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Important Role of Endothelial Caveolin-1 in the Protective
Role of Endothelium-dependent Hyperpolarization Against
Nitric Oxide–Mediated Nitrative Stress in Microcirculation

in Mice

Hiroki Saito, MD, PhD,* Shigeo Godo, MD, PhD,* Saori Sato, BSc,* Akiyo Ito, MD,* Yosuke Ikumi, MD,*
Shuhei Tanaka, MD,* Tomoaki Ida, PhD,† Shigemoto Fujii, PhD,† Takaaki Akaike, MD, PhD,†

and Hiroaki Shimokawa, MD, PhD*

Aims: Nitric oxide (NO) and endothelium-dependent hyperpolar-
ization (EDH) play important roles in maintaining cardiovascular
homeostasis. We have previously demonstrated that endothelial NO
synthase (eNOS) plays diverse roles depending on vessel size, as
a NO generating system in conduit arteries and an EDH-mediated
system in resistance arteries, for which caveolin-1 (Cav-1) is
involved. However, the physiological role of endothelial Cav-1 in
microvessels remains to be elucidated.

Methods and Results: We newly generated endothelium-specific
Cav-1-knockout (eCav-1-KO) mice. eCav-1-KO mice showed loss
of endothelial Cav-1/eNOS complex and had cardiac hypertrophy
despite normal blood pressure. In eCav-1-KO mice, as compared to
wild-type controls, the extent of eNOS phosphorylation at inhibitory
Thr495 was significantly reduced in mesenteric arteries and the
heart. Isometric tension and Langendorff-perfused heart experiments
showed that NO-mediated responses were enhanced, whereas EDH-
mediated responses were reduced in coronary microcirculation in
eCav-1-KO mice. Immunohistochemistry showed increased level of
8-nitroguanosine 30,50-cyclic monophosphate (8-nitro-cGMP),
a marker of nitrative stress, in the heart from eCav-1-KO mice.
S-guanylation of cardiac H-Ras in eCav-1-KO mice was also signif-
icantly increased compared with wild-type controls.

Conclusions: These results suggest that eCav-1 is involved in the
protective role of EDH against nitrative stress caused by excessive
NO to maintain cardiac microvascular homeostasis.
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INTRODUCTION
The endothelium plays important roles in modulating

vascular tone by synthesizing and releasing several vasodila-
tor substances, collectively named as endothelium-derived
relaxing factors (EDRFs), including vasodilator prostaglan-
dins [mainly prostacyclin (PGI2)], nitric oxide (NO), and
endothelium-dependent hyperpolarization (EDH) factors.1–3

The most characterized EDRF is NO. Accumulating evidence
has demonstrated that NO plays crucial roles not only in
vascular relaxation but also in many beneficial cardiovascular
functions.1–3 EDH factors were independently discovered by
Feletou and Vanhoutte4 and Chen et al5 as a factor released
by the endothelium that causes hyperpolarization and relaxa-
tion of underlying vascular smooth muscle cells (VSMCs). It
is widely accepted that the contribution of EDRFs to
endothelium-dependent vasodilatation varies depending on
vessel size; NO predominantly regulates the tone of large
conduit vessels and the contribution of NO decreases as ves-
sel size decreases, whereas that of EDH increases as vessel
size decreases.1,6,7 Although the nature of EDH has not been
fully elucidated, several candidates have been proposed to
serve as EDH factors in different species and vascular
beds.1–3 We have previously demonstrated that
endothelium-derived hydrogen peroxide (H2O2) is an EDH
factor in mouse8 and human mesenteric arteries9 and porcine
coronary microvessels.10 We also have demonstrated that
endothelial NO synthase (eNOS) is a major source of the
EDH factor, where Cu,Zn-superoxide dismutase (Cu,
Zn-SOD) catalyzes eNOS-derived superoxide anions to
H2O2.11,12 Thus, eNOS plays diverse roles depending on ves-
sel size, as a NO-generating system in conduit arteries and an
EDH-mediated system in resistance arteries.1 Recently, we
also have demonstrated that endothelial caveolin-1 (Cav-1)
is involved in the mechanisms for the enhanced EDH-
mediated responses in resistance arteries in mice.13,14
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Among the 3 isoforms of caveolin (Cav-1–3), Cav-1 and
Cav-2 are abundant in endothelial cells, adipocytes, and fibro-
blasts,15 whereas Cav-3 is mainly expressed in cardiac, skele-
tal, and smooth muscle cells.16 It is known that Cav-1
expression is required to stabilize Cav-2 protein.17 Cav-1 is
a main protein component of the caveolae, flask-shaped inva-
ginations of the plasma membrane and is essential for caveolae
formation.18 In the caveolae, Cav-1 interacts with several intra-
cellular signaling molecules, such as G protein-coupled recep-
tors, tyrosine kinases, GTPases, and eNOS.19 Importantly,
Cav-1 suppresses the function of eNOS by binding with its
scaffolding domain, resulting in the inhibition of NO release
from eNOS.19 It has been reported that systemic Cav-1-KO
mice show cardiac hypertrophy, in which altered eNOS func-
tion is involved.14 Although the relationship between endothe-
lial Cav-1 (eCav-1) and cardiac hypertrophy has been
postulated, the broad distribution of Cav-1 has made it difficult
to understand the precise roles of eCav-1 and the pathogenesis
of cardiac hypertrophy in systemic Cav-1-KO mice. In this
study, we thus aimed to elucidate the role of endothelial
Cav-1 in cardiac homeostasis, with a special reference to car-
diac hypertrophy, in newly generated endothelium-specific
caveolin-1-knockout (eCav-1-KO) mice.

