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Myocardial hypertrophy is an adaptation to increased hemodynamic demands. An increase in heart tissue 
must be matched by a corresponding expansion of the coronary vasculature to maintain and adequate supply 
of oxygen and nutrients for the heart. The physiological mechanisms that underlie the coordination of angio-
genesis and cardiomyocyte growth are unknown. We report that induction of myocardial angiogenesis pro-
motes cardiomyocyte growth and cardiac hypertrophy through a novel NO-dependent mechanism. We used 
transgenic, conditional overexpression of placental growth factor (PlGF) in murine cardiac tissues to stimu-
late myocardial angiogenesis and increase endothelial-derived NO release. NO production, in turn, induced 
myocardial hypertrophy by promoting proteasomal degradation of regulator of G protein signaling type 4 
(RGS4), thus relieving the repression of the Gβγ/PI3Kγ/AKT/mTORC1 pathway that stimulates cardiomyocyte 
growth. This hypertrophic response was prevented by concomitant transgenic expression of RGS4 in cardio-
myocytes. NOS inhibitor L-NAME also significantly attenuated RGS4 degradation, and reduced activation of 
AKT/mTORC1 signaling and induction of myocardial hypertrophy in PlGF transgenic mice, while conditional 
cardiac-specific PlGF expression in eNOS knockout mice did not induce myocardial hypertrophy. These find-
ings describe a novel NO/RGS4/Gβγ/PI3Kγ/AKT mechanism that couples cardiac vessel growth with myocyte 
growth and heart size.

Introduction
Recent studies have increased appreciation for the relationship 
between cardiomyocyte growth and angiogenesis and its contri-
bution to molecular regulation of the myocardial hypertrophic 
response. Myocardial hypertrophy, secondary to increased hemo-
dynamic demands, requires commensurate growth of the coro-
nary vasculature to provide adequate oxygen and nutrients to the 
increasing cardiac mass; lack of coordination between the myo-
cyte-driven hypertrophic response and the production of angio-
genic growth factors hallmarks the transition to heart failure (1). 
Although vascular endothelium controls a plethora of biological 
events contributing to cardiovascular homeostasis, including regu-
lation of vascular tone, thrombosis, and myocardial stiffness, little 
is known about the effect of endothelial signaling on cardiomyo-
cyte growth, regulation of myocardial hypertrophy, and heart size. 
Our previous observation that a NOS inhibitor, NG-nitro-l-arginine 
methyl ester (L-NAME), partially prevented angiogenesis-driven 
myocardial hypertrophy (2) suggests that endothelium-dependent 
NO production might be responsible for the hypertrophic effect on 
cardiomyocytes and the increase in heart size.

Because there are no known mechanisms that link NO to stimu-
lation of cardiomyocyte hypertrophy, we designed the present study 
to fill this gap. In cardiomyocytes, G protein–mediated hypertro-
phic signaling is negatively modulated by regulators of G protein 
signaling (RGS proteins). Among more than 20 RGS proteins, RGS 
subtype 4, a GTPase-activating protein for heterotrimeric Gq and 
Gi (3), is associated with regulation of the hypertrophic response 

in failing human myocardium (4, 5). RGS4 bears an N-terminal 
Cys residue that is targeted for ubiquitin-dependent degradation 
by arginylation through the Arg/N-end rule pathway of protein 
degradation (6, 7). Since NO controls N-terminal Cys oxidation 
prior to its arginylation and, ultimately, the rate at which proteins 
are degraded through the Arg/N-end rule pathway (8), we explored 
whether NO-mediated RGS4 degradation can account for angio-
genesis-driven myocyte hypertrophy. The G protein heterotrimer 
consists of a Gα subunit that in its GDP-bound transition state 
is tightly associated with an obligate Gβγ dimer. RGS4 negatively 
regulates G protein activation by accelerating GTP hydrolysis of the 
GTP-bound Gα subunit and stabilizes the transition state, and/
or by competing for G protein binding to effectors (9–11). Hyper-
trophic signaling through Gq is mediated downstream of the Gαq 
subunit via several pathways, including calcineurin/nuclear factor 
of activated T cells (calcineurin/NFAT), PKC, and MAPKs (12–15). 
Among the downstream effectors of Gβγ subunits, PI3K p110γ is 
of particular interest, because of its role in v-akt murine thymoma 
viral proto-oncogene 1 (Akt) activation that ultimately mediates 
myocyte hypertrophy through the mammalian target of rapamycin 
complex 1 (mTORC1) pathway (16–19).

We hypothesized that an increase in vascular endothelium in the 
adult heart increases NO production, which in turn drives cardio-
myocyte growth by accelerating RGS4 degradation and activating 
G protein signaling. Consequently, if increased NO production 
favors a loss of RGS4 function, then increased RGS4 expression 
should compensate for this and prevent hypertrophic stimulation.

In order to induce myocardial angiogenesis, we chose placental 
growth factor (PlGF), a more targeted angiogenic factor than PR39, 
which we used in our previous report (2). A member of the VEGF 
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family, PlGF binds VEGFR1 (also known as Flt1) and indirectly 
amplifies the angiogenic response to VEGF-A by displacing VEGF-
A from VEGFR1 and making it available for binding to VEGFR2 
(also known as Flk1) (20, 21). Previous studies have shown that 
PlGF promotes collateral growth and improves perfusion after 
femoral artery ligation (22, 23). In pathological settings of myocar-
dial infarct or pressure overload, PlGF stimulates angiogenesis and 
fibroblast proliferation that, in turn, may support cardiomyocyte 
hypertrophy through a paracrine mechanism (24, 25).

Here, we designed cardiac-specific inducible doxycycline with-
drawal mouse models to (a) selectively stimulate myocardial 
angiogenesis by PlGF, (b) stimulate angiogenesis by PlGF and 
compensate for RGS4 degradation by transgenic expression of 
RGS4 in cardiomyocytes, and (c) stimulate angiogenesis in eNOS 
gene knockout. Using conditional mouse models and cell culture 
systems, we showed that increased NO production subsequent to 
angiogenic stimulation in the heart resulted in RGS4 degradation 
that released Gβγ inhibition and induced hypertrophic signaling, 
at least in part, through the Akt/mTORC1 pathway. This novel 
NO/RGS4/G protein/Akt mechanism triggered hypertrophic sig-
naling in cardiomyocytes in the absence of traditional hypertro-
phic stimuli, and it may be a fundamental mechanism that coordi-
nates vessel growth with myocyte growth in adult heart.

Results
RGS4 gain of function prevents myocardial hypertrophy subsequent to 
angiogenic stimulation in heart and increased NO release. Inducible car-
diac-specific expression of PlGF or concomitantly induced cardiac-
expression of PlGF and RGS4 were achieved using a bidirectional 
tetracycline response element (TRE) regulated by a tetracycline 
transactivator (tTA) driven by α–myosin heavy chain (αMHC) pro-
moter (Supplemental Figure 1A; supplemental material available 
online with this article; doi:10.1172/JCI65112DS1). Doxycycline 
withdrawal–driven expression of TRE-PlGF/LacZ or TRE-PlGF/
RGS4 was initially confirmed in MEF/3T3 cells stably expressing 
tTA (Supplemental Figure 1B). We subsequently generated PlGF- 
and PlGF/RGS4-inducible mice (referred to herein as PlGF and 
PlGF/RGS4 mice, respectively) by crossing newly generated TRE-
PlGF/LacZ and TRE-PlGF/RGS4 responder mouse lines with driver 
line αMHC-tTA. As determined by real-time PCR–based genotyp-
ing, PlGF and PlGF/RGS4 mice showed relatively equal transgene 
copy numbers (Supplemental Figure 1C). The transgenes were 
then induced in 5-week-old mice for 3 weeks and 6 weeks, in the 
absence of doxycycline (Tet-OFF) (Supplemental Figure 1, D–G). 
The presence of doxycycline (Tet-ON) in PlGF mice during the 
6-week stimulation period — used as a negative control for trans-
gene expression — did not result in cardiac hypertrophy (Supple-
mental Figure 1, H and I).

