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Caveolae are the major cellular membrane structure through which extracellular mediators trans-
mit information to intracellular signaling pathways. In vascular tissue (but not ventricular myo-
cardium), caveolin-1 (cav-1) is the main component of caveolae; cav-1 modulates enzymes and
receptors, such as the endothelial nitric oxide synthase and the angiotensin Il (Angll) type 1 re-
ceptor. Evidence suggests that Angll and aldosterone (ALDO) are important mediators of ventric-
ular injury. We have described a model of biventricular damage in rodents that relies on treatment
with N-w-nitro-L-arginine methyl ester (L-NAME (nitric oxide synthase inhibitor)) and Angll. This
damage initiated at the vascular level and was observed only in the presence of ALDO and an
activated mineralocorticoid receptor (MR). We hypothesize that cav-1 modulates the adverse car-
diac effects mediated by ALDO in this animal model. To test this hypothesis, we assessed the
ventricular damage and measures of inflammation, in wild-type (WT) and cav-1 knockout (KO) mice
randomized to either placebo or L-NAME/Angll treatment. Despite displaying cardiac hypertrophy
at baseline and higher blood pressure responses to L-NAME/Angll, cav-1 KO mice displayed, as
compared with WT, decreased treatment-induced biventricular damage as well as decreased tran-
script levels of the proinflammatory marker plasminogen activator inhibitor-1. Additionally, L-
NAME/Angll induced an increase in cardiac MR levels in WT but not cav-1-ablated mice. Moreover
and despite similar circulating ALDO levels in both genotypes, the myocardial damage (as deter-
mined histologically and by plasminogen activator inhibitor-1 mRNA levels) was less sensitive to
ALDO levelsin cav-1 KO vs. WT mice, consistent with decreased MR signaling in the cav-1 KO. Thus,
we conclude that the L-NAME/Angll-induced biventricular damage is mediated by a mechanism
partially dependent on cav-1 and signaling via MR/ALDO. (Endocrinology 151: 1236-1246, 2010)

aveolae are important microdomains in the plasma

membrane, which modulate transduction pathways
via signaling molecules docked within them (1). The main
component of caveolae in vascular tissues, caveolin-1
(cav-1), has been shown to associate with important mod-
ulators of cardiovascular homeostasis, such as the endo-
thelial nitric oxide (NO) synthase (eNOS) and the angio-
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tensin IT (Angll) type 1 receptor (AT,R) (2-9). Alterations
in components of the caveolae have been shown to have
profound effects both on caveolae formation and on a
multitude of intracellular signaling pathways (10, 11).
Thus, genetic ablation of cav-1 is accompanied, in the
cardiovascular system, by cardiac hypertrophy, arterial
remodeling, and alterations in vascular reactivity via an

Abbreviations: ALDO, Aldosterone; Angll, angiotensin II; AT;R, Angll type 1 receptor; BP,
blood pressure; cav-1, caveolin-1; EC, endothelial cell; eNOS, endothelial nitric oxide syn-
thase; FBS, fetal bovine serum; H&E, hematoxylin and eosin; HS, high sodium; KO, knock-
out; L-NAME, N-w-nitro-t-arginine methyl ester; MDS, myocardial damage score; MR,
mineralocorticoid receptor; PAI, plasminogen activator inhibitor; peNOS, phospho-eNOS;
PKC, protein kinase C; SBP, systolic BP; WT, wild type.
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activated NO signaling pathway (12-20). These data to-
gether support the contention that cav-1 is an important
factor in maintaining cardiovascular homeostasis.

Our laboratory has extensively investigated an animal
model of acute, generalized, multiple organ injury that is
secondary to vascular inflammation. In this model, ani-
mals (rats and mice, the latter with and without genetic
modifications) are treated with the NO synthase inhibitor
N-[omega]-nitro-L-arginine methyl ester (L-NAME), in
combination with Angll; this treatment acts via two cav-
1-dependent pathways (eNOS and AT,R) to induce sig-
nificant biventricular damage initiated at the vascular level
(21-23). Significantly, this damage can be prevented by
mineralocorticoid receptor (MR) blockade or adrenalec-
tomy, thus implicating aldosterone (ALDO) and its recep-
tor as critical mediators of the cardiovascular injury (21,
22). Additionally, a variety of inflammatory factors, such
as plasminogen activator inhibitor (PAI)-1 and CD-68,
have been associated with such damage (23, 24).

Cell culture studies have suggested that caveolae are
critical for the rapid mechanisms of action for ALDO (25).
Thus, we hypothesize that cav-1 modulates the adverse
cardiac effects triggered by treatment with L-NAME/
Angll, and mediated by ALDO. The studies reported
herein use the L-NAME/Angll model as a stressor to assess
directly the interaction of cav-1 with the eNOS, AT, R and
MR, using as a distant readout the changes in myocardial
damage in response to cav-1 ablation.

