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Aims b-blockers are widely used in therapy for heart failure and hypertension. b-blockers are also known to evoke addi-
tional diversified pharmacological and physiological effects in patients. We aim to characterize the underlying mo-
lecular signalling and effects on cardiac inotropy induced by b-blockers in animal hearts.

....................................................................................................................................................................................................
Methods and
results

Wild-type mice fed high-fat diet (HFD) were treated with carvedilol, metoprolol, or vehicle and echocardiogram
analysis was performed. Heart tissues were used for biochemical and histological analyses. Cardiomyocytes were
isolated from normal and HFD mice and rats for analysis of adrenergic signalling, calcium handling, contraction, and
western blot. Biosensors were used to measure b-blocker-induced cyclic guanosine monophosphate (cGMP) signal
and protein kinase A activity in myocytes. Acute stimulation of myocytes with carvedilol promotes b1 adrenergic
receptor (b1AR)- and protein kinase G (PKG)-dependent inotropic cardiac contractility with minimal increases in
calcium amplitude. Carvedilol acts as a biased ligand to promote b1AR coupling to a Gi-PI3K-Akt-nitric oxide syn-
thase 3 (NOS3) cascade and induces robust b1AR-cGMP-PKG signal. Deletion of NOS3 selectively blocks carvedi-
lol, but not isoproterenol-induced b1AR-dependent cGMP signal and inotropic contractility. Moreover, therapy
with carvedilol restores inotropic contractility and sensitizes cardiac adrenergic reserves in diabetic mice with mini-
mal impact in calcium signal, as well as reduced cell apoptosis and hypertrophy in diabetic hearts.

....................................................................................................................................................................................................
Conclusion These observations present a novel b1AR-NOS3 signalling pathway to promote cardiac inotropy in the heart, indi-

cating that this signalling paradigm may be targeted in therapy of heart diseases with reduced ejection fraction.
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1. Introduction

Stimulation of cardiac b adrenergic receptors (bARs) presents the key
regulatory mechanism to enhance cardiac contractile function in re-
sponse to sympathetic stress. In the classic paradigm, activation of the
major cardiac b1 adrenergic receptor (b1AR) subtype by catecholamines
leads to Gs-dependent activation of adenylate cyclases, which produces

the secondary messenger cyclic adenosine monophosphate (cAMP) to
activate protein kinase A (PKA).1 PKA plays a key role in enhancing car-
diac contractility by promoting protein phosphorylation involved in exci-
tation–contraction (E-C) coupling.2 In pathological conditions such as
heart failure (HF), b-blockers target the b1AR by blocking the receptor-
mediated cardiotoxic cAMP signalling in hearts. Interestingly, clinical
observations indicate that a class of b-blockers such as nebivolol and
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carvedilol are implicated in promoting nitric oxide (NO) and cyclic gua-
nosine monophosphate (cGMP) signalling in the vasculature, offering ad-
ditional benefits in treatment of HF.3,4 However, the mechanisms
underlying the b-blocker-induced NO/cGMP signalling remains unclear.

In comparison, activation of b2AR and b3AR subtypes is known to
lead to dual coupling of receptors to both Gs and Gi proteins.5 While
the Gs-coupling by these bAR subtypes promotes small and restricted
cAMP signal with minimal impacts on cardiac contractility, the Gi-cou-
pling of b2AR and b3AR promotes activation of Akt and nitric oxide syn-
thase 3 (NOS3)-cGMP cascades for diverse cellular responses.6,7 Recent
studies indicate that stimulation of b1AR can also transduce diversified
bAR signalling outputs.8,9 For example, a mutant b1AR lacking of scaffold
tethering is capable of coupling to Gi in neonatal cardiomyocytes when
activated by isoproterenol, leading to reduction of cAMP signal.9 A re-
cent study indicates that the b-blocker carvedilol is capable of promoting
b1AR coupling to Gi to transduce MAPK pathway in fibroblasts.8

Accumulating evidence has validated carvedilol as a bAR biased agonist
and the cardioprotective effects of carvedilol may associate with its bi-
ased agonism of b1AR signalling.10–12 However, it is not known whether
the carvedilol-induced b1AR coupling to Gi is connected to cGMP signal
observed in the clinical settings. Investigating the signalling mechanisms
underlying these observations will not only help us to understand the
effects of this class of b-blockers in therapy but also offer potential novel
targets for more efficacious strategies to treat cardiovascular diseases.

In this study, we show that carvedilol biasedly stimulates a more ro-
bust and far-reaching b1AR-cGMP signal relative to a minimal and
restricted b1AR-cAMP signal. This biased b1AR-cGMP signalling is de-
pendent on NOS3 activated by a receptor-Gi-PI3K-Akt pathway. This
novel b1AR pathway promotes PKG-dependent increases in contractility
with minimal impacts on calcium transient amplitude in both healthy
hearts and diabetic cardiomyopathy. Our data indicate that this novel
b1AR-cGMP signalling pathway can be targeted to improve depressed
cardiac ejection and to protect against myocyte apoptosis in diabetic
cardiomyopathy.

2. Methods

2.1 Reagents and materials
All reagents and materials were obtained from Millipore-Sigma (St.
Louis, MO, USA) unless otherwise specified.

2.2 Animals
All experiments including mouse feeding, treatment, and tissue collec-
tion were approved by the Institutional Animal Care and Use
Committees (protocol: 20234 and 20957) of the University of California
at Davis and follow NIH guidelines and ARRIVE guidelines.13–15NOS1-
KO, NOS3-KO, and wide-type (WT) C57BL/6 male mice were ordered
from The Jackson Laboratory (Bar Harbor, ME, USA). WT rats were
purchased from Harlan Laboratories Inc (Indianapolis, IN, USA). All ex-
perimental animals were housed at room temperature with a 12 h–12 h
light cycle.

2.3 High-fat diet model establishment and
in vivo treatment
C57BL/6 WT male mice (6- to 8-week old) were fed with low-fat diet
(LFD) formula D12450J (3.85 kcal/g; containing 20% of calories from
protein, 70% of calories from carbohydrate, and 10% of calories from

fat) or with a matched high-fat diet (HFD) formula D12492 (5.24 kcal/g;
containing 20% of calories from protein, 20% of calories from carbohy-
drate, and 60% of calories from fat, Research Diets Inc. New Brunswick,
NJ, USA).16 Details are described in the Supplementary material online,
Methods.