In order to determine the relationship between angiogenic stim-
ulation and myocardial hypertrophy onset, we analyzed hearts 
after 3 and 6 weeks of transgene induction. There was a signifi-
cant increase of the capillary/myocyte ratio, from 1 in controls to 
approximately 1.5 in PlGF and PlGF/RGS4 mice, at both 3 and 6 
weeks (Figure 1, A and B). After 6 weeks of angiogenic stimulation, 
we examined cardiac vasculature using high-resolution micro-CT 
to visualize the hearts after casting with a bismuth-based contrast 
agent (Supplemental Figure 2A). Quantitative analysis of the 
vasculature extracted from the resulting micro-CT angiograms 
showed a significant increase in arteriolar branches greater than 
24 μm and up to 96 μm in diameter in both PlGF and PlGF/RGS4 

mice compared with controls (Figure 1C), which were homog-
enously distributed throughout the myocardium (Supplemental 
Figure 2B). Furthermore, a 3D morphometric analysis, based on a 
computational reconstruction of the arteriolar tree, demonstrated 
an increase in distal branching in both conditional mouse models. 
As shown in Figure 1, D and E, there was a significant increase in 
arterial branches (28–72 μm in diameter), with higher branching 
levels — ranging 30–80 — in PlGF and PlGF/RGS4 mice compared 
with controls. This correlated well with the increased number of 
short branches (up to 400 μm in vessel length; Figure 1F).

To determine whether the increased coronary vasculature leads 
to increased NO release, we assessed the activity of protein kinas-
es dependent on cGMP (PKG) as readout for NO production. 
Although there was no significant change in PKG activity at 3 
weeks, activity at 6 weeks increased approximately 2-fold in both 
PlGF and PlGF/RGS4 mice (Figure 2A). To determine whether 
eNOS is the source of NO, LV myocardium cross-sections were 
immunostained with anti-eNOS Ab. Consistent with the angio-
genic stimulation, eNOS expression in the endothelium at 6 weeks 
was approximately 2.5-fold higher in both inducible models than 
in control mice (Figure 2, B and C). Because eNOS expression in 
tissue sections was mostly associated with endothelium, the eNOS 
level in cardiomyocytes was determined by Western blotting using 
protein lysates from freshly isolated cardiomyocytes. Our data 
showed roughly equal eNOS expression in cardiomyocytes in 
PlGF, PlGF/RGS4, and control mice at 6 weeks (Figure 2D). There 
was also no apparent increase in neuronal NOS (nNOS) or iNOS 
expression in isolated cardiomyocytes between groups at the same 
time (Figure 2D). These data indicate that endothelial eNOS is the 
source of NO production.

Next, we assessed cardiac hypertrophy subsequent to myocardial 
angiogenesis and increased NO production. After 3 weeks, there 
was no significant difference in heart size (Figure 3A). However, 
after 6 weeks, there was up to a 50% increase in heart weight/
body weight ratio in PlGF mice, but less hypertrophy in PlGF/
RGS4 mice (Figure 3A). The increased heart size in PlGF mice at 
6 weeks was associated with a loss of RGS4, whereas RGS4 trans-
gene expression in the PlGF/RGS4 model restored RGS4 protein 
to normal levels and prevented the hypertrophic effect (Figure 3B). 
These results are consistent with our hypothesis that an increase in 
vascular endothelium results in an increase in NO production that 
triggers RGS4 degradation. Consequently, an increase in RGS4 
expression stabilizes the protein level and attenuates the hyper-
trophic signaling. Similar to our previously reported PR39 model 
(2), the angiogenesis induced at 3 weeks preceded the 46% increase 
in cardiomyocyte size measured at 6 weeks in LV myocardium 
cross-sections or isolated cardiomyocytes (Figure 3, C and D). The 
increase in myocyte surface area was mostly due to increased cell 
thickness, rather than increased cell length (Supplemental Figure 
3). Despite similar capillary/myocyte ratios and NO release (based 
on PKG activity), myocyte size in PlGF/RGS4 mice was reduced by 
80% compared with PlGF mice (Figure 3, C and D), in agreement 
with the reduced heart weight/body weight ratio (Figure 3A).

To further characterize cardiac morphology and function, we 
performed M-mode echocardiograms. In agreement with the 
histological observations, after 6 weeks of induction, there was a 
significant increase in LV wall thickness and mass in PlGF mice 
compared with controls (Figure 4, A and B). LV wall thickness 
and mass were significantly reduced in PlGF/RGS4 versus PlGF 
mice (Figure 4B). However, there was only a slight increase in LV 
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diastolic diameter and volume and no change in LV systolic vol-
ume in PlGF mice compared with PlGF/RGS4 or control mice. To 
exclude the possibility that PlGF expression increases blood pres-
sure, which could potentially trigger a Gq-mediated hypertrophic 
response, we measured blood pressure in PlGF mice after 6 weeks 

of induction. However, we found no increase in either systolic or 
diastolic aortic pressure (measured with a 1.4-F micromanometer 
catheter; see Methods) in PlGF versus control mice (Figure 4C). 
These results indicate that myocardial hypertrophy in PlGF mice 
is not caused by LV pressure overload. The hypertrophic response 

Figure 1
PlGF-induced increase of capillary density and arteriolar branching. (A) Representative immunostaining with anti-laminin Ab and IB4 staining 
of LV myocardium after 3 and 6 weeks of PlGF or PlGF/RGS4 transgene expression. Scale bars: 50 μm. (B) Capillary/myocyte ratio at 3 and  
6 weeks in PlGF and PlGF/RGS4 mice compared with controls. (C) Quantitative assessment of the cardiac vasculature, extracted from micro-CT 
angiograms after 6 weeks of PlGF or PlGF/RGS4 transgene expression. Data represent total number of vascular structures of specified diameters 
counted in whole heart. Note the significant increase in vascular structures >24 and ≤96 μm in diameter in PlGF and PlGF/RGS4 mice (n = 3 per 
group) compared with controls (n = 4). (D) 3D computational reconstruction of the arteriolar tree. Branching level is indicated by color, ranging 
from blue (level 1; arterial root) to red (level 80). (E) Histogram representation of branching level for vascular segments 28–72 μm in diameter. 
Note the growth of arterial tree through distal branching ranging from branching level 30 to 80 in PlGF and PlGF/RGS4 mice compared with con-
trols. (F) Histogram representation of vessel length for vascular segments 28–72 μm in diameter. Data represent vascular structures/segments 
of specified diameters normalized to LV mass/body weight ratio. *P < 0.05, **P < 0.01 vs. control.
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to angiogenic stimulation was not a pathological one, as the LV 
ejection fraction was maintained in the normal range in both 
conditional models (Figure 4B). Furthermore, there was no dis-
cernible interstitial fibrosis (Figure 4D), which can accompany 
pathological hypertrophy.

PlGF has previously been reported to induce peripheral blood 
mononuclear cell recruitment into tissues (23). To determine 
whether inflammation plays a role in the hypertrophic response 
in our model, we looked for the presence of leukocytes in the myo-
cardium in PlGF and PlGF/RGS4 mice. There was no recruitment 
of CD45+ cells in the heart after 6 weeks of induction in PlGF and 
PlGF/RGS4 mice compared with controls (Supplemental Figure 4).

NO mediates cardiomyocyte growth through RGS4 degradation and 
activation of the Gβγ/PI3Kγ/Akt/mTORC1 pathway. In order to 
determine the molecular mechanism by which NO mediates car-
diomyocyte growth, we first assessed the effect of the slow-acting 
NO donor DETA-NONOate (NO release t1/2, 20 hours at 37°C) 
on cultured rat neonatal cardiomyocytes. Treatment of cultured 

myocytes with the NO donor significantly reduced RGS4 pro-
tein levels (Figure 5A). Consistent with NO mediating its effect 
through the Arg/N-end rule pathway, treatment with the protea-
somal inhibitor MG132 prevented RGS4 degradation in cardio-
myocytes exposed to the NO donor (Figure 5A). siRNA silencing 
of arginyltransferase 1 (Ate1), in order to inhibit arginylation of 
the N-terminal Cys in substrates, similarly prevented NO-induced 
degradation of RGS4 (Figure 5B).

