MR-mediated heart or kidney damage. Although we used
EPL at doses that effectively prevent MR-mediated cardiac
and renal injury, it did not decrease BP in L-NAME +
AnglI-treated WT or cav-1""" mice, suggesting the involvement
of factors other than the renal MR or MR-mediated cardiac injury.
We are not aware of any data to support the possibility that EPL
has other non-MR off-target effects, and thus propose that the
lack of effect of EPL on BP in the L-NAME + Angll-treated
mouse may involve the presence of opposing mechanisms,
whereby EPL blockade of renal MR-mediated salt and water
reabsorption is counterbalanced by concomitant blockade of
a vascular MR-mediated compensatory mechanism.

MR Antagonism Enhances Vascular Contraction in
L-NAME + AnglIl-Treated WT Mice but Not Cav-1~'~
Mice. We have recently reported the presence of basal MR-
mediated vascular activity during an HS diet, and that this
activity is modulated in cav-1 null mice (Pojoga et al., 2010a).
In the present study, we tested if any MR-mediated vascular
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Fig. 7. Effect of ex vivo blockade of NO-cGMP or
endothelium removal on Phe-induced contraction in
aortic rings of control and LD or HD L-NAME + AngIl +
EPL treated WT (A, C, E, G, and I) and cav-1"""
mice (B, D, F, H, and J). Aortic rings were either
kept endothelium-intact (open circles), pretreated
ex vivo with the NOS inhibitor L-NAME (3 x 10™* M)
(closed circles) or the guanylate cyclase inhibitor
0DQ (1075 M) (open triangles) for 15 minutes, or
endothelium denuded (closed triangles). The vessels
were stimulated with increasing concentrations of
Phe, and the contractile response was presented
in grams. Data represent mean = S.E.M. (n = 9-17).
*P < 0.05, L-NAME—treated versus control nontreated
arteries; *P < 0.05, ODQ-treated versus control non-
treated arteries.

activity would change during low NO-high Angll-induced cav-1because EPL did not change Phe contraction in L-NAME +
cardiovascular injury. The observed enhancement of Phe- Angll-treated cav-1~’~ mice. The EPL-induced enhance-
induced contraction with EPL in L-NAME + Angll-treated ment of Phe contraction in WT mice is unlikely due to
WT supports the presence of MR-mediated vasodilator activ- increased sensitivity of a-adrenergic receptors because Phe
ity. This MR-mediated vascular activity appears to involve was equally potent in L-NAME + Angll-treated mice with or



Mineralocorticoid Receptor, Cav-1, and Vascular eNOS 41

Cav-1--

-0 - Control
-o— +L-NAME
-4 -+0DQ
—A—-Endo

A Control B Control
100 e
é 100 -
% 804 .
S é 80
£ 60 <
s £ 60
2 c
° 404 K]
© -
£ § 40
o
8 20 S ]
0 T T ]
0
C 100- L-NAME+Angll LD o D
A 100~
% 804 _
= é 80
2 604
< 2 60
2 c
T 40 2
® A =
5 § 401
Q €
o 204 °
o 203
0
T T ] 00
E .. F
100~
% 80
S X 804
=2 60 =
c < 60
2 c
° 404 K]
s S 404
£ g
o c
S 20

Fig. 8. Effect of ex vivo blockade of NO-cGMP or
endothelium removal on vascular sensitivity to Phe
in aortic rings of control and LD or HD L-NAME +
Angll = EPL treated WT (A, C, E, G, and I) and
cav-1""" mice (B, D, F, H, and J). Aortic rings were
either kept endothelium-intact (open circles), pre-
treated ex vivo with the NOS inhibitor L-NAME
(8 x 107* M) (closed circles) or the guanylate
cyclase inhibitor ODQ (10™® M) (open triangles)
for 15 minutes, or endothelium denuded (closed
triangles). The vessels were stimulated with
increasing concentrations of Phe, and the contrac-
tile response was presented as the percentage of
maximum Phe contraction. Data represent mean *
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without EPL. To test if EPL-induced enhancement of vas-
cular contraction in WT mice was specific to a particular
agonist/receptor, we examined the response to Angll. How-
ever, Angll contraction was very small and was not dif-
ferent in control or L-NAME + AngIl + EPL—treated WT or

log [Phe] (M)

cav-1"/" mice. The small AngII contractile response is
likely due to tachyphylaxis and downregulation of AT{R
during chronic exposure to Angll. This is supported by the
observation that cardiac AT;R expression was reduced in
L-NAME + Angll-treated versus control mice of both genotypes.



