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Volume overload induces differential spatiotemporal regulation of myocardial
soluble guanylyl cyclase in eccentric hypertrophy and heart failure
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Nitric oxide activation of soluble guanylyl cyclase (sGC) blunts the cardiac stress response, including cardiomyocyte
hypertrophy. In the concentric hypertrophied heart, oxidation and re-localization of myocardial sGC diminish cy-
clase activity, thus aggravating depressed nitric oxide–cyclic guanosine monophosphate (NO–cGMP) signaling in
the pressure-overloaded failing heart. Here, we hypothesized that volume-overload differentially disrupts myocar-
dial sGC activity during early compensated and late decompensated stages of eccentric hypertrophy. To this end, we
studied the expression, redox state, subcellular localization, and activity of sGC in the left ventricle of dogs subjected
to chordal rupture-inducedmitral regurgitation (MR). Unoperated dogs were used as Controls. Animals were stud-
ied at 4 weeks and 12 months post chordal rupture, correspondingwith early (4wkMR) and late stages (12moMR)
of eccentric hypertrophy. We found that the sGC heterodimer subunits relocalized away from caveolae-enriched
lipid raft microdomains at different stages; sGCβ1 at 4wkMR, followed by sGCα1 at 12moMR.Moreover, expression
of both sGC subunits fell at 12moMR. Using the heme-dependent NO donor DEA/NO and NO-/heme-independent
sGC activator BAY 60-2770, we determined the redox state and inducible activity of sGC in themyocardium, within
caveolae and non-lipid raft microdomains. sGC was oxidized in non-lipid raft microdomains at 4wkMR and
12moMR. While overall DEA/NO-responsiveness remained intact in MR hearts, DEA/NO responsiveness of sGC in
non-lipid raftmicrodomainswas depressed at 12moMR. Caveolae-localization protected sGC against oxidation. Fur-
ther studies revealed that thesemodifications of sGCwere also reflected in caveolae-localized cGMP-dependentpro-
tein kinase (PKG) and MAPK signaling. In MR hearts, PKG-mediated phosphorylation of vasodilator-stimulated
phosphoprotein (VASP) disappeared from caveolae whereas caveolae-localization of phosphorylated ERK5 in-
creased. These findings show that differential oxidation, re-localization, and expression of sGC subunits distinguish
eccentric from concentric hypertrophy as well as compensated from decompensated heart failure.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Volume-overload cardiac stress, such as that associated with
regurgitant valvular disease and dilated cardiomyopathy, triggers
eccentric cardiac hypertrophy. Despite the predominance of
volume-overload in heart failure, the molecular signaling of patho-
logic eccentric hypertrophy remains incompletely understood. Our
understanding of cardiac hypertrophy has been largely derived
from animal models of pressure-overload induced concentric hyper-
trophy and transgenic mice. Yet, animal and human studies of
volume-overload induced eccentric cardiac remodeling point to a
pathophysiology distinct from that induced by pure pressure-
overload [1–4]. Volume-overload induces differential extracellular
matrix remodeling, inflammation, metabolic dysfunction, and oxida-
tive stress signaling [5–12].
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NO–cGMP signaling protects the heart against various stressors, in-
cluding pro-hypertrophic cardiac stress [13–18]. We previously reported
oxidation and re-localization of the nitric oxide receptor soluble guanylyl
cyclase (sGC) in pressure-overload induced concentric hypertrophy, re-
vealing a novel regulatory mechanism of NO–cGMP signaling [19]. By
assessing heme-dependent and heme-independent sGC production of
cGMP in the myocardium, we found that oxidation of sGC greatly dimin-
ished cyclase activity in the concentric hypertrophied heart. We also
identified caveolae as plasmamembranemicrodomains wherein relative
protection from oxidation partially preserved NO-inducible cyclase activ-
ity. Small (50–100 nm), lipid- andprotein-rich,flask-like invaginations of
the plasmamembrane, caveolae function in the compartmentalization of
signal transduction, receptor-independent endocytosis, and mechano-
transduction [20]. In concentric hypertrophied hearts, sGC heterodimer
subunits re-localized away from caveolae, thus altering the spatial regu-
lation of NO–cGMP signaling.

How volume-overload cardiac stress alters myocardial NO–cGMP
signaling is unknown and unexplored. We hypothesized that
volume-overload cardiac stress also disrupts myocardial NO–cGMP
signaling but diverges from pressure-overload cardiac stress with re-
gard to its impact on cyclase activity within caveolae. Several signal-
ing molecules involved in eccentric and concentric hypertrophic
signaling, including calcium channels and mitogen activated protein
kinases (MAPKs), reside within caveolae, suggesting this functional
microdomain as a potential differential node in these hypertrophic
signaling pathways [21].

In this study, we examined the submyocardial distribution, redox
state, and inducible cyclase activity of the sGC heterodimer in a canine
chronic mitral regurgitation model of volume-overload induced eccen-
tric hypertrophy and heart failure.We exploited the variable redox state
dependent responses of sGC to the heme-dependent NO donor DEA/NO
(diethylamine NONOate) and heme-independent sGC activator BAY
60-2770. We also sought to relate changes in caveolae-localized NO–
cGMP signaling with differential MAPK signaling. Whereas diuretics
are used to manage volume-overload in heart failure patients, none of
the current heart failure pharmacotherapies address the resultant ec-
centric hypertrophy [22]. By determining myocardial signaling abnor-
malities specific to volume-overload cardiac stress and eccentric
hypertrophy, we aim to identify novel therapeutic targets that can fun-
damentally change the approach to heart failure therapy and comple-
ment current neurohormonal blockade strategies.