We next determined whether RGS4 degradation in cardiomyo-
cytes is sufficient to induce a hypertrophic signal. 24-hour treat-
ment of cardiomyocytes with the NO donor induced a 70% increase 
in cell size compared with control, and this growth effect was 30% 
lower than that induced by the cardiac hypertrophic GPCR ago-
nist Ang II (Figure 5, C and D). In contrast, PlGF treatment did not 
affect myocyte size, which suggests that the hypertrophy observed in 
vivo (Figures 3 and 4) is not due to a direct effect of PlGF on cardio-
myocytes. The increase in cell size in NO donor–treated cardiomyo-
cytes correlated with an approximately 3-fold increase in AktSer473  

Figure 2
Increased endothelial-derived NO release. (A) PKG activity in LV tissue lysates after 3 and 6 weeks of transgene stimulation. Note the significant 
increase of PKG activity in PlGF and PlGF/RGS4 mice at 6 weeks. n = 8–14 per group. (B) Representative immunostaining, with anti-eNOS Ab 
and IB4, of LV myocardium cross-sections after 6 weeks of PlGF or PlGF/RGS4 transgene expression. Scale bars: 20 μm. (C) Quantification 
of eNOS expression in the endothelium at 6 weeks, determined as ratio of eNOS (red) to IB4 (green) staining. eNOS expression increased sig-
nificantly in the endothelium in PlGF and PlGF/RGS4 mice compared with controls. (D) Expression level of eNOS, nNOS, and iNOS in freshly 
isolated cardiomyocytes after 6 weeks of PlGF or PlGF/RGS4 transgene expression (Western blotting). No increased expression of eNOS, nNOS, 
or iNOS was observed in cardiomyocytes in PlGF- or PlGF/RGS4 mice compared with controls. **P < 0.01 vs. control.
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phosphorylation (Figure 5E). Akt activation led to inhibition of 
its substrate, tuberous sclerosis 2 (Tsc2), by increasing Tsc2Ser939  
phosphorylation approximately 2-fold. This in turn resulted in 
activation of the mTORC1 pathway, as measured by increased 
phosphorylation of p70-S6KThr389 (Figure 5E). Notably, there was 
no Akt/mTORC1 pathway activation in PlGF-treated cardiomyo-
cytes in culture (Figure 5, D and E), which further indicates that 
PlGF does not stimulate cardiomyocytes directly. After 24 hours, in 
Ang II–treated cells, there was modest and comparable activation of 
AktSer473 and Tsc2Ser939 phosphorylation (1.5- and 1.3-fold increases, 
respectively). These minor changes in Akt activity have little rele-
vance to its hypertrophic effect, and it is known that Ang II–induced 
Akt activation is transient, peaking in less than an hour (26).

Next, to determine whether NO controls RGS4 degradation and 
Akt activation in the condition of RGS4 overexpression, RGS4-
expressing cardiomyocytes were exposed to the NO donor. Cardio-
myocytes transfected with RGS4 plasmid expressed twice as much 
RGS4 protein as did control plasmid–transfected cells (Figure 5F). 
Although treatment with the NO donor reduced RGS4 expression, 
it only brought RGS4 content down to control levels. Since a drop 
to low RGS4 levels was effectively prevented, NO donor did not acti-
vate Akt in RGS4-overexpressing cells (Figure 5F). These findings 
indicate that RGS4 content needs to be reduced below control levels 
in order to relieve RGS4-mediated inhibition of the Akt pathway.

In order to determine whether downregulation of RGS4 gene 
expression leads to Akt activation, we suppressed RGS4 expres-
sion with siRNA. Indeed, reducing RGS4 expression significantly 
increased AktSer473 phosphorylation that bolstered Akt kinase 
activity approximately 2-fold, as determined by an in vitro assay 
with GSK-3 as substrate (Figure 5G).

Finally, to determine whether Akt activation is induced by Gβγ-
dependent PI3Kγ activation, we used a scavenger for Gβγ subunits, 
the carboxyterminal peptide of GPCR kinase 2 (GRK2-CT; also 
known as βARKct; ref. 27), a specific PI3Kγ inhibitor, AS605240 
(28), and a pan-PI3K inhibitor, LY294002. In NO-treated cells, 
transduction with adenovirus encoding βARKct (Ad-βARKct) or 
treatment with AS605240 or LY294002 prevented AktSer473 phos-
phorylation (Figure 5, H and I). Together, these data suggest that the 
freely dissociated Gβγ subunits — due to RGS4 loss of function —  
activate PI3Kγ, which in turn mediates the hypertrophic signal 
through the Akt/mTORC1 pathway.

It is known that Ang II promotes pathological hypertrophy via Gαq-
dependent activation of the calcineurin/NFAT pathway (29, 30).  
While NFAT was activated by Ang II, NO treatment did not stimu-
late NFAT promoter activity (Supplemental Figure 5). This finding 
demonstrates that the RGS4 loss of function in NO-treated cells is 
not sufficient to activate the NFAT hypertrophic signal. It is likely 
that the effect of NO is propagated by the Gβγ/Akt/mTORC1 path-
way, as opposed to the Gαq/calcineurin/NFAT pathway.

RGS4 gain of function prevents Akt/mTORC1 activation subsequent to 
increased NO. Consistent with our in vitro findings indicative of 
a RGS4/Gβγ/PI3Kγ/Akt link (Figure 5), myocardial hypertrophy 
subsequent to angiogenic stimulation in PlGF mice was associated 
with reduced RGS4 protein level and Akt/mTORC1 pathway acti-
vation (Figure 3B and Figure 6A). To exclude the possibility that the 
loss of RGS4 protein in PlGF mice is caused by a decrease in gene 
expression, we next determined the level of RGS4 mRNA expres-
sion, which was slightly increased at 3 weeks and similar to controls 
at 6 weeks (Figure 6B), suggesting that the loss in RGS4 was due 
to protein degradation. Myocardial hypertrophy in PlGF mice at  
6 weeks was associated with a 1.7-fold increase in AktSer473 phos-
phorylation and a 3.5-fold increase in Akt kinase activity, deter-
mined in an in vitro assay using GSK-3 as substrate (Figure 6, A and 
C). Consistent with Akt activation in PlGF mice at 6 weeks, there 
was an approximately 3-fold increase in Tsc2Ser939 phosphorylation 
and a 7-fold increase in p70-S6KThr389 phosphorylation (Figure 6A). 
At the same time, PlGF/RGS4 mice had blunted Akt activation and 
phosphorylation of Tsc2 and p70-S6K (Figure 6, A and C).

Furthermore, we assessed whether downstream pathways regu-
lated by Ang II/Gq signaling are activated in PlGF mice. Specifi-
cally, we investigated whether activation of the MAPK/Erk and 
calcineurin/NFAT pathway increases; however, Western blot analy-
sis of Erk1/2Thr202/Tyr204 phosphorylation showed no activation in 
PlGF mice compared with controls after 3 and 6 weeks of induc-
tion (Figure 6, A and C). NFAT transcription factors are normally 

Figure 3
Cardiac hypertrophy subsequent to myocardial angiogenesis and 
increased NO release. (A) Heart weight/body weight ratio after 3 and 
6 weeks of transgene expression. n = 7 (PlGF 3 wk); 8 (PlGF 6 wk and 
PlGF/RGS4 6 wk); 9 (PlGF/RGS4 3 wk); 18 (control 3 wk); 24 (control 
6 wk). (B) Heart images after 6 weeks induction and RGS4 protein 
level in PlGF, PlGF/RGS4, and control mice. Scale bar: 2 mm. Note 
the loss of RGS4 in PlGF mice and restoration to normal level in PlGF/
RGS4 mice. (C) Cardiomyocyte cross-sectional area in LV myocardium 
sections after 3 and 6 weeks induction of PlGF or PlGF/RGS4 trans-
gene compared with controls. (D) Micrographs of isolated cardiomyo-
cytes immunostained with anti–α-actinin sarcomeric Ab and DAPI and 
quantification of cardiomyocyte surface area after 6 weeks of trans-
gene expression compared with controls. Scale bar: 100 μm. *P < 0.05,  
**P < 0.01 vs. control or as indicated by brackets.