Materials and Methods

Animals

Twelve-week-old cav-1 knockout (KO) and genetically
matched wild-type (WT) male mice (stock no. 004585 and
101045, respectively; n = 49 per genotype) were purchased from
Jackson Laboratories, Bar Harbor, ME. The genotypes were
confirmed by PCR, as previously described (14). Animals were
housed in the animal facility in 12-h light, 12-h dark cycle at an
ambient temperature of 22 = 1 C and were maintained on ad
libitum Purina rodent chow (5053, 0.8% NaCl; Purina, St.
Louis, MO) and tap water. After 3 d of acclimatization, the mice
were switched to a high-sodium (HS; 4% NaCl) diet for 5 d (d —4
to 0) at which time they had achieved sodium balance. Animals
from each genotype were then randomized to two treatment
groups: placebo (n = 18-20) and L-NAME/Angll (n = 29-31).
All mice were maintained on the HS diet for an additional 11 d
(d 1-11), throughout which they received either L-NAME (0.2
mg/ml) or placebo in the drinking water. Vehicle or AnglI (Sigma-
Aldrich, St. Louis, MO, 2.8 mg/kg - d) was administered on d
7-11 via Alzet osmotic sc micropumps (model 1007D; Durect
Corp., Cupertino, CA). All experimental procedures followed
the guidelines of and were approved by the Institutional Animal
Care and Use Committee at Harvard Medical School.
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Blood pressure (BP) measurements

In a preliminary study, systolic BP (SBP) was assessed simul-
taneously in two mice by tail-cuff plethysmography (BP analyzer,
model 179; IITC LifeScience, Woodland Hills, CA; 10 measure-
ments in each mouse) and telemetry recordings over 10 min (PA-
C10 telemetry probes; Data Sciences International, St. Paul,
MN), as previously reported (22, 23, 26). The readings showed
excellent correlation (mouse 1: SBP 142.0 + 17.2 and 146.5 =
6.8 mm Hg; mouse 2: SBP 103.1 + 7.4 and 104.2 = 5.1 mm Hg
for tail-cuff and telemetry, respectively). In the current study,
SBP was determined by tail-cuff plethysmography on d 0, 7, and
11. Conscious mice were warmed at 37 C for 10 min and allowed
to rest quietly before BP measurements.

Tissue preparation

At the end of the experiment, blood samples were collected,
and the mice were euthanized under deep anesthesia with isoflu-
rane, the thoracic cavity was opened, and the heart was rapidly
excised and weighed. After removal of the atria, the ventricular
myocardium was longitudinally divided into two halves, which
were immediately placed in either liquid nitrogen (for mRNA
and protein quantification) or 10% phosphate-buffered forma-
lin (for histology analysis).

Analysis of mRNA expression by real-time RT-PCR

Total mRNA was extracted from the hearts using the RNeasy
minikit (QIAGEN Sciences, Germantown, MD). cDNA was syn-
thesized from 1.5 ug RNA with the first-strand cDNA synthesis
kit (GE Healthcare, Piscataway, NJ). PCR amplification reac-
tions were performed in duplicate, relative to 18S rRNA levels,
using TagMan gene expression assays, the ABI Prism 7000 se-
quence detection system (Applied Biosystems, Foster City, CA)
and the AACT method. Data are presented as fold increase rel-
ative to the measurement in WT control mice (HS diet, treated
with placebo).

SDS-PAGE and Western blot analysis

Protein was extracted by homogenizing cardiac tissue with
radioimmunoprecipitation assay lysis buffer (Santa Cruz Bio-
technology Inc., Santa Cruz, CA). Protein extracts (20 ug) were
combined with an equal volume of 2X Laemmli loading buffer
(containing 5% 2-mercaptoethanol), boiled for 5 min, and size
fractionated by electrophoresis on 7.5-12.5% sodium dodecyl
sulfate-polyacrylamide gels. Proteins were transferred from the
gel to a nitrocellulose membrane by electroblotting. Membranes
were incubated for 1 h with 5% nonfat dried milk in Tris-buff-
ered saline-Tween 20 (USB Corp., Cleveland, OH) and then
incubated overnight at 4 C with primary antibodies. After
incubation, samples were washed, incubated with peroxidase-
conjugated secondary antibody, and analyzed using enhanced
chemiluminescence (Perkin-Elmer Life Sciences, Boston, MA).
The blots were subsequently reprobed for B-actin, and the results
were normalized to B-actin to correct for loading. Data are pre-
sented as fold change relative to the measurement in WT mice
treated with L-NAME/Angll. Primary antibodies were from BD
Transduction Laboratories (San Diego, CA): mouse anti-eNOS
(catalog no. 610297, 1:2500), anti-cav-1 (clone 2297, catalog
no. 610406, 1:1000), and anti-ERK1/2 (catalog no. 610124,
1:5000); Cell Signaling Technology (Danvers, MA): anti-protein
kinase C (PKC)-6 (catalog no. 610397, 1:1000) and rabbit anti-
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phospho-eNOS (peNOS) (catalog no. 9571, 1:1000); and Santa Cruz
Biotechnology Inc.: rabbit anti-MR (catalog no. sc11412, 1:1000).

To evaluate eNOS dimer formation, low-temperature SDS-
PAGE followed by Western blot analysis was performed accord-
ing to previously published methods (27). eNOS dimer density
values were normalized to total eNOS density (dimer plus mono-
mer) from the same lane.

Immunoprecipitation

Cardiac protein extracts (500 pg) were mixed with 1 pg of
corresponding primary antibody and 50 ul micromagnetic-ac-
tivated cell sorting protein A or G microbeads (Miltenyi Biotec,
Auburn, CA) and then incubated at 4 C for 1-2 h. The mixture
was then loaded on top of Miltenyi magnetic-activated cell sort-
ing separation columns and eluted according to manufacturer’s
protocol. The immunoprecipitates were then subjected to elec-
trophoresis and analyzed as described above. In addition to the
anti-cav-1and anti-MR antibodies described above, we also used
the rabbit anti-AT, R (Santa Cruz Biotechnology) antibody (cat-
alog no. sc1173; 1:500).