MATERIALS AND METHODS

Animals
This study was reviewed and approved by the Commit-

tee on Ethics of Animal Experiments of Tohoku University
(2013MdA-477), which was granted by the Guide for Care and
Use of Laboratory Animals published by the US National
Institutes of Health. Male mice aged 10–16 weeks were used in
this study. We newly generated Cav-1-floxed (Cav-1flox/flox)
mice, in which Cav-1 exon 3 is flanked by 2 loxP sites on the
C57BL6 background (Unitech Co, Kashiwa, Japan). To gen-
erate eCav-1-KO mice, Cav-1flox/flox mice were cross-bred
with Tie2-Cre mice (Jackson Laboratory, Bar Harbor, ME).
Cav-1flox/flox Tie2-Cre positive mice were used as eCav-1-KO
mice and Cav-1flox/flox Tie2-Cre negative mice as wild-type
(WT) control in this study. The genotype of the mice was con-
firmed by polymerase chain reaction using primers specific
for the targeted gene (50-TATTCTCCTTGCTCTAATGT-
CACCT-30 and 50-ACAGTGAGGGTCTTTGAAGATGTTA-30)
and the Tie2-Cre transgene (50-GCGGTCTGGCAGTAAAAAC-
TATC-30 and 50-GTGAAACAGCATTGCTGTCACTT-30).
They were maintained in the Laboratory of Animal Experi-
ments in Tohoku University. All animals were maintained
in accordance with the rules and regulations configured by
the committee, fed standard rodent chow, and maintained
on 12-hour light/dark cycles.

Immunohistochemistry
After perfusion fixation with 4% paraformaldehyde,

whole mesenteries and whole hearts were harvested,
immersed in 4% paraformaldehyde overnight, and washed
in 10%, 20%, and 30% sucrose containing phosphate-
buffered saline for 6 hours each at 48C.20 Then, they were
embedded in optimal cutting temperature compound (Sakura,

Tokyo, Japan), and cut into 10 mm-thick slices. Each slice
were incubated with first antibodies overnight at 48C, fol-
lowed by incubation with each secondary antibodies for 1
hour at room temperature on slide glasses. Slides were
observed with LSM 780 confocal microscopy (Carl Zeiss,
Oberkochen, Germany) in the Zen software (Carl Zeiss).

Western Blot Analysis
The extracted protein was separated by sodium dodecyl

sulfate (SDS)-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes.

Human umbilical vein endothelial cells (Takara Bio,
Inc, Otsu, Japan) and neonatal rat cardiomyocyte were used
as positive control. We used human umbilical vein endothe-
lial cell at passage 4–7 in this study. Isolation of neonatal rat
cardiomyocyte was performed as previously described.21

After incubating with HRP-conjugated anti-mouse (Sigma-
Aldrich, St. Louis, MO) or anti-rabbit IgG antibody (Cell
Signaling, Danvers, MA), the regions containing proteins
were visualized using ECL prime western blotting detection
system (Amersham Biosciences, Buckinghamshire, United
Kingdom). Densitometric analysis was performed by Image
J (National Institutes of Health) Software.

Electron Microscopy
Under anesthesia, perfusion fixation was performed

through the left ventricle. Tissues were perfused with fixative
containing 2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 mol/L cacodylate buffer. After several buffer washes,
whole mesenteries and whole hearts were dissected and
placed in buffer overnight. Tissues were then post-fixed in
1% osmium tetroxide for 90 minutes on ice. After several
distilled water washes, tissues were en bloc stained with 1%
uranyl acetate, followed by dehydration in an increasing
ethanol series. After the infiltration of propylene oxide,
tissues were embedded in epoxy resin. Sections were stained
with 2% uranyl acetate, 1% lead acetate, 1% lead nitrate, and
1% lead citrate. Sections were observed with the Hitachi
transmission electron microscope H-7600 (Hitachi, Tokyo,
Japan).

Echocardiography
We performed transthoracic echocardiography with

Vevo 2100 Imaging System (VisualSonics, Toronto, Canada).
Mice were anesthetized with 0.5%–0.8% isoflurane to
keep heart rate at approximately 500 bpm on a warm stage.
Left ventricular end-diastolic diameter, left ventricular end-
systolic diameter, intraventricular septal thickness, posterior
wall thickness, fractional shortening, and ejection fraction were
measured in M-mode images at the papillary muscle level. All
measurements were averaged from 3 to 5 beats.

Telemetry Experiments
Telemetry experiments were performed as described

previously.20 The mice were anesthetized with 1.5%–2% iso-
flurane in 190–200 mL of room air per minute during the
operation. A telemetry probe catheter was inserted into the
aortic arch through the left carotid artery. The telemetry
transmitter unit (TA11PA-C10; Data Sciences International,
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St. Paul, MN) was then implanted under the skin. After the
operation, they were housed individually on top of the telem-
etry receivers to allow for environmental adaptation at least for
1 week before recordings. Blood pressure and heart rate were
continuously recorded on a computer-based data acquisition
system (NOTOCORD HEM 4.2.0; Notocord, Paris, France).

Immunoprecipitation
Tissues were isolated and lysed in tissue protein

extraction reagent (T-PER; Thermo Fisher, Rockford, MA),
followed by centrifugation. The supernatants were incubated
with anti-eNOS antibody or anti-H-Ras antibody at a dilution
of 1:100 for 1 hour at 48C. As negative controls, the same
amount of normal mouse IgG or rabbit IgG was used.
After the incubation, 25 mL of prewashed EZ view protein
G affinity gel (Sigma-Aldrich, St. Louis, MO) was added to
the lysates, followed by 1-hour incubation at 48C. After cen-
trifugation, the supernatants were removed. After 3 times
wash with T-PER, 50 mL of sample buffer (10% sodium
dodecyl sulfate, 30% 2-mercaptoethanol, 20% glycerol, and
0.1% bromophenol blue) was added and heated at 958C for 5
minutes, followed by centrifugation. The supernatants were
analyzed by SDS/polyacrylamide gel electrophoresis and
immunoblotting.