42 Pojoga et al.

WT Cav-1--

A 250, Control B 250, Control

S g ]

ﬁ ﬁ 200 -0 - Control

o o

2 S 1s0{ ~® YLNAME

c 1 -4 -+0DQ

'g 'g —A—-Endo

8 S 1001

£ £

o [<

o © 50

ot

250, L-NAME+Angll LD

O
O

g g
8 3
K S
8 5
s -]
g g
K €
8 8
E 20, L-NAME+Angll HD F
S 2001 g
8 8
s S
c c
2 S
7] k3]
£ £
: :
(8] (8]

()
-

1E-5

g g
3 8
2 2
s S
€ €
3 3
| 2507 L-NAME+Angll HD+EPL J
g 200 S 2001
© ©
o o
B3 & 1501
5 5 jor!
S S 100 LL,
g 8
€ €
o [=]
o O 50
0 ; . .
1E9 1E-8 1E7 1E6 1E5 1E9 1E-8 1E-7  1E6
log [Phe] (M) log [Phe] (M)

Fig. 9. Effect of ex vivo blockade of NO-cGMP or
endothelium removal on Phe-induced contractile re-
sponse relative to KCl contraction in aortic rings of
control and LD or HD L-NAME + AngII + EPL treated
WT (A, G, E, G, and I) and cav-1~"" mice (B, D, F, H,
and J). Aortic rings were either kept endothelium-
intact (open circles), pretreated ex vivo with the NOS
inhibitor L-NAME (3 x 10™* M) (closed circles) or the
guanylate cyclase inhibitor ODQ (107° M) (open
triangles) for 15 minutes, or endothelium denuded
(closed triangles). After measuring contraction to KCI1
(96 mM), the vessels were stimulated with increasing
concentrations of Phe, and the contractile response
was presented as the percentage of KCl contraction.
Data represent mean + S.E.M. (n = 9-17). *P < 0.05,
L-NAME-treated versus control nontreated arteries;
#P < 0.05, ODQ-treated versus control nontreated
arteries.

Interestingly, AT;R expression was greater in cav-1"" mice mechanism to compensate for the loss of cav-1. On the other
than in WT mice, which may be related to the report that cav-1 hand, vascular contraction to high KCl, which mainly stim-
is necessary for AT;R trafficking and signaling (Ushio-Fukai ulates receptor-independent Ca2* entry into VSM (Khalil and
and Alexander, 2006). Thus, the overexpression of AT;R van Breemen, 1990; Murphy and Khalil, 1999), was enhanced
in cav-1-deficient mice may represent a feedback rescue with EPL in L-NAME + Angll-treated WT mice, supporting
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Fig. 10. ACh-induced relaxation in aortic rings (A and B), eNOS mRNA (C), and total eNOS protein (D) in the heart of control and LD or HD L-NAME +
Angll + EPL treated WT and cav-1"'" mice. Aortic rings were precontracted with Phe (10 ~® M), increasing concentrations of ACh were added, and the
percentage of relaxation of the Phe contraction was measured. Cardiac tissue homogenates were also prepared for measurement of eNOS mRNA
expression using real-time PCR and eNOS protein using Western blots. Data represent mean + S.E.M. (n = 5-8). *Significantly different (P < 0.05) from
respective control WT or cav-1""" mice; P < 0.05, EPL-treated versus without EPL treatment; *P < 0.05, cav-1~'~ versus WT mice.

that L-NAME + AngII may activate a common MR-mediated
vascular relaxation mechanism. KCl-induced contraction was not
enhanced with EPL in L-NAME + AnglII-treated cav-1~/" mice,
supporting that the common MR-mediated vascular relaxation
mechanism requires an interaction between MR and cav-1.
Evidence for L-NAME + AnglI-Induced MR-Mediated
Enhanced Vascular Relaxation in WT. To further ex-
amine the potential MR-mediated vascular mechanisms, we
tested the effects of ACh, a known stimulator of endothelium-
derived vasodilator substances, such as NO. Under basal
conditions, eNOS is bound to cav-1 in endothelial cell
caveolae. ACh-induced increase in endothelial cell Ca®*
promotes the release of Ca%*-dependent eNOS from cav-1
to the cytosol, where it is phosphorylated and fully activated
to produce NO (Feron et al., 1996; Segal et al., 1999; Minshall
et al., 2003; Batova et al., 2006). NO diffuses from endothelial
cells into VSM, where it activates guanylate cyclase to
produce cGMP, which causes vascular relaxation by inhibit-
ing Ca®" entry, stimulating Ca®* extrusion, and decreasing
Ca?" sensitivity of the contractile proteins (Fleming and
Busse, 1999; Ignarro, 2002; Murad, 2006). The observed
enhanced ACh relaxation in L-NAME + Angll-treated WT mice
is likely due to activation of the MR-mediated NO-cGMP