2.4 Echocardiograph
Cardiac function was assessed with a Vevo 2100 Imaging System using a
22–55 MHz MS550D linear probe (VisualSonics, Toronto, ON, Canada).
Mice were anaesthetized with isoflurane in oxygen (2% for induction and
1% for maintenance) and placed on a warm pad at the supine position.
Body temperature, respiratory rate, and electrocardiograph were moni-
tored; and heart rate was kept consistent between 450–500 beats per
minute to avoid variation. After recording baseline cardiac function, mice
were injected with (-)-isoproterenol hydrochloride (ISO, 100mg/kg i.p.),
carvedilol (100mg/kg i.p), or metoprolol (100mg/kg i.p). Cardiac function
was measured 2 min after drug injection. All measurements represent
the average of three cardiac cycles and were performed in a blind fashion
with group identifiers removed from the imaging using Vevo 2100 soft-
ware (v3.1.1). Details are described in the Supplementary material on-
line, Methods.

2.5 Blood glucose and intraperitoneal
glucose tolerance test
Fast blood glucose level and intraperitoneal glucose tolerance test
(IPGTT) were performed after 6-h fasting from venous blood by snip-
ping the tail. Fast glucose levels were recorded as time 0, and glucose lev-
els were obtained at 15 min, 30 min, 60 min, and 120 min after i.p.
injection of 1 mg glucose/1g body weight. Glucose time course was plot-
ted and the area under curve (AUC) was calculated to diagnose the de-
gree of the glucose tolerance impairment.

2.6 Histological staining
Mice were sacrificed with heart harvest after anaesthesia with 1–2% iso-
flurane. Hearts were collected and rinsed in 1 mM KCl to maintain an
end-diastolic cardiac anatomy. The hearts were fixed and processed for
histochemical analysis. Details are described in the Supplementary mate-
rial online, Methods.

2.7 Myocyte isolation and in vitro treatment
Adult left ventricular myocytes (AVMs) from WT, NOS1-KO, and
NOS3-KO mice and WT rats were isolated according to the protocol
previously reported.17 Animals were euthanized to harvest hearts after
anaesthesia with 1–2% isoflurane. Details are described in the
Supplementary material online, Methods.

2.8 Adult myocyte contractility and
calcium transient assay
As described previously, fresh AVMs were recovered in beating buffer
for 30 min and then were stained with 5 lM Fluo-4 AM (Thermo Fisher
Scientific, Waltham, MA, USA) for 15 min in the dark at room tempera-
ture and rinsed with PBS without calcium for 10 min.16,17 Contractility
and calcium transient were analysed in the same AVMs as detailed in the
Supplementary material online, Methods. The average value from multi-
ple cells of each animal was plotted as one data point. Data were col-
lected from five animals per group.
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2.9 Western blot
Heart tissue lysates were prepared using FastPrep-24TM classic homoge-
nizer (MP Biomedicals, Santa Ana, CA, USA) in RIPA buffer with phos-
phatase and protease inhibitors. Isolated myocytes were lysed using an
ultrasonic cell disruptor (Fisher Scientific, Pittsburgh, PA, USA) on ice af-
ter treatment. Cell and tissue lysates were subjected to western blot
analysis detailed in the Supplementary material online, Methods.

2.10 Fluorescence resonance energy
transfer
Fluorescence resonance energy transfer (FRET) was performed as previ-
ously described.18 Freshly isolated adult rat and mouse myocytes were
cultured and then infected with the cytosolic cGM Psensor, cGi500
(Cyto-cGMP),4 or cGMP sensors anchored on the plasma membrane
(PM) (PM-cGMP), the sarcoplasmic reticulum (SR) (SR-cGMP), or the
myofilament (MF-cGMP) with targeting sequences for 36 h in serum-free
FRET media as described previously.19 Similarly, cells were infected with
Cyto-AKAR3 (cytosolic PKA sensor)13 or PM-AKAR3 (PM PKA sen-
sor)5 biosensors for 36 h in serum-free FRET media. Live cells on cover-
slip were subjected to FRET analysis as described in the Supplementary
material online, Methods. The average value from multiple cells of each
animal was plotted as one data point. Data were collected from five ani-
mals per group.

2.11 Statistical analysis
Pooled data were represented as the mean ± SEM. Group sizes were de-
termined by an a priori power analysis for a two-tailed, two-sample t-test
with an a of 0.05 and power of 0.8, in order to detect a 10% difference
signal at the endpoint. Animals were grouped with no blinding but ran-
domized during the experiments. Fully blinded analysis was performed
with different persons carrying out the experiments and analysis, respec-
tively. Male animals were used for all experiments. No samples or ani-
mals were excluded from analysis. Representative figures/images
reflected the average levels of each experiment. Normality of the data
was assessed using two-sided Kolmogorov–Smirnov test in GraphPad
Prism 8 (GraphPad Inc., San Diego, CA, USA). All statistical tests were
two-sided and evaluated at a significance of 0.05. Unpaired two-tailed
Student’s t test was utilized for comparisons of two-independent varia-
bles. One-way analysis of variance (ANOVA) and one-way nested
ANOVA were used to compare >_3 groups followed by Tukey’s multiple
comparison. Two-way ANOVA and two-tailed Student’s t test were uti-
lized for comparisons of two variables. The correlation between cell
shortening and calcium transient amplitude of each mouse was plotted;
and the slope of before and after treatment was evaluated using linear
regression.

3. Results

3.1 Carvedilol acute treatment enhances
PKG-dependent contractility of normal
adult myocytes
Beta-blockers are widely used in treatment of HF primarily through
blocking the function of catecholamine; however, there are nuances in
pharmacological actions among distinct b-blockers. Among them, carve-
dilol is unique, due to its ability in promoting cardiac contractility of HF
mice.20 Here, we observed a significant increase in contractile shortening
of AVMs from normal mice after acute stimulation with non-selective b-

agonist ISO and non-selective b-blocker carvedilol. The carvedilol-
induced increases were about 45% of those induced by ISO (Figure 1A–D).
By recording the calcium transient signalling simultaneously in the same
AVMs, ISO was found to induce robust increases in calcium cycling
with higher amplitudes of calcium transient and faster calcium decay
Tau, however, carvedilol failed to affect calcium cycling (Figure 1E
and F, Supplementary material online, Figure S1A and C). Meanwhile, a
control b1AR selective blocker metoprolol did not change contractility
and calcium cycling in AVMs (Figure 1B, D–F, Supplementary material
online, Figure S1B). The correlation between mean contractile function
and mean calcium transient amplitude of each mouse revealed an up-
regulated of calcium sensitivity for myocyte shortening in carvedilol
treated AVMs with a higher slope than those treated with ISO or met-
oprolol (Supplementary material online, Figure S1L).