Isometric Tension Experiments
We measured isometric tensions of the aorta and

mesenteric arteries as previously described.8,11,13,14,20 The
mice were euthanized by intraperitoneal pentobarbital (50
mg/kg) anesthesia. The aorta and the first branches of mes-
enteric arteries (200–250 mm in diameter) were isolated and
immersed in ice-cold Krebs–Henseleit buffer (KHB) bubbled
with 95% O2 and 5% CO2. The aorta and small mesenteric
arteries were cut into 1.0-mm rings and mounted in an organ
chamber of isometric myograph (620M; Danish Myo Tech-
nology, Aarhus, Denmark). Then, the rings were stretched to
the optimal resting tensions. After a 60-minute equilibration
period, the rings were precontracted with phenylephrine
(1026 mol/L). The contributions of vasodilator prostaglan-
dins, NO, and EDH to ACh-induced endothelium-dependent
relaxations were determined by the inhibitory effect of indo-
methacin (1025 mol/L), Nv-nitro-L-arginine (L-NNA, 1024

mol/L), and a combination of charybdotoxin (1027 mol/L)
and apamin (1026 mol/L), respectively. All the inhibitors
were applied to organ chambers 30 minutes before precon-
traction with phenylephrine (1026 mol/L), except catalase
(1250 units/mL) for 2 hours. To assess endothelium-
independent relaxations, an NO donor sodium nitroprusside
(SNP, 10210 to 1025 mol/L) and potassium channel opener
NS-1619 (1028 to 1024 mol/L) were used. Vascular re-
sponses to exogenous hydrogen peroxide (H2O2, 1028 to
1023 mol/L) were examined in the presence of indomethacin
(1025 mol/L) and L-NNA (1024 mol/L). To remove the endo-
thelium, luminal surface of vessels was gently rubbed with
wet cotton strings.

To measure basal NO release, rings were precontracted
with a submaximal dose of phenylephrine (1027 mol/L), and
L-NNA (1024 mol/L) was injected at the plateau of the
phenylephrine-induced contraction.14 The responses were

monitored by a computer-based analysis system using Lab-
Chart 7.0 software.

Electrophysiological Experiments
Membrane potentials of mesenteric arteries were re-

corded as previously described.13,14,20 The rings of mesenteric
arteries were placed in an organ chamber perfused with 378C
KHB containing indomethacin (1025 mol/L) and L-NNA
(1024 mol/L), which was bubbled with 95% O2 and 5%
CO2. A fine glass capillary microelectrode was impaled into
the vascular smooth muscle from the adventitial side. Mem-
brane potentials were continuously monitored by a computer-
based analysis system using LabChart 7.0 software.

Langendorff-Perfused Heart Experiments
Langendorff experiments were performed as previously

described.14,20 After 10-minute heparinization (500 units
intraperitoneally), the mice were anesthetized with 50 mg/
kg pentobarbital sodium intraperitoneally. The hearts were
isolated from the mice and then quickly placed in ice-cold
KHB including 0.5 mmol/L EDTA. After all fat tissue around
the aorta was removed, the aorta was carefully tied to an
aortic cannula with a 21-gauge blunted needle. The heart
was then perfused retrogradely 2.0 mL/min constant flow
with warm KHB through the use of a Langendorff apparatus
(Model IPH-W2; Primetech Corporation, Tokyo, Japan).
After a 10-minute stabilization period, the heart was paced
at 400 pulses/min and perfused at a constant pressure of
80 mm Hg. Coronary flow changes to agonists were measured
with a flowmeter (FLSC-01; Primetech Corporation, Tokyo,
Japan) and monitored by a computer-based analysis system
using LabChart 7.0 software. All coronary flow values were
normalized to heart weight.

Quantitative Analysis of cGMP
Intracellular levels of cGMP were measured by liquid

chromatography-tandem mass spectrometry. The hearts were
isolated from the mice and homogenized in methanol with 2%
acetic acid, followed by centrifugation. cGMP was extracted
and purified from the supernatants by means of a preparative
reverse-phase column and eluted with methanol with 15%
ammonium hydroxide. The samples were then evaporated to
dryness in a SpeedVac concentrator and dissolved in 0.1%
formic acid, followed by centrifugation. The supernatants
were analyzed using liquid chromatography-tandem mass
spectrometry to detect cGMP. The debris was eluted in
phosphate-buffered saline containing 10% SDS and its pro-
tein concentration was measured for normalization.

S-Guanylation of Cardiac H-Ras Induced by
Exogenous 8-nitro-cGMP

The hearts were isolated from mice and homogenized in
T-PER containing 10 mmol/L b-mercaptoethanol, followed
by centrifugation. The supernatants were incubated with
exogenously administered 8-nitro-cGMP for 1 hour at 378C.
Then, immunoprecipitation using anti-H-Ras antibody was
performed as mentioned above.
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Quantitative Analysis of 3-Nitrotyrosine
The hearts were isolated from the mice and homoge-

nized in T-PER, followed by centrifugation. The concen-
trations of 3-nitrotyrosine in the heart were measured with an
enzyme-linked immunosorbent assay kit (Abcam, Cambridge,
MA), according to the manufacturer’s instructions.

Real-Time Polymerase Chain Reaction
Total RNA was extracted from the heart with the

RNeasy universal mini kit (Quiagen, Valencia, CA). We
composed complementary DNA using PrimeScript (Takara
Bio Inc, Shiga, Japan) from RNA promptly according to the
manufacturer’s instructions. Real-time polymerase chain
reaction (PCR) was performed with a CFX96 Real-Time
PCR Detection System (Bio-Rad Lab, Hercules, CA). All
mRNA expression were normalized to that of GAPDH. Pri-
mers for murine GAPDH (Primer Set ID: MA050371) and
Cav-1 (Primer Set ID: MA106656) were purchased from
Takara Bio Inc (Shiga, Japan).

Drugs and Solution
L-NNA, indomethacin, apamin, phenylephrine hydro-

chloride, acetylcholine (ACh), bradykinin (BK), and catalase
were purchased from Sigma-Aldrich (St. Louis, MO), char-
ybdotoxin from Peptide Institute (Osaka, Japan), and SNP from
Maruishi Seiyaku (Osaka, Japan). The ionic composition of
KHB was as follows (mmol/L); Na+ 144, K+ 5.9, Mg2+ 1.2,
Ca2+ 2.5, H2PO42 1.2, HCO32 24, Cl2 129.7, and glucose 5.5.
The antibodies used in this study were listed in Table 3.

Statistical Analysis
Results are expressed as mean 6 SEM. Dose–response

curves were analyzed by 2-way analysis of variance followed
by Tukey’s test for multiple comparisons. Other variables
were analyzed by 2-tailed unpaired Student’s t test. Statistical
analysis was performed using GraphPad Prism version 6.00
(GraphPad Software Inc, La Jolla, CA). Results were consid-
ered to be significantly different at values of P , 0.05.

