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HIGHLIGHTS

� Carvedilol induces b1AR coupling to NOS3

to promote myofilament PKG1 signaling.

� Myofilament PKG1 promotes the

phosphorylation of MYPT1 and MLC.

� The myofilament PKG1 enhances EC

coupling without increase in cellular

calcium.

� In human and mouse HF, cardiac b1AR

switches coupling from NOS1 to NOS3.

� Targeting the myofilament b1AR-NOS3-

PKG1 enhances contractility in ischemic

heart.
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SUMMARY
AB B
AND ACRONYM S

Akt = protein kinase B

AVM = adult ventricular

myocyte

bAR = b-adrenoceptor

cAMP = cyclic adenosine

monophosphate

cGMP = cyclic guanosine

monophosphate

EF = ejection fraction

FRET = fluorescent resonance

energy transfer

HF = heart failure

KO = knockout

MLC = myosin regulatory light

chain

MLCK = myosin regulatory

light chain kinase

MYPT1 = myosin phosphatase

target subunit 1

NOS = nitric oxide synthetase

PKA = protein kinase A

PKG = protein kinase G
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Phosphorylation of myofilament proteins critically regulates beat-to-beat cardiac contraction and is typically

altered in heart failure (HF). b-Adrenergic activation induces phosphorylation in numerous substrates at the

myofilament. Nevertheless, how cardiac b-adrenoceptors (bARs) signal to the myofilament in healthy and

diseased hearts remains poorly understood. The aim of this study was to uncover the spatiotemporal regulation

of local bAR signaling at the myofilament and thus identify a potential therapeutic target for HF. Phospho-

proteomic analysis of substrate phosphorylation induced by different bAR ligands in mouse hearts was per-

formed. Genetically encoded biosensors were used to characterize cyclic adenosine and guanosine

monophosphate signaling and the impacts on excitation-contraction coupling induced by b1AR ligands at both

the cardiomyocyte and whole-heart levels. Myofilament signaling circuitry was identified, including protein

kinase G1 (PKG1)–dependent phosphorylation of myosin light chain kinase, myosin phosphatase target sub-

unit 1, and myosin light chain at the myofilaments. The increased phosphorylation of myosin light chain en-

hances cardiac contractility, with a minimal increase in calcium (Ca2þ) cycling. This myofilament signaling

paradigm is promoted by carvedilol-induced b1AR–nitric oxide synthetase 3 (NOS3)–dependent cyclic guanosine

monophosphate signaling, drawing a parallel to the b1AR–cyclic adenosine monophosphate–protein kinase A

pathway. In patients with HF and a mouse HF model of myocardial infarction, increasing expression and as-

sociation of NOS3 with b1AR were observed. Stimulating b1AR-NOS3-PKG1 signaling increased cardiac

contraction in the mouse HF model. This research has characterized myofilament b1AR-PKG1-dependent

signaling circuitry to increase phosphorylation of myosin light chain and enhance cardiac contractility, with a

minimal increase in Ca2þ cycling. The present findings raise the possibility of targeting this myofilament

signaling circuitry for treatment of patients with HF. (JACC Basic Transl Sci 2024;9:982–1001) © 2024 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A s the central contractile apparatus within car-
diac muscle cells, myofilaments play a
pivotal role in signal reception and transduc-

tion in healthy and diseased hearts.1,2 Protein phos-
phorylation is a rapid and crucial mechanism to
control myofilament function and is commonly dys-
regulated in heart failure (HF). Reduction in the phos-
phorylation of myosin regulatory light chain (MLC)
has emerged as a key event contributing to the con-
tractile dysfunction of ischemic and hypertrophic
failing hearts,3-7 yet the underlying molecular
signaling remain elusive. Cardiac b-adrenoceptor
(bAR) signaling to the cyclic adenosine monophos-
phate (cAMP)–protein kinase A (PKA) pathway is
recognized as the primary driving force for activating
ion channels and transporters and increasing calcium
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By using subcellular-localized fluorescent reso-
nance energy transfer (FRET)–based biosensors to
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contraction coupling, whereas a simple increase in a
particular substrate phosphorylation, such as
myofilament binding protein C, is not sufficient to
lead to a greater increase in excitation-contraction
coupling.13 Furthermore, phosphodiesterase iso-
forms differentially regulate local cAMP-PKA signals
in healthy and diseased hearts. A recent study
demonstrated that direct inhibition of phosphodies-
terase 1 leads to increased sarcomere shortening in
cardiomyocytes, with moderate increases in Ca2þ

transient.15 Similarly, we have recently shown that
stimulation of b1AR can drive a cyclic guanosine
monophosphate (cGMP)–protein kinase G (PKG)–
mediated increase in myocyte sarcomere shortening,
with little change in Ca2þ transient.16 These findings
suggest that selective targeting of the myofilament
signaling circuitry may increase cardiac contractility.
Such a strategy could offer a promising HF therapy
with fewer side effects associated with increases in
Ca2þ cycling.