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 123      Number 4      April 2013	 1723

phosphorylated and sequestered in the cytoplasm in the inactive 
form, but, once dephosphorylated by calcineurin, they are acti-
vated and translocated to the nucleus. NFAT3 is a known down-
stream effector of calcineurin, when activated by Gαq in response 
to hypertrophic agonists of GPCR, including Ang II (30, 31). To 
determine whether calcineurin/NFAT3 activation was induced in 
PlGF mice, we assessed NFAT3Ser168/170 phosphorylation, as previ-
ously described (31). Our results showed no decrease in NFAT3 
phosphorylation in PlGF mice at 3 or 6 weeks compared with 
controls (Figure 6, A and C), indicative of no NFAT3 activation in 

this model. These in vivo results were in agreement with in vitro 
experiments showing that NO donor treatment did not induce 
NFAT promoter activity in cultured cardiomyocytes (Supplemen-
tal Figure 5). Moreover, these results were further supported by the 
lack of induction of the fetal program of gene expression: our data 
showed no evidence of downregulation of αMHC or upregulation 
of ANP or βMHC transcripts after 3 or 6 weeks of angiogenic stim-
ulation in PlGF mice (Figure 6D). Induction of the fetal program 
of gene expression is known to accompany hypertrophic Gαq/
Ang II signaling due to calcineurin/NFAT activation. Together, 

Figure 4
Echocardiographic analysis and assessments of blood pressure and fibrosis in PlGF and PlGF/RGS4 mice. (A) M-mode echocardiograms of 
PlGF, PlGF/RGS4, and control mice at 3 and 6 weeks. (B) Echo-determined analysis of LV posterior wall thickness in diastole (LVPWd), LV mass/
body weight ratio, LV diameter (LVID) and LV volume (LV vol) in diastole and/or systole, and LV ejection fraction (EF) in PlGF and PlGF/RGS4 
mice at 3 and 6 weeks. n = 16 (PlGF/RGS4 6 wk); 18 (PlGF 6 wk); 28 (PlGF 3 wk); 30 (PlGF/RGS4 3 wk); 44 (control 6 wk); 56 (control 3 wk). (C) 
Systolic and diastolic blood pressure assessments in PlGF mice at 6 weeks of induction compared with control mice. No significant differences in 
blood pressure were observed between groups. n = 5 per group. (D) Representative Masson trichrome staining of LV myocardium after 6 weeks 
of transgene induction. Note the lack of discernible interstitial fibrosis in PlGF and PlGF/RGS4 mice. Scale bars: 100 μm. *P < 0.05, **P < 0.01 
vs. control or as indicated by brackets.
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our data support the conclusion that NO-induced cardiac growth 
occurs in the absence of Gαq signaling activation, despite the 
reduction in RGS4 expression.

We next determined whether suppression of angiogenesis inhib-
its the hypertrophic response in PlGF mice. To address this, trans-
gene expression in PlGF mice for 6 weeks was turned off by rein-
troducing doxycycline in the diet. At 3 weeks after discontinuation 
of PlGF stimulation, NO production returned to control levels, 
and RGS4 degradation and activation of Akt/mTORC1 signaling 

was prevented (Figure 7, A and B). Taken together, these results 
indicate that the RGS4/Akt pathway couples cardiac vessel growth 
with a hypertrophic response in cardiomyocytes.

NOS inhibition with L-NAME or eNOS gene deletion prevents the hyper-
trophic response, whereas nNOS inhibition with SMTC has no effect on hyper-
trophic response. To gain further insights into the nature of the hyper-
trophic mechanism, we tested whether inhibition of NO production 
impairs the angiogenesis-induced hypertrophic response. Our data 
pointed to eNOS-derived NO as a source of NO-mediating RGS4 

Figure 5
NO mediates cardiomyocyte hypertrophy in culture. (A) The proteasomal inhibitor MG132 (20 μM) or (B) depletion of Ate1 with siRNA (200 nM) 
prevented RGS4 degradation in rat neonatal cardiomyocytes treated for 4 hours with the slow-acting NO donor (NO) DETA-NONOate (100 μM). (C) 
Representative micrographs of rat neonatal cardiomyocytes left untreated or treated with NO donor (100 μM), Ang II (0.5 μM), or PlGF (50 ng/ml)  
for 24 hours, then immunostained with anti–α-actinin sarcomeric Ab. Scale bars: 50 μm. (D) NO donor treatment induced a significant increase 
in cell surface area compared with untreated or PlGF-treated cells (n = 80 per group). **P < 0.01 vs. control and PlGF. (E) Akt/mTORC1 pathway 
activation in NO-treated cardiomyocytes. Representative Western blot analysis for AktSer473, Tsc2Ser939, and p70-S6KThr389 phosphorylation after  
24 hours of treatment. (F) NO donor reduced RGS4 protein level in RGS4-overexpressing cardiomyocytes to control levels, but did not activate Akt. 
Cardiomyocytes were transfected with 0.5 μg RGS4 plasmid or control plasmid and treated with NO donor for 24 hours. (G) Increased AktSer473 
phosphorylation and Akt kinase activity in cardiomyocytes with RGS4 depleted by siRNA. Akt kinase activity in cell lysates was determined in an 
in vitro assay using GSK-3 as substrate and Western blotting for GSK-3α/βSer21/9 phosphorylation. Asterisk denotes assessment by in vitro kinase 
assay. (H) The Gβγ subunit scavenger βARKct prevented Akt activation in NO-treated cardiomyocytes at higher MOI of Ad-βARKct (40 vs. 20 MOI). 
(I) The PI3Kγ-specific inhibitor AS605240 and the pan-PI3K inhibitor LY294002 prevented AktSer473 phosphorylation in NO-treated cardiomyocytes.
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degradation (Figure 2); however, it has been previously suggested 
that nNOS-derived NO may regulate RGS4 level (8). Therefore, to 
clarify the role of eNOS in the angiogenesis-driven hypertrophic 
response, we chose a pharmacological approach using the nonselec-
tive NOS inhibitor L-NAME and a highly selective nNOS inhibitor, 
S-methyl-l-thiocitrulline (SMTC; ref. 32), in parallel with an eNOS 
gene knockout mouse model. Treatment with L-NAME or SMTC 
was carried out in PlGF mice subsequent to angiogenesis and prior 
to hypertrophic stimulation, corresponding to the last 3 weeks of the 
6-week induction period. Conditional PlGF expression in eNOS–/–  
mice (referred to herein as PlGF-eNOS–/– mice) was induced at 5 weeks  
of age for 6 weeks by doxycycline withdrawal.

Although there was a modest decrease in the angiogenic response 
in L-NAME–treated PlGF mice and PlGF-eNOS–/– mice compared 
with untreated PlGF mice, the increase in the capillary/myocyte 
ratio was significantly higher compared with L-NAME–treated or 
eNOS–/– controls (Figure 8A). In SMTC-treated PlGF mice, angio-
genesis was not affected (Figure 8A). Interestingly, while L-NAME 
treatment or eNOS gene deletion significantly prevented NO 
release, as measured by PKG activity, SMTC treatment had no effect 
(Figure 8B). Additionally, we found that L-NAME significantly 
reduced PKG activity in PlGF/RGS4 mice (Supplemental Figure 6).