RESULTS

Endothelium-specific Deletion of Cav-1 and
Caveolae

Quantitative real-time PCR to detect the gene frag-
ments between the exon 1 and exon 3 revealed that the heart
from eCav-1-KO had significantly reduced expression of the
fragment (Fig. 1A). In WT controls, Cav-1 was expressed in
endothelial cells, adipocytes, and to a lesser extent, in
VSMCs, but not in cardiac myocytes. The expression level
of Cav-1 in VSMC was comparable between the 2 geno-
types. In eCav-1-KO mice, it was absent only in endothelial
cells of mesenteric arteries and coronary arteries (Fig. 1B).
Western blot experiments showed that both Cav-1 and Cav-
2 were significantly reduced in the heart from eCav-1-KO
mice, whereas Cav-3, which exists dominantly in cardiac
myocytes and VSMC, was unchanged (Fig. 1C). We further
analyzed the structure of the caveolae in endothelial cells
and VSMC with electron microscopy. In WT controls,

abundant caveolae were present in endothelial cells, whereas
in eCav-1-KO mice, the caveolae were absent in endothelial
cells in mesenteric arteries (Fig. 1D) and coronary micro-
vessels (Fig. 1E). VSMC from both WT controls and eCav-
1-KO mice showed only a small number of the caveolae
compared with endothelial cells (Fig. 1F). Thus, we con-
firmed endothelium-specific Cav-1 deletion associated with
endothelium-specific lack of the caveolae in eCav-1-KO
mice. Coimmunoprecipitation using eNOS antibody demon-
strated that Cav-1/eNOS complex was markedly decreased
in mesenteric arteries in eCav-1-KO mice (Fig. 1G). Regard-
ing eNOS activity, although the extent of eNOS phosphor-
ylation at Ser1177 (a stimulatory site) was significantly
greater in the aorta than in mesenteric artery, there was no
significant difference in the phosphorylation between the 2
genotypes (Fig. 1H). By contrast, the extent of eNOS phos-
phorylation at Thr495 (an inhibitory site) was significantly
greater in mesenteric arteries than in the aorta and was sig-
nificantly decreased in mesenteric arteries in eCav-1-KO
mice (Fig. 1H).

Cardiac Hypertrophy in eCav-1-KO Mice With
Normal Blood Pressure

eCav-1-KO mice showed significantly increased left
ventricle and lung weights compared with WT controls (Table
1). Echocardiography measurement confirmed that wall thick-
ness of the interventricular septum and left ventricular poste-
rior wall were significantly increased in eCav-1-KO
compared with WT controls (Table 1). Left ventricular ejec-
tion fraction and fractional shortening were comparable
between the 2 genotypes (Table 1). To further examine the
cardiac hypertrophy in eCav-1-KO mice, we evaluated the
gene expressions of cardiac hypertrophy markers by quanti-
tative real-time PCR. Consistent with increased left ventricle/
body weight ratio and echocardiography data, the gene
expression of brain natriuretic peptide and a-myosin heavy
chain in the whole heart from eCav-1-KO showed significant
increases as compared to the controls (Table 1). To examine
the role of endothelial Cav-1 in blood pressure regulation, we
performed ambulatory blood pressure monitoring using the
telemetry system. Both systolic and diastolic blood pressures
were comparable throughout the day between the 2 geno-
types, which was also the case for pulse pressure and heart
rate (Table 2). Thus, eCav-1-KO mice had cardiac hypertro-
phy despite normal blood pressure.

Enhanced NO-Mediated Responses in
Conduit Artery from eCav-1-KO Mice

Systemic Cav-1-KO mice have enhanced NO-cGMP
pathway.14,22 Thus, we examined whether this is also the
case in eCav-1-KO mice. We used the aorta as conduit ar-
teries and mesenteric arteries as resistance arteries.13,14,20,23

In the aorta, ACh-induced endothelium-dependent relaxa-
tions were significantly enhanced in eCav-1-KO compared
with WT controls and were abolished in endothelium-
denuded vessels, indicating that the enhanced relaxations
were elicited through endothelium-dependent mechanisms
(Fig. 2A). The enhanced relaxations were also markedly
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FIGURE 1. Characterization of eCav-
1-KO mice. A, Relative mRNA expres-
sion of Cav-1 gene fragment between
the exon 1 and exon 3 in the heart
from WT and eCav-1-KO mice. mRNA
expression was normalized to that of
GAPDH. B, Immunostaining for locali-
zation of Cav-1 (green), CD31 (red),
a smooth muscle actin (red), a actinin
(red) and DAPI (blue) in mesenteric
arteries and coronary arteries. Merged
signals are shown in yellow. Scale bar,
100 mm. C, Western blot analysis of
caveolin isoforms in the heart (n = 6).
D, Representative images of electron
microscopy of endothelial cells in
mesenteric arteries and quantitative
analysis of the number of the caveolae
in endothelial cells (10 images from 3
mice in each genotype). E, Represen-
tative images of electron microscopy
of coronary microvessels. F, Represen-
tative images of electron microscopy
of vascular smooth muscle in aorta.
Western blot analysis of (G) Cav-1/
eNOS and (H) phosphorylated eNOS
in the aorta and mesenteric arteries in
coimmunoprecipitation experiment
using anti-eNOS antibody (n = 6).
Results are expressed as mean 6 SEM.
*P , 0.05.
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inhibited by L-NNA, indicating that NO-mediated relaxa-
tions were enhanced in eCav-1-KO mice (Fig. 2B).
The relative contributions of PGs, NO, and EDH to
endothelium-dependent relaxations, as evaluated by the area
under the curve, also showed increased NO-mediated relax-
ations in eCav-1-KO mice (Fig. 2C). By contrast, basal NOS
activity in eCav-1-KO mice was unaltered compared with
WT controls (Fig. 2D).