vascular relaxation pathway because 1) it was reversed with
EPL; 2) it was inhibited by endothelium removal or ex vivo
treatment with the NOS blocker L-NAME or guanylate cyclase
inhibitor ODQ); 3) it was associated with increased cardiac eNOS
protein; and 4) vascular relaxation to the NO donor and guanylate
cyclase activator SNP was enhanced in L-NAME + Angll-treated
WT, and this enhancement was reversed with EPL.

Loss of L-NAME + Angll-Induced MR-Mediated
Vascular Relaxation in Cav-1""~ Mice. Studies in cav-1"~
mice have suggested a role of cav-1 in vascular mechano-
transduction, function, and remodeling (Drab et al., 2001;
Razani et al., 2001; Wunderlich et al., 2006; Yu et al., 2006).
Consistent with our previous report (Pojoga et al., 2008),
ACh-induced aortic relaxation was greater in cav-1~'~ mice than
in WT mice, supporting an increase in endothelium-derived
relaxing factor(s) in cav-1 deficiency states. This is also
supported by the report that pharmacological disruption of
caveolae and cav-1 using methyl-B-cyclodextrin in isolated
aorta from Angll-infused apolipoprotein E knockout mice
caused enhancement of the ACh-induced concentration-
relaxation curve when compared with vehicle control (Seto
et al., 2013). Also, the present Western blots revealed an
increase in cardiac eNOS protein in cav-1~" versus WT mice.



44 Pojoga et al.
WT Cav-1--
A Control B Control
0——f-e=p-c--4- *
..
20 1 TQ---.
g 2 ? c
K] ]
T 401 ®
3 s 1 N
° | ° -0 -Control “o.
x 60 € 607 o :namE ? ‘\,i,
e 80 e | -a-+opa
80 | —&—-Endo
100 100
C L- NAME+AngII LD D L-NAME+Angll LD
*
c c
2 S
T 40 1 ®
X X
K o
@ 601 &
X X
80 1
1 Fig. 11. Effect of endothelium removal and
100 100 ex vivo blockade of the NO-cGMP pathway on
L-NAME+Angll HD L-NAME+Angll HD ACh-induced relaxation in aortic rings of control
E o¢ F [ S I S ¢ and LD or HD L-NAME + AngIl = EPL treated
= *  WT (A, C,E, G, and I) and cav-1""" mice (B, D, F,
20 4 . H, and J). Aortic rings were either kept endothe-
5 S 5 .. lium intact (open circles), pretreated ex vivo with
s 40 T ol s 40 T\ the NOS inhibitor L-NAME (3 x 10™* M) (closed
X T \T_ ___T X \\\ circlgs) or the guanylate cyclase inhibitor ODQ
o | D ] N (10> M) (open triangles) for 15 minutes, or
"E 60 'f 60 * R endothelium denuded (closed triangles). The
& | = | T =~ Y tissues were precontracted with Phe (107° M),
80 80 increasing concentrations of ACh were added, and
the percentage of relaxation of the Phe contrac-
100 100 tion was measured. Data represent mean = S.E.M.
L-NAME+Angll LD+EPL (n = 4-8). *'P < 0.05, L-NAME-' or ODQ-treated
G 08 H or endothelium-denuded versus intact nontreated
g T —3 % vessels.
20 1 T
c c
S 1 s
g 40 g
o 1 o
@ 601 &
X 1 ES
80 1
100 100
I L-NAME+Angll HD+EPL J L- NAME+Ang|I HD+EPL
0° ===z S S P ) 0 "—6 ~1‘r —u—-—__}_Tz *
20 A T 20 1 £
c N c .
0 oo 0 \\
§ 40 T T § 407 T
S S "
¢ 601 & 60 s
R R -
80 1 80 1 T T
100 100
-10 -9 -8 -7 -6 -5 -10 -9 -8 7 -6 5

log [ACh] (M)

Since cav-1"7" mice have intact cav-3 expression in cardiac
myocytes, the increased cardiac eNOS may reflect changes in the
heart vessels rather than in the myocytes. In contrast with WT,
ACh-induced relaxation was not affected by L-NAME + AnglI +
EPL in cav-17" mice, supporting the loss of MR-mediated

log [ACh] (M)

vascular relaxation mechanisms likely because the artery may
not be able to relax any further because eNOS and the NO-cGMP
pathway are maximally activated. Similarly, the enhancement of
SNP-induced relaxation in L-NAME + Angll-treated WT mice
and its reversal with EPL were not observed in cav-1~'" mice,
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supporting a role for cav-1 in MR-mediated vascular relaxation
via NO-cGMP.