Histopathological analysis and myocardial damage
score (MDS)

Cardiac tissue was fixed and embedded in paraffin blocks.
Heartsections (5 um) including both ventricles were stained with
hematoxylin and eosin (H&E) and examined by light micros-
copy. Histopathological analysis was carried out in a blinded
fashion. The MDS was determined in sections containing right
and left ventricles (two to three sections per animal) using a
semiquantitative scale from 0 to 4, as described (21), where 0
indicates no damage; 1, isolated myocyte damage; 2, one focal
area of damage; 3, two or more areas of damage; and 4, diffuse
areas of damage compromising more than 50% of the
myocardium.

Plasma ALDO measurements

Blood was collected at the time the animals were killed in
purple-top BD microtainer tubes (EDTA). After separation by
centrifugation, plasma aldosterone levels were determined in
samples with a plasma volume greater than 400 pl. Measure-

ments were made in duplicates (200 wl each) by using a solid-
phase RIA kit (Diagnostic Products Corp., Los Angeles, CA).

Primary mouse aortic endothelial cells (ECs)

Aortic ECs were isolated under sterile conditions as previ-
ously described (28, 29). Briefly, thoracic aortas were removed,
rinsed, and placed in 20% fetal bovine serum (FBS)-DMEM with
1000 pg/ml heparin. The isolated aortas were then washed in
serum-free DMEM containing 2 mg/ml collagenase II (Sigma-
Aldrich). After 45 min incubation, ECs were removed from the
aortas by flushing with 5 ml of 20% FBS-DMEM. Cells were
centrifuged, resuspended, and cultured in 2 ml120% FBS-DMEM
in 35-mm collagen type I-coated dishes. After 2 h incubation at
37 C, media were removed and cells resuspended in 20% FBS-
DMEM containing 100 U/ml penicillin, 100 ug streptomycin, 2
mM L-glutamine, nonessential amino acids, 1000 pg/ml sodium
pyruvate (Invitrogen, Carlsbad, CA), 100 pug/ml heparin,and EC
growth supplements (Sigma-Aldrich) and incubated in 5% CO,
at 37 Cin a humidified atmosphere. Cells were used at passages
2-3. The primary cultures were confirmed to be endothelial by
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using EC-specific markers. Confluent ECs were incubated for 5h
with the indicated concentrations of ALDO (Sigma-Aldrich) in
the presence or absence of canrenoic acid (Sigma-Aldrich). After
incubation, cells were lysed in radioimmunoprecipitation assay
buffer and the cell lysate was analyzed for ERK1/2 and p-ERK1/2
by SDS-PAGE (10 ug protein/lane) as described above. In addi-
tion to the anti-ERK1/2 antibody (see above), we also used the
rabbit anti-pERK antibody from Cell Signaling Technology (cat-
alog no. 91018, 1:1000).

Statistical analysis

Data are expressed as mean * SEM. Paired data were com-
pared by Student’s ¢ tests. Comparisons between multiple groups
were made with one-way ANOVA followed by Tukey’s post hoc
test for multiple comparisons. Data were analyzed using the
GraphPad Prism version 4.03 statistical software package (San
Diego, CA). P < 0.05 was considered statistically significant.

Results

Cav-1 deficiency and myocardial damage

Consistent with previous reports (13), cav-1 KO mice
were smaller than their WT counterparts (Table 1), despite
similar food/water consumption (data not shown). Treat-
ment with L-NAME/Angll did not influence the body
weights in either genotype, throughout the experimental
protocol. The cav-1 KO animals showed significantly
higher heart/body weights basally, compared with the WT
(P = 0.03, Table 1), in agreement with published data
(16-20). Treatment with L-NAME/Angll induced cardiac
hypertrophy in the WT mice (6.8 * 0.4 vs. 5.6 = 0.2 mg/g,
L-NAME/Angll vs. placebo, respectively, P = 0.009), but
the cav-1 KO mice did not significantly increase their
heart to body weight ratios in response to this treatment
(P = 0.16).

To assess the level of cardiac damage, we determined
the myocardial injury semiquantitatively by scoring H&E
stained tissue sections (Fig. 1, A and B). Basally, cav-1-
deficient mice displayed levels of injury that were signif-
icantly (P < 0.05) greater than their WT counterparts (Fig.
1B, upper panels), in agreement with previous reports
(17). The L-NAME/Angll treatment induced significant
cardiac damage (areas of organizing myocardial necrosis
with granulation tissue, Fig. 1B, lower panels) in both
genotypes, with the WT animals having similar levels of
damage to those previously reported by our group (21,
23). However, the injury score was significantly reduced
(P < 0.05) in the cav-1-deficient mice, compared with the
WT. Similar responses were obtained for the proinflam-
matory marker PAI-1 and the macrophage-specific
marker CD-68 (P < 0.05), assessed at the cardiac mRNA
levels (Fig. 1, C and D).
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TABLE 1. Body weights (BW), heart weights (HW), HW to BW ratios, SBP levels, and SBP variation in WT and cav-1