Decreased EDH-Mediated Relaxations in
Resistance Arteries From eCav-1-KO Mice

In mesenteric arteries, ACh-induced endothelium-
dependent relaxations were slightly but significantly
decreased in eCav-1-KO compared with WT controls
(Fig. 3A). Relaxation responses to ACh were resistant to
indomethacin, L-NNA, or their combination in WT con-
trols, but were highly sensitive to the combination of apa-
min (small conductance calcium-activated potassium
channel blocker) and charybdotoxin (intermediate and large
conductance calcium-activated potassium channel blocker)
in the presence of indomethacin and L-NNA, indicating the
primary role of EDH in mesenteric arteries (Fig. 3B). By
contrast, relaxations of mesenteric arteries from eCav-1-KO
mice showed enhanced NO-mediated relaxations, whereas
EDH-mediated relaxations were significantly decreased
(Fig. 3B, C). Basal NOS activity in mesenteric arteries
was comparable between the 2 genotypes (Fig. 3D). The
contribution of H2O2 in the EDH-mediated relaxation was
examined by the inhibitory effect of catalase (1250
U/mL).8,23 In the presence of both indomethacin and
L-NNA, catalase markedly inhibited the relaxations in WT
controls compared with eCav-1-KO mice (Fig. 3E), suggest-
ing that endothelial production of H2O2 is markedly
decreased in eCav-1-KO mice.

TABLE 1. Echocardiographic Parameters and Reative mRNA
Expressions

WT eCav-1-KO P

Organ weight (n = 8 each)

Age (wk) 15.2 6 1.7 14.3 6 0.7 n.s.

BW (g) 26.1 6 1.3 27.0 6 1.6 n.s.

Tibia length (mm) 17.4 6 1.1 17.2 6 0.5 n.s.

Left ventricle weight (mg) 109.1 6 12.3 144.9 6 23.9 ,0.05

Left ventricle

BW (mg/g) 4.47 6 0.15 4.82 6 0.03 ,0.05

Left ventricle

Tibia length (mg/mm) 6.3 6 0.7 8.4 6 1.4 ,0.05

Lung (mg) 156.6 6 10.7 201.6 6 33.4 ,0.05

Lung/BW (mg/g) 5.27 6 0.23 6.21 6 0.17 ,0.05

Lung/tibia length (mg/mm) 9.1 6 0.8 11.7 6 2.0 ,0.05

Echocardiography (n = 10 each)

IVSd (mm) 0.79 6 0.02 1.01 6 0.02 ,0.05

PWd (mm) 0.76 6 0.01 0.96 6 0.04 ,0.05

LVDd (mm) 3.85 6 0.09 3.67 6 0.13 n.s.

LVDs (mm) 2.44 6 0.09 2.31 6 0.08 n.s.

EF (%) 66.9 6 2.0 65.4 6 1.83 n.s.

FS (%) 36.7 6 1.52 35.4 6 1.38 n.s.

Relative gene expressions in
ventricle (n = 7 each)

bnp 1.00 6 0.12 2.70 6 0.62 ,0.05

anp 1.00 6 0.43 1.67 6 0.37 n.s.

aMHC 1.00 6 0.09 1.53 6 0.14 ,0.05

Results are expressed as mean 6 SEM. All mRNA expressions were normalized to
those of GAPDH.

aMHC, alpha-myosin heavy chain; anp, atrial natriuretic peptide; bnp, brain natri-
uretic peptide; BW, body weight; EF, ejection fraction; FS, fractional shortening; IVSd,
interventricular septal diastolic thickness; LVDd, left ventricular end-diastolic diameter;
LVD, left ventricular end-systolic diameter; PWd, posterior wall diastolic thickness;
WT, wild-type.

TABLE 2. Telemetric Blood Pressure Monitoring

WT eCav-1-KO P

Blood Pressure (n = 8 each)

Light time

Systolic BP
(mm Hg)

116.4 6 5.3 112.1 6 2.6 n.s.

Diastolic BP
(mm Hg)

94.8 6 4.9 87.9 6 2.9 n.s.

Pulse pressure
(mm Hg)

21.5 6 1.8 24.2 6 1.8 n.s.

Heart rate
(bpm)

514.8 6 29.3 490.6 6 19.6 n.s.

Dark time

Systolic BP
(mm Hg)

123.2 6 4.3 120.8 6 3.4 n.s.

Diastolic BP
(mm Hg)

100.0 6 4.0 96.0 6 3.1 n.s.

Pulse pressure
(mm Hg)

23.3 6 1.4 24.8 6 1.9 n.s.

Heart rate
(bpm)

535.3 6 24.6 501.4 6 15.3 n.s.

Results are expressed as mean 6 SEM.
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Decreased EDH Responses in Membrane
Potentials of VSMC From eCav-1-KO Mice

Although resting membrane potentials of VSMC in
mesenteric arteries were comparable between the 2 genotypes
(Fig. 3F, G), hyperpolarization responses to ACh in the
presence of indomethacin and L-NNA were significantly
decreased in eCav-1-KO mice compared with WT controls
(Fig. 3F, H).

Endothelium-independent Relaxations
Endothelium-independent responses of VSMC of the

aorta and mesenteric arteries to a NO donor SNP (Fig. 4A, B)
and a K channel opener NS-1619 (Fig. 4C, D) were compa-
rable between the 2 genotypes. VSMC responses to exoge-
nous H2O2, a major EDH-mediated factor in mouse
mesenteric arteries,8–10 were also comparable between the 2
genotypes (Fig. 4E, F).

Coronary Flow Responses in Isolated
Langendorff-Perfused Heart

In this experiment, as heart weight was different
between the 2 genotypes, all coronary flow values were
normalized to heart weight. In the perfused heart, baseline
coronary flow was significantly higher in eCav-1-KO

compared with WT controls (Fig. 5A, B). Coronary flow in
response to BK was also significantly higher in eCav-1-KO
compared with control mice (Fig. 5B, C). By contrast, no
significant difference in endothelium-independent response
to SNP or adenosine was noted between the 2 genotypes
(Fig. 5B). The increased coronary flow response to BK in
eCav-1-KO mice was abolished by L-NNA, suggesting that
NO-mediated response was enhanced (Fig. 5D, E). In the
presence of L-NNA and indomethacin (EDH condition),
coronary flow increase to BK was significantly reduced in
eCav-1-KO compared with WT controls (Fig. 5F–H).