We next assessed the effect of L-NAME, eNOS gene deletion, and 
SMTC on myocardial hypertrophy. In L-NAME–treated PlGF mice, 
we observed a direct relationship between reduced NO production 
and restoration of RGS4 to normal levels (Figure 8C). In PlGF-
eNOS–/– mice, RGS4 protein remained unchanged compared with 
eNOS–/– control mice. Interestingly, in SMTC-treated PlGF mice, 
the RGS4 level was significantly reduced (Figure 8C), in agreement 
with increased NO production in these mice. Consistent with the 
RGS4 protein levels observed, AktSer473 phosphorylation returned 
to control levels in L-NAME–treated PlGF mice, was unchanged 
in PlGF-eNOS–/– mice, and was significantly increased (approxi-
mately 1.7-fold) in SMTC-treated PlGF mice (Supplemental Fig-
ure 7). Similarly, determination of Akt kinase activity in LV tissue 
lysates, a more sensitive approach, showed normalization of Akt 
activity in L-NAME–treated PlGF and PlGF-eNOS–/– mice, whereas 
in untreated or SMTC-treated PlGF mice, Akt activation increased 
approximately 3.5-fold (Figure 8D). In accord with reduced Akt 
activity in L-NAME–treated PlGF mice or PlGF-eNOS–/– mice, 
activation of the mTORC1 target p70-S6K, as measured by p70-
S6KThr389 phosphorylation, was completely abolished (Figure 8C).

Consistent with the blunted activation of Akt/mTORC1 signal-
ing, L-NAME treatment significantly decreased the increase in LV 

Figure 6
Molecular signature of myocardial hypertrophy subsequent to angiogenic stimulation. (A) Representative Western blot analysis of RGS4, AktSer473, 
GSK-3α/βSer21/9, Tsc2Ser939, p70-S6KThr389, Erk1/2Thr202/Tyr204, and NFAT3Ser168/170 expression in PlGF, PlGF/RGS4, and control hearts at 3 and 6 weeks.  
At 6 weeks, RGS4 level was reduced and Akt/mTORC1 pathway was activated in PlGF mice, whereas RGS4 level was restored and Akt activa-
tion was blunted in PlGF/RGS4 mice. Asterisk denotes assessment by in vitro kinase assay. (B) RGS4 mRNA expression in PlGF mice at 3 and 
6 weeks. (C) Quantification of relative changes in Akt, Erk, and NFAT activation in PlGF, PlGF/RGS4, and control mice at 3 and 6 weeks, as 
determined by Western blotting. Akt kinase activity was determined by quantification of GSK-3α/βSer21/9 phosphorylation (in vitro assay) relative 
to total Akt. n = 4–10 per group. (D) Relative mRNA expression of αMHC, ANP, and βMHC in PlGF and PlGF/RGS4 mice after 3 and 6 weeks 
induction compared with control mice. n = 6 per group. **P < 0.01 vs. control.
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wall thickness and mass, whereas eNOS gene deletion completely 
inhibited it (Figure 8, E and F). SMTC treatment in PlGF mice did 
not prevent cardiac enlargement in response to myocardial angio-
genesis and increased NO production (Figure 8, E and F). It has 
previously been reported that eNOS–/– mice progressively develop 
myocardial hypertrophy as they age (33); however, this did not inter-
fere with our data (Figure 8, E and F, compare eNOS–/– control and 
untreated control), due to the fact that our experiments were done 
in younger mice (at 10–11 weeks of age, as opposed to 27–30 weeks, 
when myocardial hypertrophy is apparent). Similarly, we did not 
observe cardiac hypertrophy in L-NAME– or SMTC-treated control 
groups versus the untreated control (Figure 8, E and F). Moreover, 
no significant differences in heart rates were found between groups 
(Supplemental Table 1). Together, our data suggest that eNOS is the 
source of NO release in our model and that nNOS is not involved.

Discussion
Collectively, our present data revealed novel endothelial-derived, 
NO-dependent hypertrophic signaling to cardiomyocytes. By 
inducing NO-mediated degradation of RGS4 and consequent 
activation of Gβγ/PI3Kγ/Akt/mTORC1 signaling, increased vas-
cularity promotes myocardial growth in the absence of traditional 
hypertrophic stimuli (Figure 9).

The conditional mouse models used in this study allowed us 
to determine a temporal relationship between angiogenesis and 
the hypertrophy onset in the adult heart. The observation that 
the increase in vasculature preceded the onset of hypertrophy 
was in agreement with our previous PR39 model (2) and an ear-
lier report that used thyroxin treatment to induce the angiogenic 
response in the heart (34). The hypertrophied myocardium in this 
study revealed a remarkable growth of the coronary arterial tree 
through distal branching, increased capillary density, and sig-
nificant cardiomyocyte hypertrophy. The hearts demonstrated 
preserved LV contractile function, no discernible fibrosis, and no 
induction of markers associated with pathological hypertrophy 
(i.e., ANP and βMHC). They also had a slightly decreased ratio of 
LV radius to wall thickness (1.97 ± 0.07 vs. 2.42 ± 0.07 in controls; 
P < 0.001), similar to the physiological hypertrophy developed 
during strength-based exercise (e.g., wrestling and weight lifting) 
or with the early adaptive hypertrophic response to hypertension 
(35–37). However, our results do not exclude the possibility of a 
later decline in cardiac function, with longer stimulation due to an 
imbalance of the growth response (38) and/or negative inotropic 
properties of NO that have previously been reported (2).

Our observation that direct treatment of cardiomyocytes with 
PlGF did not result in hypertrophic response is in agreement 
with previous reports and might be explained by the lack of 

VEGFR1 expression on cardiomyocytes (24, 25). Moreover, it has 
been suggested that PlGF primarily stimulates endothelial cells 
and fibroblasts that in turn support cardiomyocyte hypertrophy 
through a paracrine-mediated mechanism (24, 25). In pressure 
overload, one such paracrine growth factor might be interleu-
kin-6 released by fibroblasts (25).

Accornero et al. previously reported that cardiomyocyte PlGF 
overexpression in the absence of pressure overload did not pro-
mote angiogenesis or cardiac hypertrophy (25); the discrepancy 
between their results and ours may be a consequence of differences 
in the control of transgene expression, variability between mouse 
strains, or a combination of both. In our study, the conditional 
Tet-OFF expression of PlGF transgene was controlled by a tradi-
tional CMV minimal promoter coupled to TRE, whereas Accorne-
ro et al. used a modified MHC promoter linked to TRE in order to 
induce low levels of transgene expression (25). It is possible that, 
in the absence of pressure overload, attenuated PlGF transgene 
expression does not promote or sustain myocardial angiogenesis. 
Moreover, differences in the genetic background between mouse 
strains (C57BL/6 in the present study versus the more cardiopro-
tective strain FVB/N used by Accornero et al.; ref. 25) might be a 
source of variability in angiogenic response (39). Regardless, the 
notion of cardiac hypertrophy subsequent to angiogenic stimu-
lation is supported by our previous study (2), results using thy-
roxin treatment (34), and a recent report by Bry et al. of transgenic 
VEGFB overexpression in the rat myocardium (40).

Although RGS4 loss- and gain-of-function conditional mouse 
models both showed increased angiogenesis/arteriogenesis and 
NO release, loss of RGS4 in the PlGF mice activated hypertro-
phic signaling, whereas RGS4 gain of function by stabilizing 
RGS4 level prevented Akt/mTORC1 activation and myocardial 
hypertrophy in the PlGF/RGS4 mice. Hypertrophy induction was 
partially inhibited by the NOS inhibitor L-NAME and was abol-
ished in eNOS–/– mice, although angiogenesis was still induced. 
Although eNOS is constitutively expressed both in the vascular 
endothelium and in cardiomyocytes (41, 42), we showed that 
eNOS was mostly expressed in the endothelium, and its expres-
sion was upregulated by angiogenic stimulation, whereas cardio-
myocytes showed no increase in eNOS expression. Moreover, the 
likelihood that VEGFR1 is not expressed on cardiomyocytes but is 
required for PlGF-induced eNOS activation (43) further indicates 
that NO release is primarily endothelium dependent. Consistent 
with this notion was our observation that PlGF treatment in cell 
culture did not reduce RGS4 level.