In the classic paradigm, stimulation of b1AR enhances myocyte
contractility via increasing cAMP signal and PKA activity. Carvedilol is
a beta-blocker that blocks PKA activity. However, carvedilol is also
implicated in mobilizing NO-cGMP signalling in clinical settings.4 We
examined signalling pathways involved in carvedilol-induced contrac-
tility. Carvedilol-induced increases in contractility of AVMs were
completely abolished by PKG inhibitor DT-2, but not sensitive to in-
hibition of PKA with PKI (Figure 1G–J). Carvedilol minimally affected
calcium transient and decay tau, which led to an increased slope of re-
lationship between contractility and calcium transient amplitude
(Figure 1K and L, Supplementary material online, Figure S1L). PKI
or DT-2 did not affected calcium transient amplitude; but DT-2 re-
duced calcium decay tau under carvedilol treatment (Figure 1K and L,
Supplementary material online, Figure S1D–F). Together, these data
indicate that carvedilol transduces a PKG pathway to promote myo-
cyte contractility in vitro.

3.2 Carvedilol promotes biased b1AR-
cGMP signalling in cardiomyocytes
Using FRET-based biosensors for PKA (AKAR3) and cGMP (cGi500),
we then dissected the effects of carvedilol on cAMP-PKA and cGMP-
PKG signalling in rat AVMs. A set of other b-blockers were examined in
comparison. None of the b-blockers induced significant increases
in PKA activity in the cytoplasm (Figure 2A). We suspected that some
b-blockers may induce small increases in PKA activity in the local vicin-
ity of activated receptors, which is not detectable in the cytoplasm. A
PKA biosensor AKAR3 anchored on PM (PM-AKAR3) was used.
Carvedilol, but not other b-blockers, induced small yet significant
increases in PKA activity at the PM (Figure 2B). Furthermore, the
carvedilol-induced PKA activity on the PM was blocked by non-
selective bAR antagonist, CGP12177, but not blocked by b2AR selec-
tive antagonist, ICI118551 (Figure 2C), indicating a b1AR-dependent ac-
tion. In comparison, among the compounds tested, carvedilol and
nebivolol induced significant increases in cGMP signal in the cytoplasm
in AVMs (Figure 2D). Meanwhile, b-agonist ISO-induced robust
increases in PKA activity at both the PM and cytoplasm as well as
cGMP signal in the cytoplasm of AVMs (Figure 2A–D). When comparing
with the responses induced by ISO, carvedilol biasedly promoted
cGMP signal in AVMs (Figure 2E). In myocytes, activated PKG promotes
phosphorylation of vasodilator-stimulated phosphoprotein (VASP)
at Ser239, whereas PKA enhances the phosphorylation of VASP at
Ser157.21 We assessed the downstream phosphorylation of VASP as a
proxy of carvedilol-induced cGMP-PKG and cAMP-PKA signalling
detected in FRET assays. Carvedilol treatment significantly promoted

Carvedilol promotes cardiac contractility 2239
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Figure 1 Acute stimulation with carvedilol enhances mouse cardiomyocyte contractility without enhancing calcium transient in a PKG-dependent
manner. Mouse AVMs were treated with ISO (100 nM), carvedilol (1mM), or metoprolol (1mM) for 5 min, then the contractile function and calcium

2240 Q. Wang et al.
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.the phosphorylation of Ser239 but did not enhance the phosphorylation
of Ser157 of VASP in AVMs (Figure 2F). As control, ISO promoted phos-
phorylation at both PKA and PKG sites on VASP; metoprolol failed to
do neither (Figure 2F). These data indicate that carvedilol preferentially
promotes a cGMP-PKG signalling and phosphorylation of substrates in
myocytes while ISO is capable of transducing both b1AR-cGMP and
cAMP-PKA signalling in AVMs.

3.3 Carvedilol-induced b1AR-cGMP
signalling preferentially targets to the myo-
filaments in cardiomyocytes
To understand how the b1AR-cGMP signalling is involved in enhancing
myocyte contractility, we further analysed subcellular distribution of
cGMP signal after stimulation with carvedilol. We applied a series of an-
chored FRET-based cGMP biosensors in AVMs: SR-cGi500 on the SR,
PM-cGi500 on the PM, and MF-cGi500 on the myofilament
(Supplementary material online, Figure S2A). ISO significantly induced
cGMP signal at all three cellular compartments (Figure 3A–C) with a
smaller signal at the SR than at other subcellular compartments.
Carvedilol promoted cGMP signal at the PM and myofilaments, but mini-
mally at the SR (Figure 3A–C). The increases in cGMP signal induced by
carvedilol were lower than those induced by ISO in individual subcellular
compartment, but relative higher at the myofilament than other subcel-
lular compartments. As a control, metoprolol failed to produce cGMP
signal in AVMs (Figure 3A–C). The carvedilol-induced cGMP signal in
AVMs was blocked by pretreatment with CGP12177, but not with
ICI118551 or SR59230A, supporting a b1AR-dependent mechanism
(Supplementary material online, Figure S2B–D). These data indicate that
carvedilol induces a biased b1AR-cGMP signalling that preferentially tar-
gets to the myofilaments.