2. Materials and methods

2.1. Animal experiments

Mitral regurgitation (MR)was induced in conditionedmongrel dogs
of either sex (19 to 26 kg) by chordal rupture with the use of a fluoro-
scopically guided catheterization method previously described
[23,24]. Animals were maintained at a deep plane of general anesthesia
using isoflurane (0.75–1.5%) and oxygen (2 L/min) and were mechani-
cally ventilated during the catheterization procedure. Ten dogs
underwent chordal rupture (n = 5 for 4wkMR, n = 5 for 12moMR);
eight unoperated dogs served as Controls. Transthoracic echocardiogra-
phy (2.25-MHz transducer, ATLUltramarkVI) and cardiacmagnetic res-
onance imaging (cMRI, 1.5 T, GE Signa Horizon) were performed at
baseline and at 4 weeks or 12 months afterMR induction, as previously
described (Appendix A) [25]. At time of euthanasia, the heart was
arrested with intracardiac injection of KCl and quickly extirpated and
placed in phosphate-buffered ice slush. The coronaries were flushed
with oxygenated Krebs solution. A portion of the LV was cut and
snap-frozen in liquid nitrogen for subsequent biochemical studies.
These animal studies were approved by the Animal Services Commit-
tees at the University of Alabama at Birmingham and College of Veteri-
nary Medicine, Auburn University.

2.2. Isolation of caveolin-enriched lipid raft fraction

Caveolin-enriched lipid raft fractions (Cav3+LR) were prepared
from snap-frozen LV tissue, using a discontinuous 35–5% sucrose den-
sity gradient ultracentrifugation method as previously described [19].
LV tissue homogenization was carried out on ice, in detergent free
buffer (50 mmol/L Tris–HCl, pH 7.6, 1 mmol/L EDTA, 1 mmol/L DTT,
2 mmol/L PMSF, 50 mmol/L NaF, 1 mmol/L Na Vanadate) with prote-
ase inhibitors (Mammalian Cocktail, Sigma-Aldrich). Following
1 hour incubation on ice with intermittent vortex, 0.6 mL of tissue
homogenate was mixed with 1.4 mL of 60% (w/w) sucrose in
20 mmol/L KCl and 0.5 mmol/L MgCl2 and placed at the bottom of
an ultracentrifuge tube. A discontinuous 35%–5% sucrose gradient
was formed by overlaying each sample with 1.3 mL of 35% sucrose
and then with 1.3 mL of 5% sucrose. The sucrose density gradient
was topped off with 0.5 mL of 200 mmol/L KCl. Each sample was
then centrifuged at >180,000 g for 18 h at 4 °C in a swinging bucket
rotor (Beckman Instruments, Palo Alto, CA) without any brake. The
top KCl layer was discarded and fractions were collected every
400 μL from the top sucrose layer corresponding to F1 (top, most
buoyant) to F11 (bottom, least buoyant/heaviest).

A light-scattering band confined to the 35–5% sucrose interface, typ-
ically F4–F6, corresponds to Cav3+LR fractions. Ponceau staining and
protein concentrations determined by BCA assay confirmed that total
protein distributionwasweighted towards heavier sucrose density gra-
dient fractions (F7 through F11) lacking Cav3 in both Control and MR
hearts. Proteins were precipitated using 0.1% w/v deoxycholic acid in
100% w/v trichloroacetic acid. Protein concentrations were determined
by bicinchoninic acid (BCA) protein assay (Pierce). Non-lipid raft (NLR,
F11) and Cav3+LR fractions (F4–F5) without TCA precipitation were
also collected for BCA and subsequent cGMP assays.

2.3. Reagents and antibodies

Primary antibodies used for western blot analysis included: sGCα1

(1:1000, Abcam); sGCβ1 (1:4000, Cayman Chemicals); Cav-3 (1:10,000,
BD Transduction); PDE2A (1:500, Fagennix); PDE3A (1:500, Santa
Cruz); PDE5A (1:1000, Cell Signaling); PKG (1:250, Santa Cruz); VASP
(1:250, BD Transduction); phospho-VASP (phospho-Ser239, 1:4000,
Santa Cruz); nitro-tyrosine (NO2-Tyr, 1:20,000, Millipore); p38 (1:500,
Cell Signaling); phospho-p38 (1:500, Santa Cruz Biotech); ERK5
(1:1000, Cell Signaling); phospho-ERK5 (1:1000, Invitrogen); and
GAPDH (1:10,000, Cell Signaling). Specificity of anti-sGCα1 and -β1 anti-
bodies was confirmed using protein extracts from sGCα1

−/− and
sGCβ1

−/− mouse hearts as previously published [19]. Primary antibody
binding was visualized by horseradish peroxidase-conjugated secondary
antibodies and enhanced chemiluminescence (GE Healthcare).

2.4. Western blot analysis

Protein extracts from LV tissue homogenate and the above men-
tioned subfractions were run on SDS-PAGE gels and transferred to ni-
trocellulose membranes. Total LV protein extracts were run in equal
protein amount on SDS-PAGE electrophoresis, whereas each sucrose
density gradient fraction was run in equal volume, as is convention for
immunoblots of sucrose density gradient fractions. Immunoblot analy-
sis was performed using primary antibody probes as detailed above.
Total protein westerns were normalized to respective GAPDH signals.
Sucrose density gradient fraction westerns were normalized to the
sum of the target signal across all fractions for each heart. Densitometry
analysis of immunoblots was performed using Image J Software (NIH).

2.5. sGC activity assay and determination of redox state

Baseline and agonist-stimulated cGMP levels of total LV, Cav3+LR,
and NLR from Control, 4wkMR, and 12moMR hearts were measured
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