A previous study by Hu et al. suggested that nNOS-derived NO 
might be involved in RGS4 degradation (8). This observation was 
based on cell culture experiments done in 3T3 cells overexpressing 

Figure 7
Suppression of angiogenic stimulation prevents 
the hypertrophic response. (A) PKG activity in LV 
tissue lysates in PlGF mice after 6 weeks induc-
tion and 6 weeks induction followed by 3 weeks 
suppression with doxycycline (Dox). n = 8–14 per 
group. **P < 0.01. (B) Restored RGS4 level and 
inhibition of Akt/mTORC1 activation after suppres-
sion of angiogenic stimulation with Dox for 3 weeks 
in PlGF mice after 6 weeks induction. Shown 
are Western blot analysis of RGS4, AktSer473,  
Tsc2Ser939, and p70-S6KThr389.
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RGS4 under Tet-OFF control. The 3T3 cells apparently express only 
nNOS, and decreasing intracellular NO production using either the 
NOS inhibitor NG-monometyl-l-arginine (LMMA) or the highly 
selective nNOS inhibitor N3411 significantly increased RGS4 lev-
els. Moreover, there was an apparent increase in RGS4 levels in lungs 
from nNOS–/– versus wild-type mice, despite the presence of eNOS 
and iNOS in these mice (8). However, these results do not complete-
ly rule out the contribution of other NOS isoforms or a potential 
extracellular source of NO in a more complex intercellular paracrine 
signaling scheme. Here, we demonstrated that eNOS-released NO 
controlled RGS4 degradation in cardiomyocytes and that nNOS 
was not involved. Although we did not investigate in detail how 

endothelium-derived NO targets RGS4 degradation within cardio-
myocytes, we speculate that the NO-RGS4 interaction is facilitated 
by localization of RGS4 at the plasma membrane. This is supported 
by spatial modeling of G protein activation (44) and the RGS4-
mediated “kinetic scaffolding” mechanism (45). Furthermore, in a 
manner similar to that previously described for RGS2 (46), RGS4 
translocation from the cytoplasmic to the plasma membrane may 
actually be induced by activated PKG and could represent a poten-
tial mechanism underlying regulation of RGS4 degradation by NO. 
However, further studies will be needed to clarify this.

Although previous studies have shown that RGS4 overexpres-
sion inhibits Gαq signaling in response to GPCR agonists (47, 48), 

Figure 8
Cardiac hypertrophy reduction by L-NAME treatment or eNOS gene deletion. L-NAME (0.5 g/l drinking water) or SMTC (10 mg/kg/d drinking 
water) was given during the last 3 weeks of the 6-week induction period. (A) Capillary/myocyte ratio at 6 weeks for untreated PlGF, L-NAME–
treated PlGF, PlGF-eNOS–/–, and SMTC-treated PlGF mice and their appropriate controls. (B) PKG activity in LV tissue lysates at 6 weeks. 
L-NAME–treated PlGF and PlGF-eNOS–/– mice showed a significant decline in NO production. n = 5–14 per group. (C) Comparative Western blot 
analysis of RGS4, AktSer473, GSK-3α/βSer21/9, and p70-S6KThr389 expression at 6 weeks. Asterisk denotes assessment by in vitro kinase assay. (D) 
Akt kinase activity, determined by quantification of GSK-3α/βSer21/9 phosphorylation relative to total Akt in Western blots. Data represent percent 
of respective control for each group. (E) Echo-determined LV posterior wall thickness in systole (LVPWs) and (F) LV mass/body weight ratio.  
n = 4 (SMTC control); 5 (PlGF-eNOS–/–); 7 (SMTC PlGF); 8 (L-NAME PlGF and eNOS–/– control); 10 (L-NAME control); 18 (untreated PlGF); 44 
(untreated control). *P < 0.05, **P < 0.01.
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pressure overload (49), and Gαq transgenic overexpression (50), 
reciprocal reduction in RGS4 does not appear to increase Gq sig-
naling, based on our present findings. However, it is important to 
recognize that excess gain of function and more physiologic loss of 
function do not necessarily have opposite effects. The NO-regulat-
ed RGS4 loss-of-function mechanism that induced hypertrophy in 
our model is distinct from both GPCR agonist– and Gαq overex-
pression–induced hypertrophy. Our model lacks LV pressure over-
load and GPCR-coupled GTP loading that leads to Gαq activation.

Although the reduction in RGS4 could potentially release Gαq, 
it might not be sufficient to achieve significant hypertrophic 
potential. This is supported by previous studies showing that 
only higher-level Gαq overexpression (wild type or constitutively 
active) resulted in cardiac hypertrophy and increased expression of 
hypertrophic markers (51, 52). However, our present results do not 
exclude the possibility that more prolonged angiogenic stimula-
tion might eventually increase Gαq signaling or might augment 
Gαq signaling under conditions of pressure overload.

More direct evidence of RGS4 protein degradation has been 
reported in human breast carcinomas, in which RGS4 is used as a 
marker for breast cancer invasiveness. Loss of RGS4 in cancer cells 
results in aberrant Gβγ-induced Rac activation that is rescued by 
proteasomal inhibitor or Gβγ scavenger peptide (53, 54). Although 
the causes of RGS4 degradation in advanced breast cancer remain 
unknown, an interesting observation is that increased angiogen-
esis and NO production occur at about the same time (55). Never-
theless, additional functions of RGS4 beyond simply accelerating 
GTPase activity are starting to emerge (56).

The results of this study present a new perspective on the exist-
ing paradigm of the role of NO in growth regulation, which has 
focused on its antihypertrophic effects in cardiomyocytes. In 
cardiomyocytes, the antihypertrophic effect of NO is exerted by 
sGC/cGMP/PKG activation that appears to act as a brake, reduc-
ing hypertrophic stimulation in response to hemodynamic stress 
(57). PKG inhibits the calcineurin/NFAT pathway involved in 
the development of pathological hypertrophy (58–61). In this 
study, we used PKG kinase activity, as a readout of NO release, 
to demonstrate a direct correlation between NO production and 

cardiac hypertrophy. However, the observed effect occurred in the 
absence of any traditional hypertrophic stimuli, and it might not 
involve pathologic signaling. PKG activity assessed in heart tis-
sue lysates might be confounded by PKG activity in cells other 
than cardiomyocytes (e.g., smooth muscle cells). Although ANP 
can also activate cGMP-dependent PKG activity, the absence of 
ANP induction in our study indicates that NO was likely the main 
source for PKG activation.

Finally, our findings support a novel mechanism mediated by 
endothelium-released NO that leads to Akt/mTORC1 pathway 
activation in cardiomyocytes as a coupling mechanism between 
the extents of cardiac vasculature and myocyte growth. Intrigu-
ingly, this most likely occurs through Gβγ-dependent PI3Kγ acti-
vation once the increased NO level controls RGS4 degradation 
through the Arg/N-end rule pathway of protein degradation. 
Interestingly, we demonstrated a physiological type of myocardial 
hypertrophy in our model that was consistent with Akt pathway 
involvement in physiological rather than pathological hypertro-
phy. From a clinical standpoint, this study is important because 
it suggests that increased cardiac vasculature and NO release — 
beyond augmenting blood perfusion — could shift the hypertro-
phic paradigm from pathological to physiological growth through 
Akt activation, while potentially inhibiting pathological progres-
sion through sGC/cGMP/PKG activation.