We further assessed the potential impacts of carvedilol-induced
cGMP-PKG signalling on phosphorylation of troponin I (TnI) and myosin
binding protein C (MyBP-C), two known PKG substrates on the myofila-
ments.22,23 Carvedilol did not alter phosphorylation of serine23/24 of
TnI; in comparison, carvedilol enhanced phosphorylation of serine282 of
MyBP-C in AVMs. As a control, ISO increased phosphorylation of both
serine 282 of MyBP-C and serine23/24 of TnI (Figure 3D). Carvedilol-
induced phosphorylation of MyBP-C at serine282 was blocked by DT-2,
but not by PKI or calmodulin kinase II inhibitor KN93 (Figure 3E).
Additionally, metoprolol or CGP12177 did not promote phosphoryla-
tion of MyBP-C; and pretreatment with CGP12177 significantly abol-
ished the phosphorylation of MyBP-C at serine282 evoked by carvedilol
(Figure 3D and F). These data indicate that carvedilol induces b1AR-
cGMP signalling, which enhances phosphorylation of substrates at the
myofilaments in myocytes.

3.4 Carvedilol promotes NOS3-dependent
b1AR-cGMP signalling in cardiac myocytes
We then analysed the carvedilol-induced cGMP signalling pathway using
the cGMP biosensor in FRET assays. The carvedilol-induced cGMP signal
was also abolished by CGP12117, but not by ICI118551 or SR59230A in
AVMs (Figure 4A). Moreover, the carvedilol-induced cGMP signal was
blocked by the Gi inhibitor pertussis toxin (PTX), the PI3K inhibitor
LY294002, and the Akt inhibitor, MK2206 (Figure 4B). Under adrenergic
stimulation, activated NOS produces NO, which stimulates soluble gua-
nylyl cyclases (sGCs) to synthesize cGMP. Two NOSs, NOS1 (also
known as neuronal NOS, nNOS) and NOS3 (also known as endothelial
NOS, eNOS) play essential roles in heart function.24 Genetic deletion of
NOS3, but not NOS1, significantly blocked carvedilol-induced cGMP sig-
nal in AVMs, indicating that carvedilol promotes cGMP synthesis through
the NOS3 pathway (Figure 4C).

NOS3 is known to be phosphorylated and activated by Akt.25

Carvedilol, but not metoprolol or CGP12177, increased the phosphory-
lation of NOS3 on Serine1177, one of the phosphorylation events con-
tributing to activation of the enzyme (Figure 4D). The specificity of NOS3
primary antibodies was validated by blotting with protein extracts from
NOS3 knockout (KO) mouse (Supplementary material online, Figure
S3). Meanwhile, CGP12177 significantly blocked carvedilol-induced
phosphorylation of NOS3 at Ser1177, while neither ICI118551 nor
SR59230A blocked the responses (Figure 4E). Moreover, inhibition of
Akt with MK2206, but not inhibition of PKA with PKI, blocked
carvedilol-induced phosphorylation of NOS3 at Ser1177 (Figure 4F).
Together, these data indicate that carvedilol induces a b1AR-cGMP-PKG
signalling pathway through a Gi-PI3K-Akt-NOS3 cascade.

3.5 Carvedilol promotes NOS3-dependent
increases in myocytes contractility in vitro
and cardiac ejection fraction in vivo
Deletion of NOS3 also blocked carvedilol, but not ISO-induced phos-
phorylation of MyBP-C at serine282 (Figure 5A). As controls, ISO, but
not carvedilol, promoted PKA phosphorylation of phospholamban (PLB)
at serine16; and metoprolol did not affect the phosphorylation of either
MyBP-C or PLB (Figure 5A). Moreover, acute injection of carvedilol in
WT littermate mice induced significant increases in cardiac ejection frac-
tion (EF) (Figure 5B). Deletion of NOS3 abolished the carvedilol effects
on both heart rates and EF (Figure 5B and C). Deletion of NOS3 did not
affect ISO-induced increases in heart rates and EF (Figure 5D and E). As
negative controls, metoprolol minimally affected cardiac EF in both WT
and NOS3-KO mice (Figure 5F), but significantly reduced heart rates
(Figure 5G). Additionally, deletion of NOS3 also inhibited carvedilol-
induced increases in contractility but did not affect ISO-induced re-
sponse in isolated AVMs (Figure 5H). Deletion of NOS3 did not affect

Figure 1 Continued
transient were detected in the same cell before and after stimulation. (A–C) Representative traces of contractility both at basal line and in re-
sponse to ISO, metoprolol, or carvedilol treatment, (D) The maximal increases in contractile function, (E) amplitude of calcium transient, and (F)
Calcium decay Tau were measured and plotted. (G–I) AVMs were pre-treated with PKI (1mM) or DT-2 (100 nM) for 10 min before carvedilol
(1mM) stimulation. Representative traces of contractility at basal level (after pretreatment) and at 5 min of additional carvedilol treatment. (J)
The maximal increases in contractile function, (K) Amplitude of calcium transient, and (L) calcium decay Tau were measured and plotted. Data
were presented as mean value of each mouse and from total five mice per group. **P <_ 0.01, ***P <_ 0.001 by one-way ANOVA followed by post
hoc Tukey’s test.
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Figure 2 Carvedilol promotes biased cGMP signalling in rat cardiomyocytes. (A) Cytoplasmic PKA activity was measured with FRET biosensor Cyto-
AKAR3 after treatment with ISO (100 nM), b-blockers (1mM), or vehicle in rat AVMs. (B) PKA activity at the PM was measured with FRET biosensor PM-
AKAR3 after treatment with ISO (100 nM), b-blockers (1mM), or vehicle in rat AVMs. (C) Rat AVMs were pretreated with CGP12177, or ICI118551
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..calcium cycling in isolated AVMs after either ISO or carvedilol treatment
(Figure 5I and J).

3.6 Carvedilol enhances cardiac contractile
function in diabetic hearts
To investigate the clinical significance of this novel b1AR-cGMP-PKG sig-
nalling pathway triggered by carvedilol, we treated HFD-induced cardio-
myopathy with carvedilol or metoprolol. The metabolic and cardiac
function of mice fed with HFD or LFD were monitored as outlined
(Supplementary material online, Figure S4A). After feeding with HFD for
4 weeks, the fasting blood glucose levels of mice were further up-
regulated than those of LFD fed mice; the increased levels of fasting
blood glucose in HFD mice were also associated with glucose intoler-
ance (Supplementary material online, Figure S4B–D). Mice fed with HFD
for 14 weeks displayed an impaired systolic cardiac function with signifi-
cantly reduced EF and fractional shortening (FS) when compared with
mice feeding with LFD (Figure 6A and B), consistent with cardiomyopathy
described in previous studies.13 Subsequently, mice fed with HFD for
14 weeks were subjected to carvedilol and metoprolol therapies for
4 weeks (Supplementary material online, Figure S4E). Therapies with
both b-blockers effectively rescued cardiac EF and FS in HFD hearts
(Figure 6C and D). In addition, carvedilol and metoprolol therapies signifi-
cantly decreased in cross sectional area of myocytes of left ventricle, left
ventricular wall thickness, and myocardial fibrosis (Supplementary mate-
rial online, Figure S5A–C). These observations were accompanied with a
restoration of both systolic and diastolic cardiac function in HFD mice
(Supplementary material online, Table S1).