Mechanisms of L-NAME + AnglI-Induced Enhanced
Vascular MR Activity in WT Mice but Not Cav-1~"~
Mice. The changes in vascular MR activity during L-NAME +
AnglI treatment could be related to several factors, including
ALDO levels, MR expression, and/or MR activity. AngIl
activates AT{R in the adrenal gland to increase ALDO
production. However, an increase in ALDO production may
not be the sole mechanism for the vascular changes observed
in WT mice but not cav-1~/~ mice, as plasma ALDO levels
were increased in WT mice and further increased in cav-1""~
mice, particularly during treatment with L-NAME + AngII
and EPL. Also, vascular MR can be activated not only by
ALDO, but also by other steroid and nonsteroid compounds
(Funder, 2006, 2007, 2009; Di Zhang et al., 2008), including
direct activation by AngII (Strawn, 2005). Another possible
explanation for the changes in vascular MR activity during
L-NAME + Angll treatment may involve changes in MR
expression. MR has been identified in cardiac tissues, and
ALDO/MR interaction may affect cardiac function during an
HS diet (Rocha et al., 2000; Martinez et al., 2002; Joffe and
Adler, 2005; Turchin et al., 2006; Garg et al., 2015). Also,
vascular MR has been implicated in vasospasm, vascular
hypertrophy (Funder, 2006, 2007, 2009; Schiffrin, 2006),
inflammation, and atherosclerosis (Strawn, 2005; Ferrario
and Strawn, 2006). However, the present data showed reduced
cardiac MR expression during L-NAME + AngII treatment in
both WT and cav-1""" mice, and EPL did not cause any further
changes in MR expression. Alternatively, the vascular effects
of L-NAME + AngII and their reversal with EPL in WT mice,
but not cav-1""" mice, could be related to differences in the
sensitivity of vascular MR and MR—cav-1-NO coupling mech-
anisms. Another intriguing possibility is that ALDO may act
independently of MR via G protein—coupled receptor 30 to
induce rapid vascular effects, a setting in which classic MR
blockers may act as partial antagonists (Gros et al., 2011).
These ALDO/G protein—coupled receptor 30-mediated
endothelium-dependent vasodilator effects could counteract
any ALDO/MR-mediated vasoconstrictor effects on VSM (Gros
et al., 2013) and hence determine the net effect of ALDO on
vascular reactivity.

Potential Mechanisms Linking Vascular MR, Cav-1,
and NO-cGMP Pathway. The molecular interaction among
vascular MR, cav-1, and the NO-cGMP pathway is unclear but
could involve a vascular MR-mediated increase in eNOS

log [SNP] (M)

protein to counterbalance the renal MR-mediated increase in
sodium and water retention and plasma volume (Fig. 13). MR
may also function via a plasma membrane channel or pump.
For instance, MR is coupled to the nongenomic activation of the
sodium channel ENaC in the renal collecting tubules (Zhou and
Bubien, 2001; Lee et al., 2008; McEneaney et al., 2008), and
ALDO may stimulate the surface expression and activity of the
Na*-H*' exchanger (NHE3) in the proximal tubules’ epithe-
lial cells (Drumm et al., 2006). Also, ENaC, NHE3, and the
Na*-Ca®* exchanger have been identified in VSM and endo-
thelial cells (Golestaneh et al., 2001; Jernigan and Drummond,
2006; Ponnuchamy and Khalil, 2009), and MR may regulate the
ion-gated sodium channel in endothelial cells through an effect
on the cytoskeleton (Golestaneh et al., 2001). It is possible that
during an HS diet, high AngII and consequent activation of MR
may promote Na® entry into endothelial cells, and in the
presence of a maximally activated Na*-K" pump, the cellular
Na* load could be extruded via a reverse-mode Na'-Ca?*
exchanger, leading to increased cellular Ca?* and increased
activity of the Ca®*-dependent eNOS.