KO mice: effect of treatment with L-NAME and Angll

cav-1 WT cav-1 KO
Day Control L-NAME/Angll Control L-NAME/Angll
BW (g) 0 27.9 0.7 (21) 28.4 + 0.4 (29) 24.8 = 0.7 (18)° 24.7 = 0.5 (25)°
11 27.1 £ 0.6 (18) 285+ 1.2 (25) 23.9 £ 0.5(18)° 24.8 = 1.1(18)°
HW (mg) 11 151 + 4.7 (21) 185 + 6.2 (26)° 148 + 5.8 (18) 165 + 7.3 (18)?
HW to BW (mg/q) 11 58+ 0.2(21) 6.8 = 0.4 (26)° 6.2 £0.2(18)7 6.8 +0.4(18)
SBP (mm Hg) 0 109 = 2.7 (20) 111 £1.8(29) 114 £3.1(18) 114 = 2.2 (31)
7 113 + 2.3(20) 127 + 3.5 (29)"¢ 121 £ 2.1 (18)? 141 + 3.6 (31)>P<
11 116 = 0.9 (18) 159 + 4.7 (24)%¢ 121 = 1.8 (18)° 169 + 4.8 (20)>%¢
ASBP (mm Hg) 7-0 0.9 £3.3(18) 15.9 = 3.0 (29 7.1 £3.9(18) 27.2 £ 4.0 (31)*°
11-7 1.7 £2.6(18) 28.9 + 6.0 (24)° 0.0 =3.2(16) 24.3 + 7.0 20
11-0 8.4 *+2.5(16) 47.3 + 5.4 (24)? 6.7 = 3.8(16) 55.8 = 4.8 (20)¢

Data are provided as average =+ sem (number of animals).

? P < 0.05 vs. corresponding treatment and timeopoint in cav-1 WT mice; ? P < 0.01 vs. control animals of the same genotype; € P < 0.001 vs. d 0

in animals of the same genotype and treatment;
same genotype and treatment.

P < 1.E-05 vs. control animals of the same genotype; € P < 1.E-13 vs. d 0 in animals of the

Cav-1 deficiency and the BP response to treatment, basal SBP was similar in WT and cav-1 KO
L-NAME/Angll mice; after 7 d of L-NAME treatment, the SBP was sig-

Because BP is an important contributor to cardiac hy-  nificantly increased in both genotypes. Interestingly,
pertrophy and myocardial damage (30, 31), we assessed ~ eNOS inhibition for 7 d induced a significantly greater
whether differences in BP responses to L-NAME/AngIl  change in BP in the cav-1 KO, compared with WT mice
could explain the reduced cardiac injury in the cav-1 KO (P < 0.03), as expected for an animal with an activated
mice (Table 1). Animals treated with placebo did not  NO system (12, 13). The addition of Angll to the treat-
change their BP over the course of the experiment; how-  ment for an additional 4 d induced a further SBP increase,
ever, cav-1 KO control animals tended to have higher BP  similar in both genotypes (Table 1). These data are con-
levels at d 7 and 11, compared with WT mice. Before  sistent with intact ATR signaling in the L-NAME-

A Myocardial damage C PAI-1 transcript
57 wT KO < 30 ] wT KO
- <005 z 5<0.05
— p<0.05 0 |
d s x 2 20 *
27 ]
€ 10 .
17 I
L e - J — il
control L-NAME/ control L-NAME control L-NAME/ control L-NAME/
Angll Angll Angll Angll
WT KO .
B 7 Y R ERER TN D CD-68 transcript
g My e s <207
control x Nt KO
g 15 — p<005
: *
; <101
jEn e 4 *
L-NAME/ | e = o E 5 1
Angll ]
g | |
5 0 ¥ J

control L-NAME/ control L-NAME/

Angll Angll
FIG. 1. Myocardial damage and inflammatory markers in cav-1 WT and KO mice. A, MDSs
were determined in heart tissues obtained from placebo- (control) or L-NAME/Angll-treated
animals (n > 18/group). B, Representative H&E staining of myocardial tissue sections from
cav-1 WT (left panels) and KO (right panels) animals, treated with either placebo (upper
panels) or L-NAME/Angll (lower panels). Magnification, X400. C and D, Heart tissues were
analyzed by real-time RT-PCR for PAI-1 (C, n > 11/group) and CD-68 (D, n > 8/group)
levels, as described in Materials and Methods. *, P < 0.01 vs. control animals of the same
genotype.

treated, cav-1-deficient mice. After 11 d
of combined L-NAME/AnglI treatment,
the final BP levels were significantly
higher in the cav-1 KO, compared with
WT mice (Table 1). Our data suggest that
the differential effect of L-NAME/AnglI
treatment on BP levels in cav-1 KO and
WT mice is likely due to the effects of
cav-1 ablation on eNOS. Additionally,
these data suggest that the L-NAME/An-
gll-induced cardiac injury was less de-
pendent on BP in cav-1 KO, compared
with WT mice.

Effect of L-NAME/Angll and cav-1
deletion on eNOS

Because eNOS is directly affected by
L-NAME treatment and the cav-1 KO
was reported to display increased NO
levels (16), we first analyzed the cardiac
levels of eNOS. The L-NAME/Angll
treatment resulted in higher levels of
eNOS and peNOS protein in the WT car-
diac tissue; however, no significant in-
creases were observed for the KO ani-
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mals, despite significantly higher levels of eNOS and
peNOS at baseline (P < 0.001, Fig. 2, A and B). These data
suggest an altered NO response mechanism to damage in
the cav-1-deficient mice, consistent with the greater SBP
response to L-NAME in these animals (Table 1). Another
approach to detecteNOS activation is by assessing its pres-
ence in the dimer form, which is the NO-producing form
of eNOS under physiological conditions (32). Western
analysis under nonreducing conditions showed that treat-