AVMs were isolated from treated mice to assess the impacts of b-
blockers on contractility and calcium handling. AVMs from HFD mice
with vehicle therapy displayed impaired calcium cycling and contractile
shortening relative to those from mice fed with LFD (Figure 6E–G).
AVMs from carvedilol-treated HFD mice displayed significant increases
in contractile shortening over those from vehicle-treated HFD mice
(Figure 6E). However, these increases were associated with reduced cal-
cium amplitude and a fast calcium decay time (Figure 6F and G). In com-
parison, metoprolol minimally affected calcium cycling and contractile
shortening in HFD myocytes relative to vehicle-treated controls (Figure
6E–G). These observations suggest that therapies with carvedilol and
metoprolol promoted distinct remodelling on E-C coupling. We then
examined the activity and expression of related proteins in HFD hearts
after therapies. We found therapy with neither carvedilol nor metopro-
lol significantly affected the expression of sarco-endoplasmic reticulum
calcium ATPase 2 (SERCA2) in HFD heart (Supplementary material on-
line, Figure S6A). While both drugs promoted the phosphorylation of
PLB at Ser16, the increases in phosphorylation of PLB induced by carve-
dilol were significantly higher than those of metoprolol treated ones
(Supplementary material online, Figure S6A). Both drugs significantly ele-
vated the phosphorylation of ryanodine receptor 2 (RyR2) at Ser2814
relative to the LFD controls (Supplementary material online, Figure S6B).
Metoprolol, but not carvedilol, increased the phosphorylation of RyR2

at Ser2808 and TnI at Ser23/24 in HFD hearts (Figure 6H; Supplementary
material online, Figure S6B). Carvedilol therapy selectively promoted
phosphorylation of MyBP-C at the Ser282, but not at serine 273 and 302
in HFD hearts (Figure 6I). In addition, therapy with carvedilol promoted
an elevation of phosphorylation of Ser1177 of NOS3 and phosphoryla-
tion of Akt at Ser473 in HFD hearts when compared with either vehicle-
or metoprolol-treated group (Supplementary material online, Figure
S6C). Together, these data indicate that these two drugs promote
remodelling of substrate phosphorylation involved in calcium handling
and contraction in HFD hearts via inducing different signalling pathways.

3.7 Carvedilol therapy sensitizes
adrenergic reserves in HFD hearts with
attenuated calcium cycling and myocytes
apoptosis
Since HFD hearts display modified contractility and calcium cycling to-
gether with modified protein phosphorylation after therapy with carve-
dilol, we assessed whether chronic treatment with carvedilol modulates
adrenergic reserves in response to stress in HFD hearts. After 4 weeks
of therapy, LFD and HFD mice were challenged with ISO. HFD mice
with vehicle therapy produced smaller responses in EF and FS relative to
LFD mice (Figure 7A and B; Supplementary material online, Table S2).
HFD mice with carvedilol or metoprolol therapy displayed robust
increases in EF and FS in response to ISO stimulation, which was equiva-
lent to those in LFD mice (Figure 7A and B; Supplementary material on-
line, Table S2). AVMs were isolated from HFD mice after therapy to
independently analyse the sensitivity to adrenergic stimulation. In com-
parison to those from LFD mice, AVMs from HFD mice with vehicle
therapy displayed smaller responses in E-C coupling after stimulation
with ISO (Figure 7C–E). AVMs from carvedilol-treated HFD mice dis-
played robust contractile shortening in response to ISO stimulation;
however, these myocytes displayed minimal to small responses in cal-
cium transient amplitude and decay Tau when compared with myocytes
from vehicle-treated HFD mice (Figure 7C–E). In comparison, myocytes
isolated from HFD mice with metoprolol treatment restored the sensi-
tivity to ISO stimulation, which were comparable to those of LFD groups
(Figure 7C–E). These results demonstrate that carvedilol is capable of en-
hancing cardiac inotropy in HFD mice without enhancing calcium cycling,
which may prevent potentially detrimental remodelling to myocardia un-
der elevated sympathetic drive in pathological conditions. The impacts of
carvedilol therapy on structural properties in HFD hearts were exam-
ined. HFD hearts with vehicle therapy displayed increased cardiac apo-
ptosis compared to LFD hearts. Carvedilol therapy significantly reduced
cell death in HFD hearts; this beneficial effect was not observed in the
metoprolol-treated group (Figure 7F and G, Supplementary material on-
line, Figure S7).