Evidence for Nitrative Stress in the Heart
From eCav-1-KO Mice

eNOS expression in the heart from eCav-1-KO mice
was significantly higher compared with WT controls (Fig.
6A). In eCav-1-KO mice compared with WT control, cardiac
eNOS phosphorylation at stimulatory Ser1177 site was com-
parable (Fig. 6B), whereas that at inhibitory Thr495 site was
significantly decreased (Fig. 6C), a consistent finding with
mesenteric arteries. The concentration of cardiac cyclic
GMP was significantly higher in eCav-1-KO compared with
WT controls, indicating the enhanced NO-cGMP pathway in
the heart from eCav-1-KO mice (Fig. 6D). We also measured

FIGURE 2. Enhanced NO-mediated relaxations of the aorta from eCav-1-KO mice. A, ACh-induced relaxations of the aorta from
WT and eCav-1-KO mice, with and without the endothelium (n = 6–8). B and C, The contributions of vasodilator PGs (pink area),
NO (blue area), and EDH (yellow area) are determined by the inhibitory effect of indomethacin, L-NNA, and a combination of
charybdotoxin and apamin, respectively. The relative contributions of vasodilator PGs, NO, and EDH to endothelium-dependent
relaxations were measured with area under curve (n = 6–8). D, Aortic rings were precontracted with phenylephrine and incubated
with L-NNA to evaluate basal NOS activity (n = 7). Results are expressed as mean 6 SEM. *P , 0.05.
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the concentration of 3-nitrotyrosine (3-NT) in the heart as
a footprint of peroxynitrite by enzyme-linked immunosorbent
assay.24 The 3-NT levels in the heart were comparable between
the 2 genotypes (Fig. 6E). Recently, the formation of
8-nitroguanosine 3, 5-cyclic monophosphate (8-nitro-cGMP)
in a NO-dependent manner has been reported as a nitrative
stress.25 Immunohistochemical staining showed that enhanced
immunoreactivity of cardiac 8-nitro-cGMP was evident in
eCav-1-KO mice (Fig. 6F). 8-Nitro-cGMP can form protein
Cys-cGMP adducts as a posttranslational modification, which
is called protein S-guanylation.25 8-nitro-cGMP selectively tar-
gets an oncogenic small GTPase H-Ras, leading to cardiac
senescence by S-guanylation and activation of H-Ras.26 In this
study, we confirmed that exogenous 8-nitro-cGMP caused
S-guanylation of cardiac H-Ras in a dose-dependent manner
(Fig. 6G). Endogenous S-guanylation of cardiac H-Ras was
detected in nonreduced condition, but not in reduced condition,
in both genotypes (Fig. 6H). The extent of S-guanylation of
cardiac H-Ras was significantly increased in eCav-1-KO
compared with WT controls in nonreduced condition
(Fig. 6H). An important downstream cellular response to
Ras activation is mediated by MAP kinase and phosphati-
dylinositol-3-kinase (PI3K).27 The hearts from eCav-1-KO
mice showed that ERK was significantly activated, p38
significantly suppressed, and JNK and PI3K unaltered
(Fig. 6I).

DISCUSSION
The novel findings of this study with eCav-1-KO mice

were that (1) endothelium-specific deletion of Cav-1 caused

enhancement of NO-cGMP pathway and suppression of
EDH-mediated responses in resistance vessels, (2) the
excessive NO-mediated responses caused coronary microcir-
culatory dysfunction and cardiac hypertrophy, and (3)
enhanced nitrative stress by 8-nitro-cGMP may be involved
in those pathological changes (Fig. 7).

Endothelium-Specific Deletion of Cav-1
Enhances NO-Mediated Responses

One of the regulatory mechanisms of eNOS activity is
phosphorylation at stimulatory Ser1177 site, which is inde-
pendent of an increase in Ca2+ or agonist stimulation, fol-
lowed by mild increase in NO production.28 However, in
this study, the extent of eNOS phosphorylation at Ser1177
was comparable between eCav-1-KO and WT controls. This
may explain why basal NO release was comparable between
the 2 genotypes. By contrast, agonist-induced and Ca2+-
dependent activation of eNOS is mainly associated with
dephosphorylation at inhibitory Thr495 site in the CaM-
binding domain, resulting in burst NO increase.28 In this
study, the extent of eNOS phosphorylation at Thr495 was
significantly reduced in both mesenteric arteries and the heart
from eCav-1-KO mice compared with WT controls, resulting
in high sensitivity to agonist stimulation and enhanced
NO-mediated responses. Several receptors including ACh
and BK receptors are located in the caveolae. Although phys-
iological NO release requires eNOS in the caveolae, eNOS
activation may not necessarily require eNOS itself in the
caveolae.29 In addition, previous studies have reported the
enhanced agonist-induced eNOS activation in systemic
Cav-1-KO mice.14,22 Thus, the enhanced agonist-induced
NO responses in eCav-1-KO can be attributable to the loss
of the direct allosteric inhibitory effect of Cav-1 on eNOS.

In general, Ca2+ entry pathways including voltage-
gated Ca2+ channels and transient receptor potential channels
are localized in the caveolae.30 It is possible that the disap-
pearance of endothelial caveolae along with the deletion of
eCav-1 may affect the mechanism of intracellular Ca2+ entry
into endothelial cells, followed by the changes in eNOS phos-
phorylation at Thr495 that is partly regulated by intracellular
Ca2+ concentration.