A eNOS protein
2.0 WT KO
> p<0.001
2 1.5 p<0.001
@
o *
2 1.0+
&
2 0.5 |=|
0.0 T T
control L-NAME/  control L-NAME/
Angll Angll
140 kDa —=| e S — —
Cav-1: + ¥ m m
L-NAME/AnglI: - + . +
B peNOS protein
2.0 WT KO
2 p<0.01
2 1.51
S *
2101
k|
@ 0.51
0.0 T T
control L-NAME/  control L-NAME
Angll Angll
140 kD2 —p | S S —
Cav-1: + + % .
L-NAME/AnglI: - - - +
C eNOS dimeritotal
1.00 1 WT KO
> p<0.05
6 0.75 1
@ &*
=
.g 0.50 -
ki ’1‘
&' 0.25 4
0.00 i :

control L-NAME/  control L-NAME/

Angll Angll
dimer —p —-— —
monomer — — ‘ ‘ — _— |
Cav-1: + + = =
L-NAME/Angll: - + - +

FIG. 2. eNOS expression in cav-1 WT and KO mice. Heart tissues from
animals treated with placebo (control) or L-NAME/Angll were analyzed
by Western blotting under denaturing (A and B) or nondenaturing (C)
conditions, as described in Materials and Methods, using total eNOS
(A and C) and phospho-eNOS (Ser1177) antibodies (B), respectively.
Representative Western blots are depicted under each bar graph.

* P < 0.001 vs. control animals of the same genotype.
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ment with L-NAME/Angll induced a significant increase
in eNOS dimerization in the WT but not the cav-1 KO
mice (Fig. 2C). These data together are consistent with an
impaired eNOS coupling and subsequent activation in re-
sponse to L-NAME/Angll in the cav-1-deficient heart.

Cav-1 deficiency and caveolar protein complexes
in the mouse heart

Our L-NAME/Angll-induced model of damage relies
on eNOS, AT,R, and MR signaling (21-23). It has been
documented that the scaffolding domain of caveolin
binds caveolin-binding motifs of the type ¢XPpXXXX e,
PXXXXPXX P, or pXPXXXXPXXp, where ¢ is an ar-
omatic or Leu residue and X any amino acid (2); such
motifs are present in almost all signaling proteins that bind
caveolins, including eNOS and the AT R (2-7). The re-
lationship between cav-1 and eNOS has been well studied
by several groups (2-4); however, caveolae seem to be a
critical modulator also for Angll- and ALDO-mediated
rapid effects in cell culture (6, 7, 25). Therefore, we ex-
amined the relationship between cav-1 and the AT, R and
MR. We first assessed whether a caveolin-binding motif
was present in the MR; protein sequence analysis showed
that the MR contains such a motif (Fig. 3A), situated in the
middle of the N-terminal domain between amino acids
450 and 460 (FPFMDGSYFSF) and highly conserved in
several species, including human, mouse, and rat. This

A Caveolin binding motif : DXDXXXXDAKD

Mouse 440 SFEGNPTVNPFPFMDGSYFSFMDDKDYYSLS 470
Human 440 SFKGNPTVNPFPFMDGSYFSFMDDEDYYSLS 470

Rat 447 SFEGNFPTVNFFPFMDGSYFSFMDDEDYYSLE 471
B IP : anti cav-1 IP: anti AT,R
WB : anti AT,R WB : anti cav-1
43kDa 22 kDa
—> -_—— —> -
WT KO WT KO
C IP : anti cav-1 IP: anti MR
WB : anti MR WB : anti cav-1
115kDa 22 kDa
— - — -
WT KO WT KO

FIG. 3. A, cav-1 binding motif within MR sequence. A putative cav-1
binding motif is located in the midportion of the N-terminal region of
the MR. Sequence alignment between mouse, human, and rat MR
shows that this region is highly conserved between species. ¢,
Aromatic amino residues Trp, Phe, or Try; X, any amino acid. B and C,
Coimmunoprecipitation patterns for cav-1, AT,R, and MR in mouse
hearts. Representative Western blots (WB) showing reciprocal
immunoprecipitation (IP) of cav-1 with the AT,R and MR. Tissue
homogenates from WT and cav-1 KO mice were immunoprecipitated
with anti-cav-1 (B and C, left panels), anti-AT,R (B, right panel), anti-
MR (C, right panel) and then analyzed by Western blotting for the
presence of AT,R (B, left panel), cav-1 (B and C, right panel), and MR
(C, left panel), respectively, as described in Materials and Methods.
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suggested that an interaction between the MR and cav-1
would be possible via this motif. To verify the likelihood
that these proteins could associate in vivo, we conducted
immunoprecipitation experiments in heart tissues from
WT and cav-1 KO mice. Asshown in Fig. 3, both the AT, R
and the MR coimmunoprecipitated with cav-1 in heart
tissues from WT animals, but, as expected, the cav-1/MR
complexes were absent in cav-1-deficient tissues (Fig. 3, B
and C). Additional data supporting the existence of a cav-
1/MR complex not only in mouse but also in rat and hu-
man tissues is presented in the data supplement (Supplemen-
tal Methods, Supplemental References, and Supplemental
Figs. 1-4) published on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org; thus, we
have shown that MR and cav-1 colocalize in rat cardiac
and renal vessels (Supplemental Fig. 1) and coimmuno-
precipitate in EA.hy926 human ECs as well as rat heart
tissue (Supplemental Fig. 2). The specificity of this inter-
action was verified by the use of different anti-cav-1 and
anti-MR antibodies (Supplemental Figs. 2—4) as well as
negative (Supplemental Fig. 3) and positive controls (Sup-
plemental Fig. 4). Thus, the existence of cav-1 complexes
with both the AT,R and the MR suggests that, in cav-1-
deficient animals, the AT ;R- and MR-mediated mecha-
nisms may be affected, possibly altering the levels of
cardiac damage induced by L/NAME/AnglI treatment.