Figure 2 Continued
before carvedilol (1mM) stimulation. ISO (100 nM) or carvedilol induced PKA activity at the PM is measured with the FRET biosensor PM-
AKAR3. (D) Cytoplasmic cGMP signal was measured with FRET biosensor Cyto-cGi500 after treatment with ISO (100 nM), b-blockers (1mM),
or vehicle in rat AVMs. (E) b-blocker- or vehicle-induced responses in PKA activity and cGMP signal were normalized against the responses in-
duced by ISO and plotted on the horizontal X-axis and Y-axis, respectively. Data were presented as mean value of each animal (n = 5). (F) AVMs
were treated with ISO (100 nM), carvedilol (1mM), metoprolol (1mM), or vehicle for 10 min, the phosphorylation of VASP at Ser239 and
Ser157, as well as the expression of total VASP was detected (n = 5). *P <_ 0.05, **P <_ 0. 01, ***P <_ 0.001 by one-way ANOVA followed by post
hoc Tukey’s test.
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Figure 3 Carvedilol promotes cGMP signalling preferentially targets to myofilaments in cardiomyocytes. (A–C) Rat AVMs expressing targeted cGi500
biosensors were treated with ISO (100 nM), carvedilol (1mM), metoprolol (1mM), or vehicle. The time courses in FRET ratio were recorded. The maxi-
mal changes in FRET ratio normalized against ISO were plotted. Data were presented as mean value of each animal and from total five animals per group.
(D) Rat AVMs were treated with ISO (100 nM), carvedilol (1mM), metoprolol (1mM), or CGP12177 (1mM) for 10 min and cells were lysed and subjected
to western blot with antibodies against phosphor-S23/24 and total TnI and phospho-S282 and total MyBP-C. The levels of phosphorylation were normal-
ized with total protein (n = 4–5). (E and F) Rat AVMs were acutely stimulated with carvedilol (1mM) for 10 min after 10-min pretreatment with PKI
(1mM), DT-2 (100 nM), KN93 (1mM), CGP12177 (1mM), ICI118551 (1mM), or SR59230 A (1mM), and phosphorylation of MyBP-C at Ser282 was deter-
mined. The western blots were quantified. (n = 4–5) *P <_ 0.05, **P <_ 0.01, ***P <_ 0.001 by one-way ANOVA followed by post hoc Tukey’s test.
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.4. Discussion

A major finding reported here is that carvedilol is capable of inducing
b1AR-cGMP signalling to promote an inotropic contractile response in
healthy and HFD-induced diabetic hearts without increasing calcium

signalling. The observed carvedilol-induced positive inotropy is consis-
tent with previous observations showing that acute carvedilol injection
promotes cardiac contractility in dogs and humans.26,27 The effects of
carvedilol are uncoupled from the elevation of PKA phosphorylation of
substrates such as TnI and PLB, two proteins typically involved in

Figure 4 Carvedilol-induced b1AR-cGMP signalling is dependent on a Gi-Akt-NOS3 pathway in cardiomyocytes. (A) Rat AVMs expressing Cyto-
cGi500 biosensor were pretreated with CGP12177 (1mM), ICI118551 (1mM), or SR59230 A (1mM) for 10 min before stimulation with carvedilol (1mM).
The time courses in FRET ratio were recorded; and the maximal changes in FRET ratio were normalized against carvedilol. (B) Rat AVMs expressing
Cyto-Gi500 were treated with Gi inhibitor (PTX, 1mg/mL, 3 h), PI3K inhibitor (LY294002, 1mM, 10 min), or Akt inhibitor (MK2206, 1mM, 10 min) before
stimulation with carvedilol (1mM). The time courses in FRET ratio were recorded; and the maximal changes in FRET ratio were normalized against carve-
dilol. (C) AVMs from WT, NOS1KO, and NOS3KO mice expressing cGMP biosensor Cyto-Gi500 were stimulated with carvedilol (1mM). The time
courses in FRET ratio were recorded. The maximal changes were normalized against carvedilol response in WT myocytes. For panel A–C, data were pre-
sented as mean value of each animal and from total five animals per group. (D–F) Rat AVMs were treated with vehicle, ISO (100 nM), carvedilol (1mM),
metoprolol (1mM), or CGP12177 (1mM) for 10 min. Alternatively, rat AVMs pretreated with CGP12177 (1mM), ICI118551 (1mM), SR59230A (1mM),
PKI (1mM), or MK2206 (1mM) were stimulated with carvedilol as indicated. The phosphorylation of serine1177 and total protein of NOS3 were detected
and the ratio of phosphorylated NOS3 against total NOS3 was normalized. (n = 5) *P <_ 0.05, **P <_ 0.01, ***P <_ 0.001 by one-way ANOVA followed by
post hoc Tukey’s test.

Carvedilol promotes cardiac contractility 2245



Figure 5 Carvedilol promotes NOS3-dependent increases in contractile function in vitro and in vivo. (A) AVMs from NOS3-KO mice were stimulated
with vehicle, ISO (100 nM), carvedilol (1mM), or metoprolol (1mM). The phosphorylation of MyBP-C at serine282 and PLB at serine16 were examined and
quantified (n = 5). (B–G) WT and NOS3-KO mice were subjected to an intraperitoneal injection of 100mg/kg of ISO, 100mg/kg of carvedilol, or 100mg/kg of
metoprolol. EF was measured with echocardiograph before and after drug treatment (n = 5–7). Heart rate was recorded before and after drug injection
(n = 5–6). (H–J) AVMs from NOS3-KO mouse loaded with calcium dye were paced at 1 hz and treated with ISO, carvedilol, or metoprolol, then
the contractile shortening, amplitude of calcium transient, calcium decay Tau were measured before and after 5-min treatment in the same cell, and the

2246 Q. Wang et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
adrenergic stimulation of E-C coupling. Stimulation with carvedilol indu-
ces a biased b1AR coupling to Gi-PI3K-Akt-NOS3-dependent activation
of cGMP-PKG signalling for cardiac inotropy (Figure 7H). Deletion of
NOS3 blocks carvedilol but not ISO-induced cGMP signal and inotropic
responses in myocytes and hearts. Furthermore, therapy with carvedilol
modifies cardiac E-C coupling in the diabetic hearts without elevation of
calcium signalling and sensitizes the diabetic hearts to respond to adre-
nergic stimulation. These alterations are accompanied by reduced car-
diac cell apoptosis and hypertrophy. Meanwhile, carvedilol has been
shown to increase the contractility and NO synthesis of rat AVMs.28

Our data show that the carvedilol-induced b1AR-NOS3 pathway is con-
served in both rat and mouse. Together, these data reveal a novel car-
diac b1AR signalling paradigm to promote cardiac inotropy, with
potential benefits in preventing cell apoptosis and hypertrophy in dia-
betic cardiomyopathy.