Methods

PlGF and PlGF/RGS4 conditional transgenic mice
The Tet-OFF responder mouse lines TRE-PlGF and TRE-PlGF/RGS4 were 
generated by subcloning murine PlGF cDNA (GenBank NM_008827; pro-
vided by P. Carmeliet, Katholieke Universiteit Leuven, Leuven, Belgium; 
ref. 62) and LacZ cDNA, and PlGF cDNA and human RGS4 cDNA (Gen-
Bank U27768), respectively, into bidirectional pBI Tet Vector (Clontech) 
sensitive to tTA. In cell culture, inducible TRE-PlGF/LacZ and TRE-PlGF/
RGS4 vectors were expressed in the Tet-OFF MEF/3T3 cell line (Clontech) 
in the absence of doxycycline. The TRE-PlGF/LacZ and TRE-PlGF/RGS4 
constructs were then microinjected into fertilized mouse eggs (Transgenic 
Mouse Service, Yale). tTA/PlGF and tTA/PlGF/RGS4 mice were produced by 
crossing the driver line αMHC-tTA (2) with TRE-PlGF and TRE-PlGF/RGS4 
mice. Transgenic mouse lines were generated in the C57BL/6 background 
and maintained by mating hemizygous transgenic mice (Tg/0) with wild-
type C57BL/6 mice (0/0). Genotyping was performed by Transnetyx (Cor-
dova) using a quantitative real-time PCR–based (qPCR-based) system to 
detect the presence or absence of a target sequence within each sample. The 
following target sequences were used: LacZ (TRE-PlGF line), human RGS4 
cDNA exon-exon junction (TRE-PlGF/RGS4 line), and tTA (αMHC-tTA 
line). The Tet-OFF conditional inducible cardiac PlGF model in the eNOS 
knockout strain (PlGF-eNOS–/– mice) was created by mating hemizygous 
responder TRE-PlGF mice and driver αMHC-tTA mice with homozygous 
eNOS–/– mice (C57BL/6 background, The Jackson Laboratory). After back-
crossing with eNOS–/– mice to restore homozygosity, double-transgenic 
mice were generated by crossing TRE-PlGF+eNOS–/– mice with αMHC-
tTA+eNOS–/– mice. Transgene expression of PlGF/LacZ or PlGF/RGS4 was 
repressed during embryonic and postnatal development by doxycycline 
in diet (200 mg/kg; Bio-Serv) and induced by normal chow diet feeding 
beginning at 5 weeks of age. PlGF transgene expression was determined 
by RT-PCR using the following primers: forward, 5′-GATGCTGGTCAT-
GAAGCTGTTC-3′; reverse, 5′-TCGTCTCCAGAATAGGTCTGCA-3′. PlGF 
protein was determined by Western blot. RGS4 transgene expression was 
determined by qPCR using the following primers: forward, 5′-CCAGAGA-

Figure 9
Endothelium-to-cardiomyocyte communication paradigm. Increased 
RGS4 degradation induced by NO release subsequent to angiogen-
esis/arteriogenesis in the heart acts as a hypertrophic switch that pro-
motes a growth response in cardiomyocytes. Loss of RGS4 relieves G 
protein inhibition; thus, Gα/Gβγ subunits are prone to propagate hyper-
trophic signaling. This is most likely initiated by freely dissociated Gβγ 
subunits through activation of the PI3Kγ/Akt/mTORC1 pathway. This 
mechanism occurs in the absence of traditional hypertrophic stimuli.
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100–110 mmHg for 5 seconds. The whole heart was quickly immersed in a 
cold saline circulation bath (0°C) for 3 minutes, so that the contrast medi-
um solidified under the perfusion pressure. The time required to complete 
these procedures was less than 15 minutes. Finally, the heart was removed 
and immersed in 2% paraformaldehyde overnight at 4°C.

Micro-CT scanning. Individual hearts were staged in a high-resolution 
micro-CT scanner (GE eXplore Locus SP; GE Healthcare) with a cone beam 
filtered back projection algorithm, set to an 8-μm effective detector pixel 
size. Micro-CT was performed with 60-kVp X-ray tube voltage, 100-μA tube 
current, 2,960 milliseconds per frame, 1 × 1 detector binning model, 360° 
angle, and 0.5° increments per view.

Image processing. Microview Software (GE Healthcare) was used to recon-
struct raw data with 16 × 16 × 16 μm3 voxel, and images were calibrated by 
standard radioattenuation values (air, water, and bone). The initial recon-
structed micro-CT data were transferred to Advanced Workstation (AW4.4; 
GE Healthcare) for segmentation. The segmented coronary artery was 
rebatched into axial slices. Detailed morphometric data on the diameter, area, 
number of vessels, and distribution of different-sized vessels were extracted 
using modified ImageJ software. The distribution of the relative arterial ves-
sel number was automatically calculated with a built-in algorithm. Data were 
expressed as the number of vascular segments, representing the total number 
of vessels of a specified diameter counted in the whole heart.

Vascular morphometric quantifications. The 3D vascular tree was recon-
structed using a recently published vascular tree reconstruction algo-
rithm (69). The overall process consisted of 2 parts: (a) vessel detection 
and skeletonization and (b) connectivity. For vessel detection, we merged 
the classic method described by Frangi et al. (70) with the skeletonization 
method described by Lee at al. (71). For vessel connectivity, we used our 
recently developed and validated physiologically constrained method that 
was described in detail previously (69). This method takes as inputs a set 
of disconnected vessel fragments (the output of the detection/skeletoniza-
tion algorithms) and connects them to form an optimal 3D vascular tree 
by selecting the candidate vascular tree that minimizes the overall energy 
required to perfuse the heart muscle — a constraint that is formally derived 
from Murray’s hypothesis (72). This method was previously shown to have 
statistically significant performance improvements over prior simpler 
methods (e.g., minimum spanning tree) in this type of image (69). From 
the resulting 3D-connected model of the vascular tree, we proceeded to 
compute detailed morphometric descriptors of the vascular anatomy. In 
particular, we defined a vessel segment to be the vessel that connects 2 sub-
sequent bifurcation points. Next, we characterized the vessel segments by 
computing their diameter, length, and branching level (the former 2 con-
cepts are self-explanatory). We defined branching level as a number, start-
ing at 1 (at the arterial root level) and increasing by 1 at each subsequent 
vessel bifurcation. Hence, a larger vessel (e.g., the left anterior descending 
artery) has a branching level of 2 (1 bifurcation down from the root of 
the tree), whereas in general, smaller vessels have higher branching levels. 
Figure 1D shows a sample reconstruction of the vascular tree, in which 
vessel segment color is indicative of its branching level. The standard rain-
bow colormap ranges from blue (level 1) to red (level 80), with appropriate 
interpolation in between, following the same pattern as the rainbow.

Hypertrophic marker gene expression
Analysis of hypertrophic marker gene expression was performed by qPCR. 
Total RNA was isolated from LV samples with QIAzol/RNeasy mini kit 
(Qiagen) and reversed transcribed (500 ng of total RNA) using iScript 
cDNA synthesis kit (Bio-Rad Laboratories). qPCR was carried out using iQ 
SYBR Green supermix kit (Bio-Rad Laboratories) in a CFX96 real-time PCR 
detection system (Bio-Rad Laboratories). The following primers were used: 
GAPDH forward, 5′-AACTTTGGCATTGTGGAAGG-3′; GAPDH reverse, 

GTGAGCCAAGAGG-3′; reverse, 5′-ATCTTTTTGGCCTTGGGACT-3′. 
RGS4 endogenous gene expression was determined by qPCR using the fol-
lowing primers: forward, 5′-ACACAGAGGCAGGGAGCCCAA-3′; reverse, 
5′-GCGGCAGGCAGCATGGACAC-3′. RGS4 protein was determined by 
Western blotting. Mice were treated with L-NAME (0.5 g/l; Sigma-Aldrich) 
or with SMTC (10 mg/kg/d; Sigma-Aldrich) in the drinking water (63–65). 
Littermates inheriting only responder or driver transgene were used as con-
trols and were treated similarly. 

Histological assessments
Capillary density. Capillary density was determined on serial 5-μm heart sec-
tions (fixed in 4% paraformaldehyde and embedded in paraffin) stained 
with isolectin B4 (IB4; Sigma-Aldrich) and anti-laminin Ab (Sigma-Aldrich) 
and reported as capillary/myocyte ratio. Suitable transversal cross-sections 
for counting contained nearly circular myocytes and clear round-shaped 
capillaries. Quantification was done on ×40 fields divided into 12 squares 
(2,600 μm2 each), using 4–5 fields per mouse and 3–4 mice per group.