Endothelial Cav-1 Regulates EDH Responses
in Resistance Arteries

In eCav-1-KO mice, NO-mediated relaxations were
enhanced in both the aorta and mesenteric arteries, whereas
EDH-mediated relaxations were reduced in mesenteric ar-
teries. Recently, we have reported that systemic Cav-1-KO
mice showed enhanced NO-mediated relaxations and
decreased EDH-mediated relaxations.13,14 The present find-
ings are consistent with those results, demonstrating the cru-
cial roles of endothelial Cav-1 in EDH-mediated responses.
We have previously demonstrated that eNOS-derived H2O2 is
an EDH factor in mouse mesenteric arteries.8 In eCav-1-KO
mice, the Cav-1/eNOS complex and eNOS phosphorylation
at Thr495 were markedly reduced in mesenteric arteries, indi-
cating dysregulation of eNOS in those mice. NOSs have been
known to generate superoxide anions from reductase domain

TABLE 3. Antibodies for Western Blotting and
Immunocytochemistry

Antibody Company
Catalog
Number

a actinin Abcam #ab9465

a smooth muscle actin Sigma #C6198

Caveolin-1 Cell Signaling Technology #3267

Caveolin-2 Cell Signaling Technology #8522

Caveolin-3 Abcam #ab2912

eNOS BD Transduction
Laboratories

#610296

p-eNOS (S1177) BD Transduction
Laboratories

#612393

p-eNOS (T495) BD Transduction
Laboratories

#9574

ERK1/2 Cell Signaling Technology #9102

p-ERK1/2 (T202/Y204) Cell Signaling Technology #9101

a-tubulin Sigma #T9026

p38MAPK Cell Signaling Technology #9212

p-p38MAPK (T180/
Y182)

Cell Signaling Technology #9211

JNK Cell Signaling Technology #9252

p-JNK (T183/Y185) Cell Signaling Technology #9251

PI3 kinase Cell Signaling Technology #5405

CD31 BD Pharmingen #550274

H-Ras Abcam #Y132

Saito et al J Cardiovasc Pharmacol� � Volume 71, Number 2, February 2018

120 | www.jcvp.org Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.

Copyright � 201 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.8 



under physiological conditions, where superoxide anions
are converted into H2O2 to cause EDH-mediated re-
sponses.9,10,12 However, NO generation in eNOS requires
an electron trans2fer from reductase domain to oxygenase
domain.31 It has been reported that Cav-1 can compromise
the electron transfer from the reductase domain to the
oxygenase domain and inhibit NO generation.32 Thus, we
consider that the deletion of endothelial Cav-1 may
increase the amount of electron from reductase domain to

oxygenase domain in eNOS, resulting in the enhanced NO
synthesis. Conversely, the amount of electron decreases in
reductase domain, followed by the attenuated generation of
superoxide anions, and consequently decreased H2O2 in
eCav-1-KO.

In this study, catalase-sensitive relaxations, that is,
H2O2-mediated relaxations, were markedly decreased in
eCav-1-KO mice, indicating the importance of eNOS/Cav-1
complex in producing H2O2/EDH factor.

FIGURE 3. Reduced EDH-mediated relaxations in mesenteric arteries from eCav-1-KO mice. A, ACh-induced relaxations of
mesenteric artery from WT and eCav-1-KO mice, with and without the endothelium (n = 6–8). B and C, The relative contributions
of vasodilator PGs, NO, and EDH to endothelium-dependent relaxations (n = 6–8). D, Basal NOS activity. E, The inhibitory effect of
Catalase (1250 units/mL) on EDH-mediated relaxations in mesenteric artery (n = 6–7). F, Representative membrane potential
recordings, (G) quantitative analysis of resting potentials, and (H) hyperpolarization to ACh of VSMC in mesenteric arteries (n =
5–7). Results are expressed as mean 6 SEM. *P , 0.05.
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Endothelial Cav-1 Regulates Coronary
Microcirculation

In this study, we also examined the physiological
significance of endothelial Cav-1 in coronary microcircula-
tion by using Langendorff-perfused heart. Baseline coronary
flow was significantly increased in eCav-1-KO mice com-
pared with WT controls. The increase in baseline coronary
flow in eCav-1-KO mice was abolished by L-NNA, indicat-
ing the enhanced contribution of NO to baseline coronary
flow. Furthermore, eCav-1-KO mice showed enhanced NO-
mediated coronary responses to BK. By contrast, EDH-
mediated responses of coronary microcirculation were
decreased in eCav-1-KO mice. These findings in
Langendorff-perfused hearts were consistent with those in
isometric tension experiments showing enhanced NO-
mediated responses and decreased EDH-mediated responses
in mesenteric arteries. The importance of EDH-mediated
responses in coronary microcirculation has been repeatedly
reported. In the canine coronary microcirculation in vivo,
endothelium-derived H2O2 as an EDH factor plays an impor-
tant role in coronary autoregulation,33 myocardial protection

against ischemia/reperfusion injury,34 and metabolic coronary
dilatation.35 Also in human coronary arterioles, endothelium-
derived H2O2 plays an important role in flow-induced dilata-
tion.36 Although eCav-1-KO mice showed spontaneous
development of cardiac hypertrophy, systolic functions eval-
uated by echocardiography were maintained in this study.
Because we used relatively young mice for echocardiography
experiment, it could be possible that systolic functions may be
altered at advanced age. Further studies are needed to clarify
the long-term influence of dysregulated coronary microcircu-
lation on cardiac function at advanced age.

Excessive eNOS-Derived NO Causes Nitrative
Stress With 8-Nitro-cGMP

In this study, endothelium-specific deletion of Cav-1
caused enhanced NO responses and reduced EDH responses
with spontaneous development of cardiac hypertrophy in
mice despite normal blood pressure. It has been previously
reported that systemic blood pressure is unchanged in
systemic Cav-1-KO mice despite increased NO produc-
tion.14,37,38 The present findings with eCav-1-KO mice are

FIGURE 4. Endothelium-independent relaxations. Endothelium-independent relaxations of the aorta and mesenteric arteries to
SNP (A and B) and NS-1619 (C and D). The responses to H2O2 were examined in the presence of indomethacin (1025 mol/L)
and L-NNA (1024 mol/L) (E and F) (n = 4). Relaxations were examined in rings without endothelium. Results are expressed as
mean 6 SEM.
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consistent with these findings, suggesting that the activation
of eNOS due to the lack of Cav-1 may not cause hypotension.
A previous study demonstrated that endothelium-specific
Cav-1 reconstitution improved vasomotion and cardiac and
pulmonary abnormalities in systemic Cav-1-KO mice.39

These findings are consistent with this study, suggesting a pri-
mary role for endothelial Cav-1 in the pathogenesis of cardiac
hypertrophy. It also has been reported that systemic Cav-1-KO
mice at advanced age show pulmonary hypertension and
reduced life span.40,41 eCav-1-KO mice showed increased lung
weight, indicating the pulmonary abnormalities as seen in
systemic Cav-1-KO mice. Further studies are needed to clarify
the pulmonary abnormalities including pulmonary hypertension
in eCav-1-KO mice.