Effect of L-NAME/Angll and cav-1 deletion on the
AT,R and downstream signaling pathways

The cardiac levels of AT, R transcript in WT and cav-1
KO mice were similar basally and were significantly
down-regulated in response to L-NAME/Angll, as ex-
pected in a model of excess Angll (Fig. 4A). Early vascular
inflammatory processes that are induced by activating the
Angll pathway or inhibiting NO production are associ-
ated with the activation of the PKCS/ERK1/2 cascade (33—
38). We assessed the protein levels of cardiac PKC8 and
ERK1/2; our analysis showed that ERK1/2 and PKC8 lev-
els were increased in the L-NAME/Angll- vs. placebo-
treated groups, with no significant effect of cav-1 ablation
(Fig.4,Band C). These data confirm that the AT, R, PKCS,
and ERK1/2 levels are modulated by treatment with L-
NAME/Angll, with cav-1 not being a critical modulator of
this signaling pathway. The disconnect between the re-
duced cardiac inflammation (Fig. 1) and unchanged
AT,R, PKCS8, and ERK1/2 levels in KO vs. WT animals
suggests that in the absence of cav-1, a different cardio-
vascular inflammatory pathway may be modified.

Effect of L-NAME/Angll and cav-1 deletion on the
MR and plasma ALDO levels

We previously documented that the L-NAME/AnglI-
induced damage in our model was mediated by ALDO and
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FIG. 4. Effect of L-NAME/Angll treatment on AT,R transcript levels
and ERK1/2 and PKC§ protein expression in cav-1 WT and KO mouse
hearts. Heart tissues from animals treated with placebo (control) or
L-NAME/Angll were analyzed by real-time RT-PCR (A) or Western
blotting (B and C), as described in Materials and Methods. Representative
Western blots are depicted under each bar graph (B and C). *, P < 0.01;
#, P < 0.05 vs. control animals of the same genotype.

an activated MR (21, 23). Consistent with those data, Fig.
5A shows that treatment with L-NAME/Angll signifi-
cantly increased plasma ALDO in both WT and cav-1 KO
animals. However, there were no significant differences
between the ALDO levels in the two genotypes. Cardiac
MR protein levels were significantly up-regulated in re-
sponse to L-NAME/AngllI-treatment in the WT (P < 0.01)
but not the cav-1 KO mice (Fig. 5B), despite similar base-
line MR levels in the two genotypes (Fig. 5B). These data
together raise the possibility that the decreased cardiac dam-
age observed in the cav-1 KO be correlated with an impaired
ALDO/MR signaling in the cav-1-deficient heart.

To assess the effect of cav-1 ablation on the relationship
between ALDO/MR and the ventricular damage, we an-
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FIG. 5. Effect of L-NAME/Angll treatment on ALDO and MR protein
levels in cav-1 WT and KO mouse hearts. Plasma ALDO levels (A) were
determined in placebo- and L-NAME/Angll-treated mice, as described
in Materials and Methods. Heart tissues from animals treated with
placebo (control) or L-NAME/Angll were analyzed by Western blotting
for MR protein levels (B), as described in Materials and Methods.
Representative Western blots are depicted under the bar graph (B).

* P < 0.001; #, P < 1.E-05 vs. control animals of the same genotype.

alyzed the myocardial injury scores by tertiles of plasma
ALDO levels in a subset of placebo- and L-NAME/Angll-
treated WT and cav-1 KO mice for which both myocardial
damage and ALDO levels were available (Fig. 6A). No
significant differences were observed between WT and cav-1
KO mice in the lowest and highest tertiles (ALDO <26 ng/dl
and ALDO >170 ng/dl, respectively). However, WT mice in
the middle ALDO tertile (ALDO levels between 26 and 170
ng/dl) had significantly higher myocardial injury levels, com-
pared with cav-1 KO mice (P = 0.0004). Similar results were
obtained for the proinflammatory marker PAI-1 (Fig. 6B)
and the macrophage-specific marker CD-68 (not shown).
These data suggest that the cav-1 KO myocardium is less
sensitive to the detrimental effects of ALDO, likely due to an
altered MR signaling in the heart, in the absence of cav-1,
consistent with the existence of an MR/cav-1 complex that
modulates the effects of L-NAME/Angll treatment in the
cardiac vasculature.

Effect of cav-1 deletion on endothelial cells
response to ALDO

To determine whether the ALDO/MR signaling is al-
tered in the absence of cav-1, we assessed the levels of
ERK1/2 (total and phosphorylated) in response to ALDO,
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FIG. 6. Myocardial damage scores and PAI-1 expression are
dependent on ALDO tertiles in cav-1 WT and cav-1 KO mice.
Myocardial damage scores (A) and cardiac PAI-1 transcript levels (B)
were determined in a subset of WT and cav-1 KO mice (after placebo
or L-NAME/Angll treatment), for which ALDO levels were also available
(C). Data were grouped by plasma ALDO levels tertiles (<26 ng/dl,
=26 ng/dl, but <170 ng/dl, and >170 ng/dl). ALDO levels for WT and
cav-1 KO within each tertile were not different from each other (C).

* P < 0.0001; #, P < 0.01; § P < 0.05 vs. animals with the same
genotype and ALDO levels in the lowest tertile.

in primary vascular ECs isolated from cav-1 KO and WT
mouse aortas. As shown in Fig. 7, 5 h treatment with
ALDO induced a substantial increase in pERK to ERK
ratio that was significantly greater in the WT than the
cav-1 KO ECs. These results suggest that the absence of
cav-1 reduces the responsiveness of these cells to ALDO,
thereby supporting the indirect evidence provided in our in
vivo studies. Furthermore, the fact that the MR antagonist
canrenoate was equally effective in the two cell types sup-
ports this conclusion.