Limitations. Other considerations or limitations are 1)
EPL treatment was associated with increased cardiac PAI-1
in L-NAME + AnglI-treated cav-1~/" mice, suggesting ad-
ditional effects of EPL on cardiovascular inflammation. 2)
Treatment with L-NAME + Angll was associated with de-
creased eNOS mRNA expression, but could also decrease eNOS
protein degradation and, as a result, lead to a net increase in
eNOS protein levels. 3) Assuming that KCl mainly stimulates
Ca®' entry into VSM, then the lack of difference in Phe
contraction as the percentage of KCl in L-NAME + AnglIl *
EPL—treated versus nontreated vessels suggests no change in
the Ca?* sensitization mechanisms of VSM contraction, such as
protein kinase C and Rho kinase. Interestingly, some enhance-
ment of Phe contraction could be observed in L-NAME +
Angll-treated mice upon blockade of NOS, guanylate cyclase,
or endothelium removal. These observations support the
contention that L-NAME + AngII is associated with increased
NO, which could inhibit the Ca®* sensitization pathways,
and only when the NO-cGMP pathway is inhibited, the
Ca?" sensitization pathways are manifested. 4) The present
study was performed on the aorta, and although working with
small vessels from small animals, such as the mouse, could
pose a challenge, the interaction of MR, cav-1, and NOS should
be further examined in small resistance vessels.

Conclusions and Perspectives. The present results are
consistent with the contention that during sodium
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Fig. 13. Schematic diagram of the potential interaction between vascular MR and cav-1 during low NO-high Angll-induced cardiovascular injury.
Increased circulating AnglI is known to increase salt and water retention either directly via renal tubular AT;R or indirectly by stimulating ALDO
secretion. AngllI also stimulates vascular AT R to induce vasoconstriction, whereas low NO (by L-NAME) causes further vasoconstriction and vascular
injury. In cav-1 replete states (WT), cav-1 anchors eNOS, thus limiting its translocation and phosphoactivation. MR colocalizes with cav-1 in endothelial
cells, and L-NAME + AnglI-induced cardiovascular injury may trigger compensatory MR-mediated genomic changes in the amount of eNOS mRNA/
protein and nongenomic increases in eNOS phosphorylation/activity and thereby the NO-cGMP vascular relaxation pathway. Thus, during L-NAME +
AnglI treatment in cav-1 replete states, MR blockade with EPL would prevent the compensatory MR-mediated NO-cGMP relaxation pathway and
consequently increase vascular contraction. In cav-1 deficiency states (knockout), eNOS is maximally activated, leading to loss of L-NAME +
Angll-induced compensatory MR-mediated vasodilator effects, and, in turn, a lack of vascular effects of EPL.

overload and low NO-high Angll-induced hypertension
and cardiovascularinjury, feedback renal mechanisms to de-
crease decrease MR-mediated sodium reabsorption and
increases in plasma volume and BP could be reinforced by
MR-mediated vascular relaxation to decrease vasoconstric-
tion. The MR-mediated vascular relaxation pathway involves
enhanced eNOS activity, endothelium-dependent NO-cGMP,
and VSM responsiveness to cGMP. Cav-1 has been suggested
as a mediator of the effects of steroid hormones on their
receptors (Li et al., 2001, 2006) and an important regulator of
eNOS expression and activity (Drab et al., 2001; Razani
et al.,, 2001; Wunderlich et al., 2006; Yu et al., 2006),
particularly during an HS diet (Pojoga et al., 2008). The
changes in vascular function in L-NAME + Angll-treated
WT mice with EPL and their absence in cav-1 null mice
provides evidence for a potential interaction between vascular
MR, cav-1, and eNOS in regulating vascular function during
an HS diet and low NO-high Angll-dependent cardiovascular
injury (Fig. 13). The differential effects of EPL on the MR-
mediated vascular relaxation mechanism in WT versus
cav-1""" mice also raise a note of caution regarding the use of
MR antagonists in clinical settings. Cav-1"'~ mice show insulin
resistance (Cohen et al., 2003; Pojoga et al., 2011; Asterholm
et al., 2012), and forearm blood flow, a measure of endothelial
cell function, deteriorates with spironolactone treatment in
diabetic subjects (Davies et al., 2004). Also, our studies in

humans have shown that cav-1 gene variants are associated
with insulin resistance in hypertensive individuals (Pojoga
et al., 2011). The present findings suggest that hypertensive
individuals with minor allele carriers of cav-1 gene variants
may have blunted compensatory MR-mediated vascular re-
laxation mechanisms, and the use of MR antagonists for the
management of hypertension and cardiovascular injury should
be carefully evaluated in these individuals.
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