Cardiomyocyte size. Cardiomyocyte size was determined by cross-sectional 
area measurements on heart sections immunostained with anti-laminin 
antibody or after myocyte isolation by enzymatic dissociation using the 
Langendorff apparatus (66). After isolation, myocytes were plated on 
laminin-coated plates, fixed (4% paraformaldehyde), and stained with 
anti–α-actinin sarcomeric Ab and DAPI. Cell surface area was measured 
in captured images with Nikon Eclipse 80i microscope and analyzed with 
NIS-Elements software.

Fibrosis. Fibrosis was determined by Masson trichrome staining on par-
affin-embedded sections.

Inflammation. Inflammation was detected on frozen sections (embedded in 
OCT compound) by double immunostaining with specific antibodies against 
CD45 (eBioscience) for leukocytes and CD31 (Millipore) for endothelium.

eNOS expression. Expression of eNOS was determined on serial 5-μm 
heart sections (fixed in 4% paraformaldehyde and embedded in paraffin) 
stained with IB4 (Sigma-Aldrich) and anti-eNOS Ab (BD Transduction 
Laboratories). Quantification of eNOS expression in the endothelium was 
determined in captured images with Zeiss confocal microscope, analyzed 
using Image J software, and reported as ratio of eNOS to IB4 staining.

Echocardiography
Mice were sedated with 1% isoflurane in oxygen. Echo images were acquired 
in M-mode following standard procedures with the VisualSonics Vevo 770 
high-resolution in vivo microimaging system.

Blood pressure measurements
A 1.4-F Mikro-tip pressure-volume catheter (Millar Instrument) was intro-
duced into the proximal portion of the ascending aorta via the right common 
carotid artery to determine systolic and diastolic blood pressure. Mice were 
anesthetized with 1.5% isoflurane, and body temperature was maintained at 
36.5°C by standard methods. Data were recorded with LabChart 6.0 software.

High-resolution X-ray CT (micro-CT)
Mice were heparinized by intraperitoneal injection (50 μl heparin per 
mouse; 1,000 U/ml) and anesthetized by isoflurane inhalation. Postmor-
tem intracoronary perfusion was performed on isolated heart connected 
to a simplified Langendorff perfusion system. Briefly, a polyethylene tube 
(PE50) was inserted into the LV via the mitral valve to remove the LV load. 
The heart was arrested at the end of the diastole via brief perfusion of KCl 
(100 mM; ref. 67) and was immediately flushed by switching the perfusion 
solution to 1 ml heated saline (37°C), followed by 100 μl adenosine  
(3 mg/ml) and 1 ml 4% paraformaldehyde. The perfusion was then changed to  
50 μl, 20% bismuth (37°C in 5% gelatin; ref. 68), and the pressure was set at 
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immunoblotted using specific antibodies against RGS4 (from Millipore 
and Abcam; also provided by S. Mumby, UT Southwestern Medical Cen-
ter, Dallas, Texas, USA); PlGF-2 (R&D Systems); Akt (Millipore); AktSer473 
(Epitomics); Tsc2, Tsc2Ser939, p70-S6K, and p70-S6KThr389 (Cell Signaling); 
Gapdh (Research Diagnostics); GRK2, Ate1, NFAT3, and NFAT3Ser168/170 
(Santa Cruz Biotechnology); α-actinin sarcomeric (Sigma-Aldrich); and 
eNOS, nNOS, and iNOS (BD Transduction Laboratories). Immunore-
active bands were visualized using horseradish peroxidase–conjugated 
secondary antibody and enhanced chemiluminescent substrate (Pierce). 
Images were captured with G:Box gel imaging system and analyzed with 
GeneTools software (Syngene).

Akt kinase activity. Akt kinase activity was assessed by immuno
precipitation with anti-AktSer473 antibody, followed by an in vitro kinase 
assay using GSK-3 as substrate (Cell Signaling).

PKG kinase activity. PKG kinase activity was determined in ELISA format 
with a peroxidase-coupled anti–phospho–G kinase substrateThr68/119 mono-
clonal antibody as reporter (Cyclex Co. Ltd.).

Statistics
Data are presented as mean ± SEM. Differences among multiple groups 
were assessed using 1- or 2-way ANOVA followed by Bonferroni post-
hoc test for multiple comparisons. Comparisons between 2 independent 
groups were performed using a 2-sample t test. All P values were calculated 
using 2-tailed statistical tests. Differences were considered significant for P 
values less than 0.05. Data were analyzed using IBM SPSS Statistics 19.00.

Study approval
All animal experiments were performed under a protocol approved by the 
Institutional Animal Care and Use Committee of Yale University.
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5′-ACACATTGGGGGTAGGAACA-3′; ANP forward, 5′-CCTAAGCCCTT-
GTGGTGTGT-3′; ANP reverse, 5′-CAGAGTGGGAGAGGCAAGAC-3′; 
βMHC forward, 5′-TGCAGCAGTTCTTCAACCAC-3′; βMHC reverse, 
5′-TCGAGGCTTCTGGAAGTTGT-3′; αMHC forward, 5′-GAGGACCAG-
GCCAATGAGTA-3′; αMHC reverse, 5′-GCTGGGTGTAGGAGAGCTTG-3′.

Cardiomyocyte culture experiments
Cell culture reagents. The NO donor DETA-NONOate was from Cayman 
Chemical Co.; MG132 was from Calbiochem; Ate1 siRNA, RGS4 siRNA, 
and AllStars Negative Control siRNA were from Qiagen; recombinant 
mouse PlGF-2 was from R&D Systems; AS605240, LY294002, and Ang II 
were from Sigma-Aldrich; Ad-βARKct was provided by W. Koch (Thomas 
Jefferson University, Philadelphia, Pennsylvania, USA; ref. 27); reporter vec-
tors pNFAT-SEAP, pTAL, and pSEAP were from Clontech; RGS4 plasmid 
was from UMR cDNA Resource Center; and control pcDNA3.1+ plasmid 
was from Invitrogen.

Neonatal rat cardiomyocytes. Neonatal rat cardiomyocytes were isolated 
from 2-day-old Sprague-Dawley rats using the Neonatal Cardiomyocyte Iso-
lation System (Worthington Biochemical Corp.; ref. 2). Isolated cardiomyo-
cytes were plated on fibronectin-coated plates and cultured for 24 hours in 
DMEM supplemented with 10% FBS. Experiments were done 24–48 hours 
after isolation. Cardiomyocytes were treated with NO donor, Ang II, or 
PLGF in serum-free medium for 24 hours or as indicated otherwise.

Transfection of siRNA. Transfection of siRNA was carried out using Trans-
Pass R2 reagent (New England Biolabs).

Transfection of RGS4 plasmid. Transfection of RGS4 plasmid was carried 
out using nucleofector kit (Lonza).

Transcriptional activity of NFAT. Transcriptional activity of NFAT was 
determined using the pathway profiling system with secreted alkaline pho-
spahatase SEAP reporter (Clontech).

Cell size measurements in culture. Cardiomyocytes treated as indicated were 
fixed in 4% PFA and permeabilized with 2% PFA, 0.1% Triton X-100, and 
0.1% NP-40. Morphological and morphometric analysis were carried out by 
immunostaining with anti–α-actinin sarcomeric Ab (1:50; Sigma-Aldrich) 
and visualization with Zeiss confocal microscope. The myocyte surface 
area was measured in captured images using Image J software.

Western blotting
Immunoblotting. Proteins, isolated cardiomyocytes, or LV tissue 
homogenates were extracted in RIPA lysis buffer supplemented with 
protease inhibitor cocktail (Roche). The lysates were clarified by ultra-
centrifugation (20,000 g, 15 minutes at 4°C), and 30 μg protein extract, 
determined by BCA assay, was subjected to SDS-PAGE. After transfer to 
Immobilon membranes (Millipore), the membranes were blocked with 
5% nonfat dried milk in TBS (pH 7.4) containing 0.1% Tween 20, and 
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