Discussion

Caveolae are dynamic regulators of receptor-induced sig-
nal transduction (1). Structurally they are maintained by
a scaffold of caveolin molecules that anchor receptors and
enzymes via direct interaction with cav-1 (in most tissues)
or cav-3 (in skeletal muscle and myocytes) (39). This study
was designed to test the hypothesis that cav-1 modulates
the adverse cardiovascular effects mediated by ALDO us-
ing the L-NAME/Angll model. We documented that cav-1
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FIG. 7. ALDO-induced ERK1/2 phosphorylation in ECs is reduced in
the absence of cav-1. A, Primary aortic ECs were isolated from WT and
cav-1 KO mice, grown for two to three passages and incubated with
vehicle or 10~2 m aldosterone in the presence or absence of 1076 m
MR antagonist canrenoate. Five hours later, cells were lysed and
analyzed for the levels of total and phosphorylated ERK1/2. Data were
normalized to results obtained in WT cells treated with vehicle. B,
Representative Western blots showing pERK1/2 (top panels) and total
ERK1/2 levels (bottom panels) in WT (left panels) and cav-1 KO ECs
(right panels), treated with vehicle (first lanes) or ALDO in the absence
(second lanes) or presence of canrenoate (third lanes). *, P < 0.001 vs.
vehicle-treated cells of the same genotype; #, P < 0.01 vs. ALDO-
treated cells of the same genotype.

deficiency is associated with a significant reduction in L-
NAME/Angll-induced biventricular damage and inflam-
mation (Fig. 1), despite the greater BP response to treat-
ment displayed by the cav-1 KO vs. WT mice (Table 1).
Additionally and despite similar circulating ALDO levels,
the myocardial damage (as assessed by cardiac histology
and PAI-1 transcript levels) was less sensitive to ALDO
levels in the cav-1 KO, compared with WT mice (Fig. 6).
This presumed decreased sensitivity was directly tested in
the cav-1-deficient primary ECs with positive confirma-
tion (Fig. 7). From additional data, the proposed mecha-
nism underlying this decreased sensitivity is a failure of
MR levels to appropriately increase in response to treat-
ment with L-NAME/Angll in the absence of cav-1 (Fig. 5).
Together these findings support our hypothesis that the
cav-1/MR complex (Fig. 3) is a major player involved in
mediating the detrimental effects of L-NAME/Angllin the
heart and raises the possibility that this cav-1/MR effect
may mediate cardiovascular damage in general.

There is growing evidence that cav-1 plays an impor-
tant role in cardiovascular damage. Previous reports have
shown a cardiovascular phenotype associated with cav-1
deficiency at baseline that includes cardiac hypertrophy
and dysfunction (16-20) as well as vascular remodeling
with altered vasoreactivity (12-15). Our data extend these
observations under baseline conditions to include an in-
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creased cardiac inflammatory milieu in the cav-1 KO
mouse.

Previous studies suggested that the actions of eNOS
may be mediated by cav-1 (2—4). Our results herein sup-
port this contention; thus, 1 wk of L-NAME treatment
induced a significantly greater change in SBP in the cav-1
KO, compared with WT (Table 1) that is consistent with
an activated NO system in the cav-1-ablated animals (12—
14, 16). Our findings are supported by a recent report
showing greater SBP increases in the cav-1 KO than the
WT after treatment with L-NAME postnatally for 2
months (40). Additionally, we documented that the levels
of cardiac eNOS (both total and Ser1177 phosphorylated)
were significantly greater at baseline in the cav-1 KO an-
imal (Fig. 2). Because the baseline BP levels were not dif-
ferent between the two genotypes, it is conceivable that the
cav-1-deficient animals activate a compensatory mecha-
nism to counteract the hypotensive effect of systemic NO
levels that could be as much as 5-fold higher than in the
WT (16). Our elevated peNOS levels in the KOs further
support this observation. However, excessive NO produc-
tion can have both beneficial and adverse effects on the
myocardium, as demonstrated in both human and animal
models (41). Thus, it is likely that the baseline cardiac
hypertrophy and inflammatory damage observed in the
cav-1KO miceare, at leastin part, due to an overexpressed
or hyperactivated eNOS system.

The biventricular damage observed in our animal
model (rodents treated with L-NAME/AngII) was shown
to be, in part, secondary to vascular inflammation (21—
23). cav-1is the major caveolin that mediates the effects of
both eNOS and Angll in vascular tissues (2-9) but not
ventricular myocytes; it was therefore not surprising that
the myocardial damage in L-NAME/AngllI-treated mice
(Fig. 1) was reduced in cav-1 KO when compared with
their WT counterparts. We have shown that the eNOS
abundance, phosphorylation, and dimerization were in-
creased in response to L-NAME/Angll in WT but not KO
animals. These findings are consistent with vascular cav-1
being an important mediator of eNOS coupling and phos-
phorylation in response to L-NAME/AnglI treatment, de-
spite its down-regulating role in baseline conditions. Be-
cause L-NAME is an inhibitor of eNOS dimer formation
(42), it is likely that the L-NAME/Angll-mediated eNOS
dimerization we observed in WT mice is mostly a response
to Angll stimulation. Thus, it appears that the relatively
protective effect of cav-1 ablation may be, in part, due to
an impaired eNOS activation mechanism, consistent with
the documented effect of L-NAME on improving heart
function in the cav-1-deficient animals (40).