Canonically, activation of cardiac b1AR selectively couples to Gs to
promote cAMP-PKA activity and cardiac contractility; in this paradigm,
PKA is the most critical and essential enzyme for enhancing contractile
responses. In comparison, activation of b2AR and b3AR leads to a dual
coupling of receptors to both Gs and Gi proteins.6,7,29 The coupling of
b2AR to Gs leads to limited and restricted distribution of cAMP signal at
the PM, whereas the coupling of b2AR and b3AR to Gi not only restricts
and limits Gs-dependent cAMP-PKA activity but also promotes beneficial
cardiac Akt activity and NO-cGMP signal.7,8,30 Similarly, the current data
shows that carvedilol promotes b1AR coupling to both Gs and Gi in the
heart: the Gs-dependent cAMP signal is restricted at the PM whereas the
carvedilol-induced b1AR-Gi-cGMP signal is far-reaching in myocytes.
The carvedilol-induced b1AR dual coupling to different G proteins
appears to be dependent on concentration: carvedilol at high concentra-
tions promotes b1AR coupling to Gi in fibroblasts while acting as a classic
beta-blockade at low concentrations.8 Additionally, mutation of the C-
terminal PDZ motif on b1AR releases the receptor from its scaffolding
proteins and permits the receptor coupling to Gi when stimulated with
ISO.9 Meanwhile, carvedilol activates b2AR in hippocampal neurons and
induces a local cAMP signal sufficient to promote activation of L-type cal-
cium channel in the local vicinity.31 While carvedilol promotes b1AR-Gi

signalling to arrestin-ERK pathway,8 it does not do so with b2AR.31

Moreover, our data show that nebivolol: a highly selective b1AR blocker
also promotes Gi-NO-cGMP pathway in cardiomyocytes.32 The mecha-
nisms underlying the divergent bAR subtype specific signalling are cur-
rently unclear and remain to be explored. These data depict the
diversified bAR signalling outputs in myocardium that are dictated not
only by the ligand binding-induced receptor conformation changes, but
also by the receptor-associated signalling partners within subcellular
environments in both healthy and disease states.

Considering the dominant expression of b1AR in hearts, the b1AR-
cGMP signalling may have much greater impacts on cardiac function rela-
tive to those induced by b2AR and b3AR. While cardiac cGMP-PKG sig-
nalling is generally linked to lusitropic effects, the inotropic effects of
PKG have been previously reported.33 Our data show that the positive
effect of carvedilol on inotropy is mediated by the b1AR-PKG signalling
but is independent of increases in phosphorylation of PLB and calcium
transient. Thus, the carvedilol effects are different from those induced by

b-arrestin-biased signalling induced by angiotensin II type 1 receptor
(AT1R) and b2AR, which are associated with phosphorylation of PLB
and increases in calcium signalling.34,35 Mechanistically, carvedilol enhan-
ces a global cGMP-PKG transduction while restricting cAMP-PKA signal-
ling at the PM. These biased signalling induced by carvedilol are further
validated by the increase of phospho-VASP at PKG site of Ser239 but
not at the PKA site of Ser157. An early study shows that the b3AR-in-
duced cGMP-PKG signalling has a negative impact on E-C coupling in
myocytes, which is linked to the phosphorylation of TnI.36 While the
carvedilol-induced b1AR-cGMP signal is also preferentially targeted to
the myofilaments, our data show that carvedilol selectively promotes
PKG-dependent phosphorylation of MyBP-C but not TnI. MyBP-C has
three sites (Ser273, Ser282 and Ser302) in cardiac-specific M-domain
that are the main targets of different enzymes that regulate the force of
contraction.37,38 The increased phosphorylation of MyBP-C at Ser282
likely plays a role in cooperating with other phosphorylation events to
regulate the function of myofilaments.37,38 These data however don’t
rule out the involvement of other substrates in the carvedilol-induced
contractile shortening. Future studies are merited to pursue the precise
mechanisms on how carvedilol-induced cGMP-PKG signalling promotes
cardiac inotropy.

This and previous studies indicate that both b1AR and b3AR are capa-
ble of coupling to NOS3 but induce distinct subcellular pools of cGMP
to facilitate the phosphorylation of specific substrates locally.33 Similarly,
distinct pools of cAMP are involved in differential phosphorylation of TnI
and MyBP-C in cardiomyocytes after adrenergic stimulation.39 Along the
same vein, distinct subcellular distribution of cGMP signal has been
reported after activation of natriuretic peptide receptor A and B in cardi-
omyocytes.40 Additionally, alteration of phosphodiesterase distribution
facilitates cross talk between ANP-induced cGMP signal and b1AR-in-
duced cAMP signal in myocytes from hypertrophic hearts induced by
pressure overload,41 through which ANP enhances ISO-induced cardiac
contractility in hypertrophic hearts. Thus, the subcellular pools of cGMP
may be further modified by expression and distribution of bAR subtypes
and phosphodiesterase isoforms to modulate cardiac contractility in dis-
eased conditions. For example, the carvedilol activated b2AR-cAMP sig-
nalling may also influence b1AR-cGMP signal through crosstalk between
cAMP/PKA and cGMP/PKG pathways.31 Further dissection of subcellular
distribution of bAR subtypes and their associated phosphodiesterases
will help us understand the dynamics of cyclic nucleotide signal and their
impacts on E-C coupling in healthy and diseased hearts. Indeed, we have
shown that chronic therapy with carvedilol can reduce expression of
PDE4D in HFD hearts.16 Potential crosstalks between cAMP/PKA and
cGMP/PKG pathway may further affect the observed outcomes in HFD
hearts in the current study.40,42 In all, our data support a potential benefi-
cial role of b1AR-cGMP signalling in enhancing cardiac inotropy in cardiac
diseases with reduced EF, consistent with evidence supporting that both
b2AR- and b3AR-cGMP signalling are beneficial in HF therapy in animal
models.7,43,44

In healthy mice and myocytes, carvedilol induces NOS3-dependent
positive inotropy in the absence of increases in calcium amplitude and
calcium decay Tau. These observations are different from the effects of
NOS1 in adrenergic stimulation of intracellular calcium signalling and