In general, high NO production by iNOS has adverse
effects in some inflammatory diseases,42 whereas endothelial
production of physiological levels of NO by eNOS is cardi-
oprotective.43 NO causes vascular relaxation mainly through
cGMP-dependent mechanism especially in conduit ar-
teries;6,44 however, it is conceivable that pathways other than
NO-cGMP signalings are involved in some NO-mediated sig-
nalings in various cells and tissues. In eCav-1-KO mice,
eNOS-derived excessive NO could cause adverse cardiac
changes without affecting eNOS uncoupling or peroxynitrite
levels. It has recently been demonstrated that 8-nitro-cGMP,
a novel nitrated cyclic nucleotide, is generated through exces-
sive NO.25 In this study, immunoreactivity of 8-nitro-cGMP

was enhanced in the heart from eCav-1-KO mice as nitrative
stress. 8-nitro-cGMP has strong redox activity and reacts with
sulfhydryl groups of cysteine residues and forms protein
S-cGMP adduct through a posttranslational modification,
which is named as protein S-guanylation.25 It has been re-
ported that a cysteine residue of an oncogenic small GTPase
H-Ras is one of the selective targets of S-guanylation.26

S-guanylation-dependent activation of H-Ras causes ERK
activation and plays an important role in cardiac cell senes-
cence in mouse cardiac tissues.26 In addition, ERK is known
to play a central role in cardiac hypertrophy.27,45 The present
results are consistent with these findings, indicating that acti-
vation of H-Ras-ERK pathway is involved in the pathogene-
sis of cardiac hypertrophy in eCav-1-KO.

In this study, we were able to detect endogenous
S-guanylation of cardiac H-Ras in nonreduced condition but
not in reduced condition. Reactive sulfur intermediates, such as
hydropersulfides (RSSH) and polysulfides [RS(S)nH and RS
(S)nSR] are formed during sulfur-containing amino acid metab-
olism and have critical regulatory functions in redox cell sig-
naling mediated by 8-nitro-cGMP.46 The present results
indicate that cysteine reactive sulfur intermediates in cardiac
H-Ras mainly mediate redox signaling through S-guanylation.
However, eNOS is also sensitive to oxidative protein modifi-
cation such as S-glutathionylation and S-nitrosylation at its
cysteine residues. Considering the biochemical characteristics
of eNOS, it is possible that S-guanylation can regulate eNOS

FIGURE 5. Coronary flow responses in isolated Langendorff-perfused heart. A, Representative recordings and (B) quantitative
analysis of coronary flow in response to BK (n = 5), SNP (n = 4) and adenosine (n = 5). C, Coronary flow changes to BK (n = 5). D
and E, Effects of L-NNA on coronary flow responses (n = 4–5). F, Representative recordings and (G) quantitative analysis of
coronary flow in response to BK in the presence of indomethacin and L-NNA (n = 5–6). H, Coronary flow changes to BK in the
presence of indomethacin and L-NNA. Results are expressed as mean 6 SEM. *P , 0.05.
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function in eCav-1-KO mice. Further studies are needed to
clarify the role of S-guanylation in regulating the function of
eNOS.

Perspectives
In this study, endothelium-specific Cav-1 deletion caused

cardiac hypertrophy. These findings suggest that EDRFs can

modulate not only cardiac microvascular circulation but also
homeostasis of adjacent cardiac tissues including cardiac
myocyte. Considering the fact that the present findings has
shown that excessive NO impairs cardiac microcirculation and
causes cardiac hypertrophy, it is conceivable that the physio-
logical balance between NO and EDH plays important role in
maintaining cardiovascular homeostasis.

FIGURE 6. Enhanced NO-cGMP pathway and 8-nitro-cGMP formation. Western blot analysis of (A) eNOS, (B, C) phosphorylated
eNOS in the heart (n = 6). D, Cardiac cGMP concentration (n = 5). F, Representative staining of 8-nitro-cGMP. G, S-guanylation of
cardiac H-Ras caused by exogenous 8-nitro-cGMP. H, Western blot analysis of endogenous S-guanylation of cardiac H-Ras in
coimmunoprecipitation experiment using anti-H-Ras antibody (n = 6). I, Western blot analysis in whole heart lysates of ERK, p38,
JNK, and PI3K. Results are expressed as mean 6 SEM. *P , 0.05.
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Study Limitations
Several limitations should be mentioned for this study.

First, although we used Tie2 as a driver for endothelial cell
expression in this study, it is known that Tie2 is also expressed
in hematopoietic lineages.47 Thus, we need to consider the pos-
sible involvement of hematopoietic cells in the phenotype of
Tie2-promoter–dependent Cav-1-KO mice. Second, it has been
proposed that myoendothelial gap junctions play important roles
for EDH-mediated responses involving endothelial Ca-activated
potassium channels.48 Potassium channels and gap junctions are
located in caveolae and are regulated by Cav-149 and not only
eCav-1 but also caveolae structure were absent in eCav-1-KO
mice. Thus, eCav-1-KO mice are likely to have some other
abnormalities regarding myoendothelial gap junctions that were
not documented in this study. Third, the mechanism of the
enhanced eNOS expression in eCav-1-KO mice remains to be
elucidated. It has been reported that systemic Cav-1-KO mice
have increased undifferentiated vessels with a resultant enhanced
proportion of endothelial cells.22 Thus, this also could be the
case with eCav-1-KO mice in this study. Fourth, to address the
role of EDH in microvessels, we used the experimental approach
to inhibit EDH responses by enhancing NO-mediated responses
in this study. Thus, another experimental approach to enhance
EDH responses remains to be examined. However, our prelim-
inary experiments showed that it is difficult to further enhance
EDH responses in microvessels (eg, endothelium-specific over-
expression of Cav-1). Finally, the cause-and-effect relationship
between enhanced production of 8-nitro-cGMP and cardiac
hypertrophy remains to be further elucidated.

CONCLUSIONS
These results suggest that excessive NO impairs cardiac

microvascular homeostasis through nitrative stress caused by

8-nitro-cGMP, indicating the protective role of EDH against
excessive NO, for which eCav-1 is substantially involved.
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