Interestingly, cav-1 ablation did not appear to modify
the way in which treatment with L-NAME/AnglII affects
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the levels of AT, R and its downstream transduction mol-
ecules, ERK1/2 and PKC8 (33-38), despite the disruption
of the cav-1/AT R complex. Moreover, the addition of
Angll to the L-NAME treatment induced a similar in-
crease in SBP levels in both genotypes, consistent with a
functional AnglIl/AT,R pathway in the absence of cav-1.
This hypothesis is supported by our data showing that the
baseline and Angll-stimulated ALDO levels were indistin-
guishable between the cav-1 KO and WT animals (Fig. 5).
Previous cell culture studies established that the interac-
tion between cav-1 and the ATR is dynamic: whereas
cav-1 does not dock the unstimulated AT,R to caveolae,
it is a necessary partner for AT,R trafficking on Angll
stimulation (6 -9). Two possible explanations may recon-
cile the apparent discrepancy between these studies and
our data. First, the regulation of AT, R expression levels in
the cardiac tissue may likely be independent of the AT R
trafficking to caveolae. Second, the effect of ATR stim-
ulation (including ERK1/2 and PKC8 up-regulation) in
our model may be due to direct AnglI actions on the cav-
1-free ventricular myocytes and not on the vasculature.
Indeed, it has been shown that the Angll-induced cardiac
damage in mice can be mediated by direct effects on the
cardiomyocyte AT, R (43). Additionally, the effects of An-
gll stimulation on SBP may be mediated by cav-3 com-
plexes in the vascular smooth muscle layer (44). Thus, in
the absence of cav-1, the primary signaling pathway for
our model of damage may be mediated by a cav-1-inde-
pendent ATR activation mechanism.

Previous results from our laboratory demonstrated that
ALDO and MR are important mediators of the L-NAME/
Angll-induced cardiovascular injury (21, 22). Consistent
with these findings, the cav-1/MR complex identified in
the present study (Fig. 3) appears to play an important role
in mediating the effects of L-NAME/AnglI on the heart.
Plasma ALDO levels in the middle tertile (Fig. 6) were
associated with significant myocardial damage and in-
flammation in the WT but not the cav-1-deficient animals,
consistent with an ALDO-MR interaction that s shifted to
the right in these animals. This finding is consistent with
at least one of four possibilities for this genotype: 1) lower
MR levels in the presence of ALDO-inducing treatment; 2)
lower ALDO levels; 3) modified coupling between ALDO
and MR in the absence of cav-1, resulting in altered down-
stream signaling; or 4) the presence of an endogenous in-
hibitor. Indeed, the MR levels failed to increase in response
to L-NAME/Angll in the cav-1 KO mouse (Fig. 5), despite
similar levels of circulating ALDO (Figs. 5 and 6); thus,
our data support the conclusion that the MR is less sen-
sitive to ALDO levels in the cav-1 KO. Alternatively, be-
cause ALDO levels could be a biomarker for the effects of
Angll, Fig. 6 could also be interpreted as dissociation be-
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tween Angll levels and myocardial damage/inflammation.
However, as discussed above, our data suggest that the
AT,R signaling is not a significant contributor to the dif-
ferences observed between the L-NAME/Angll-induced
damage in WT and cav-1 KO.

The cav-1-rich caveolae have been described as docking
sites for other steroid receptors, such as the estrogen re-
ceptor-a and androgen receptor (45-47), that interact
with cav-1in a ligand-dependent or -independent manner.
The cav-1/MR interaction identified herein is most likely
mediated via the evolutionary conserved cav-1 binding
motif in the MR sequence. Interestingly, this motif is sit-
uated in the N-terminal portion of the MR, distal to the
C-terminal EF domains that were recently shown to me-
diate the nongenomic effects of the MR (48). This intrigu-
ing finding supports the hypothesis that in addition to the
traditional nuclear role for MR, this receptor may also
have a membrane-related one. This is consistent with pre-
vious reports in cell culture experiments, which ALDO
stimulation resulted in a shift of cav-1 to denser regions of
the plasma membrane (49). In agreement with these re-
sults, it has been suggested that caveolae are critical for the
rapid mechanisms of action for ALDO in cell culture (25).
Our studies in primary ECs isolated from WT and cav-1
KO mouse aortas (Fig. 7) are consistent with the ALDO-
induced MR activation being impaired in the absence of
cav-1. Because both cell types are equally responsive to
canrenoate, it is unlikely that our results are secondary to
the generation of an endogenous antagonist or an alter-
ation in the MR structure in the cav-1 KO. Thus, our
results are best explained by a process that is independent
of the MR per se and dependent on an interaction between
MR and cav-1. Further studies are, however, needed to
determine the potential mechanisms involved in the cav-
1-dependent MR signaling.

In summary, we conclude that the relative protective
effect of cav-1 KO against L-NAME/Angll-induced car-
diovascular damage is likely secondary to several factors:
1) increased eNOS basally, 2) loss of L-NAME/AnglI-in-
duced eNOS phosphorylation and dimerization, and 3) a
reduction in the activity of the ALDO/MR pathway. Fur-
thermore, this relative protection in response to acute in-
jury was not due to differences in serum ALDO or the
activation of the AT, R pathway. Thus, our study provides
evidence that cav-1 may have a deleterious role in medi-
ating cardiovascular damage, in part, by modulating sig-
naling via the MR/ALDO pathway.
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