Figure 5 Continued
maximal increases were plotted. Data were presented as mean value of each animal and from total five animals per group. *P <_ 0.05, **P <_ 0.01,
***P <_ 0.001 by one-way ANOVA followed by post hoc Tukey’s test. Differences of EF between WT and NOS3-KO mice after carvedilol stimula-
tion were assessed by two-tailed unpaired t-test.
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Figure 6 Chronic therapy with carvedilol promotes cardiac contractile function in diabetic hearts. (A and B) Mice were fed with LFD or HFD for
24 weeks, and systolic cardiac function EF and FS was assessed at 0, 8, 12, 14, 16, 18, 24 weeks after feeding (n = 10). (C and D) Mice were fed with LFD or
HFD for 14 weeks; and the HFD fed mice were then subjected additionally to 4-week therapy (5% DMSO in water vehicle, 2.5 mg/kg/day carvedilol, or
10 mg/kg/day metoprolol). Cardiac function EF and FS was determined before and after therapy (n = 15). (E–G) AVMs were isolated from LFD and HFD
mice after therapy with vehicle, carvedilol, or metoprolol. The baseline contractile shortening, amplitude of calcium transient, and calcium decay Tau were
measured in the same cell. Data were presented as mean value of each mouse and from total four to five mice per group. (H and I) Cardiac tissue lysates
from LFD, HFD-Veh, HFD-Carv, HFD-Meto mice were used to examine the phosphorylation of Ser23/24 on TnI, Ser273, Ser282, and Ser302 of MyBP-C
and total proteins. The western blots were quantified (n = 5–6). *P <_ 0.05, **P <_ 0.01, ***P <_ 0.001 by one-way or two-way ANOVA followed by post hoc
Tukey’s test. ###P <_ 0.001 vs. LFD mouse before treatment by two-way ANOVA.
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Figure 7 Carvedilol therapy sensitizes adrenergic reserves in HFD hearts with attenuated calcium cycling and myocytes apoptosis. (A and B) At least 24 h
after 4-week therapy, LFD, HFD-Veh, HFD-Carv, HFD-Meto mice were intraperitoneally injected with ISO (100 mg/kg). Cardiac function was measured
with echocardiogram. The maximal EF and FS after ISO treatment were plotted (n = 5–11). (C–E) AVMs isolated from LFD, HFD-Veh, HFD-Carv, HFD-
Meto mice were treated with ISO (100 nM). The changes in contractile function, amplitude of calcium transient, and calcium decay Tau were measured in
the same cell. Data were presented as mean value of each mouse and from total five mice per group. (F and G) TUNEL staining was performed on heart sec-
tions from LFD-, HFD-Veh, HFD-Carv, and HFD-Meto mice. The average percentage of TUNEL-positive myocytes from each heart was quantified and pre-
sented. Data were from five mice (scale bar, 20mM). *P <_ 0.05, **P <_ 0.01, ***P <_ 0.001 by one-way ANOVA followed by post hoc Tukey’s test. (H)
Working model of carvedilol induced b1AR-NOS3-cGMP signalling pathway. Carvedilol transduces biased b1AR signalling towards the Gi-PI3K-AKT path-
way, which promotes the NOS3-NO-cGMP signal, facilitating PKG-dependent substrate phosphorylation and cardiac contractility, which is compared to
isoproterenol induced cAMP-PKA-dependent substrate phosphorylation and cardiac contractility.
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myocyte contractility.34,45 Genetic deletion of NOS3 completely abol-
ishes the effects of carvedilol in animal hearts in vivo. Future studies with
cardiac specific deletion of NOS3 will help to clarify the direct contribu-
tion of cardiac NOS3 in promoting the inotropic effects of carvedilol in
hearts. The observed b1AR-NOS3 signalling is also distinct from a recent
report that ISO induces b1AR-NOS1-dependent increases in CaMKII ac-
tivity in hearts.46 Mechanistically, our data show carvedilol induces lim-
ited cAMP-PKA activity within the PM, which is spatially segregated from
NOS1 enriched in the SR. In comparison, NOS3 is enriched at the PM
and can be readily activated by Gi-PI3K-Akt signalling.25 Therefore, car-
vedilol can block the detrimental NOS1-CaMKII activity induced by sym-
pathetic drive while promoting beneficial NOS3-NO-cGMP activity.
Moreover, we observed a decreased calcium transient amplitude and
faster decay Tau in myocytes from HFD mice with carvedilol therapy.
These observations are associated with elevation of phosphorylation of
Akt and NOS3 as well as proteins involved in calcium handling such as
PLB and RyR2. These changes could also prime myocytes to respond to
sympathetic drive to increase contractility without elevation of calcium
transient amplitude and decay Tau in diseased hearts. The absence of el-
evation in calcium signalling could further protect cardiomyocytes from
calcium overload and cell apoptosis, which could have significant ramifi-
cations in diseased hearts during long-term therapy. In comparison, met-
oprolol exerts similar cardiac protective effects to HFD-induced heart
dysfunction in vivo. However, the improved function of myocytes treated
by metoprolol is accompanied with elevated calcium transient amplitude
and a faster declining time to the calcium transient. The effect of meto-
prolol on calcium handling accounts for the negligible anti-apoptotic ef-
fect comparing with carvedilol. Moreover, the profiles of myofilament
protein modifications in HFD hearts after carvedilol and metoprolol
treatment are distinct, in which carvedilol promotes phosphorylation of
MyBP-C whereas metoprolol primarily increases the activation of TnI.
The mechanical difference between both b-blockers in treating HF may
be relevant to the difference in calcium handling and cGMP production.

5. Conclusion

While b-blockers generally attenuate detrimental b1AR-cAMP-CaMKII
signalling under sympathetic drive, carvedilol also induces additional car-
dioprotective b1AR-cGMP-PKG signalling in vivo. These findings may lend
understanding to the controversial findings of the COMET trial, where
carvedilol had a significant survival advantage over metoprolol in the
treatment of HF.47,48 Together, our data indicate that the biased b1AR-
cGMP-PKG signalling may be targeted to improve cardiac ejection de-
pression and protect cardiac myocytes against apoptosis in cardiac
diseases.
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Translational perspective
Carvedilol transduces b1 adrenergic receptor (b1AR) coupling to Gi-PI3K-Akt pathway to promote NOS3-cGMP-PKG signal and evokes cardiac
inotropy with minimal elevation of calcium signalling. Chronic therapy with carvedilol not only restores cardiac contractility and adrenergic reserves
but also leads to reduction of cardiac remodelling with less cell death than metoprolol. These results may explain at least in part that carvedilol had a
significant survival advantage over metoprolol in the treatment of heart failure in clinical studies. The carvedilol-induced b1AR-NOS3 axis represents
a novel regulatory paradigm to increase cardiac inotropy, which can be a promising therapeutic target for treating cardiac diseases with depressed
cardiac ejection fraction.
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