In this study, we used unbiased phosphoproteomic
discovery and identified a concerted PKG1-dependent
signaling network in the myofilaments, including
MLC kinase (MLCK), MLC2, and myosin phosphatase
target subunit 1 (MYPT1; also known as PPP1r12a), a
phosphatase that controls MLC phosphorylation.17

The phosphorylated MLC enhances Ca2þ sensitivity
and cross-bridging, which promotes contractile
shortening.18 We demonstrated that a b1AR–Gi–pro-
tein kinase B (Akt)–nitric oxide synthetase 3 (NOS3)
signaling pathway triggered PKG1-dependent phos-
phorylation of MLC2 and MYPT1, thereby enhancing
cardiac contractile shortening with a minimal in-
crease in Ca2þ cycling. This myofilament signaling
paradigm draws a parallel to the b1AR-cAMP-PKA
pathway, which augments both Ca2þ cycling and
contractility. Intriguingly, we also observed elevated
expression of NOS3 and its association with b1AR in a
mouse model of HF and in human HF. Manipulating
the b1AR-NOS3-PKG1 signaling pathway improved
myocyte sarcomere shortening and cardiac ejection
fraction (EF) in failing hearts with myocardial
infarction. Our data uncover novel myofilament-
based PKG1-MLCK-MPYT-MLC signaling circuitry to
enhance cardiac contractility in HF.

METHODS

ANIMALS. C57BL/6J wild-type (WT), b1AR-knockout
(KO),19 NOS1-KO,20 NOS3-KO,21 and PKG2-KO22 mice
have been characterized previously and were pur-
chased from The Jackson Laboratory. PKG1-flox mice,
described previously,23 were crossed with MHC-cre
(IMSR_JAX:009074) to generate PKG1–conditional
KO mice. Male and female mice (2-4 months of age)
and New Zealand white rabbits (3-6 months of age)
were used in this study. All animals were housed in
specific pathogen–free conditions at 22 �C with a
light/dark cycle of 12 hours and monitored per ethical
guidelines. All operations were conducted following
the Animal Research: Reporting of In Vivo Experi-
ments and National Institutes of Health guidelines
and approved by the Institutional Animal Care and
Use Committee (protocols 20957 and 20234) at the
University of California-Davis.

REAGENTS. (�)-Isoproterenol hydrochloride (I6504),
dobutamine hydrochloride (D0676), Nu-nitro-L-argi-
nine methyl ester hydrochloride (N5751-5G),
carvedilol (C3993-250MG), metoprolol tartrate salt
(M5391-1G), ICI-118,551 hydrochloride (I127-5MG), and
CGP-20712A methane-sulfonate salt (C231-10MG) (all
from Sigma-Aldrich); pertussis toxin (179B, List Bio-
logical Laboratories); LY-294002 (ST-420, Biomol);
and MK-2206 (S1078, Selleck Chemicals) were used in
this study.

COIMMUNOPRECIPITATION. Forty milligrams of
mouse heart tissue was homogenized by 2 mL lysis
buffer (25 mmol/L HEPES [pH 7.4], 5 mmol/L EDTA,
150 mmol/L NaCl, 0.5% Triton X-100, and protease
inhibitors including 2 mmol/L Na3VO4, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 mmol/L NaF,
10 mg/mL aprotinin, 5 mmol/L bestatin, 10 mg/mL
leupeptin, and 2 mg/mL pepstatin A) and centrifuged
at 12,000 rpm for 30 minutes at 4 �C. The supernatant
was precleared by 10 mL Protein A-Sepharose beads
(GE17-0780-01, Millipore) and 0.1 mg immunoglobulin
G antibody (sc-66931, Santa Cruz Biotechnology). The
precleared supernatant (1 mL) was then incubated
with 30 mL Protein A-Sepharose beads and 2 mg
anti-b1AR (sc-568, Santa Cruz Biotechnology) or
anti–immunoglobulin G antibody overnight at 4 �C.
Bead-bound proteins were then solubilized with
2 � sodium dodecyl sulfate loading buffer (161-0747,
Bio-Rad Laboratories) for electrophoresis.

PROXIMITY LIGATION ASSAY. Adult ventricular
myocytes (AVMs) from WT, NOS3-KO, and NOS1-KO
mice were subjected to the in situ proximity ligation
assay (PLA) using Duolink kit (DUO92101, Sigma-
Aldrich). Two proteins within proximity (<40 nm)
will be detected.24 Briefly, freshly isolated AVMs were
fixed, permeabilized, and blocked as described pre-
viously. Then, AVMs were incubated with antibodies
against b1AR (rabbit, 1:100; SC-568, Santa Cruz
Biotechnology) plus NOS1 (mouse, 1:100; sc-5302,
Santa Cruz Biotechnology) or NOS3 (mouse, 1:100;
sc-376751, Santa Cruz Biotechnology) control immu-
noglobulin G (mouse, 1:100; sc-2025, Santa Cruz
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Biotechnology), followed by PLUS/MINUS secondary
antibodies, PLA probe ligation, and polymerase
amplification. After amplification, cells were moun-
ted and visualized using a TCS SP8 Falcon confocal
microscope (Leica) in TCS8 mode. Z-stack confocal
images were obtained at 405-nm excitation for 40,6-
diamidino-2-phenylindole and 555-nm excitation for
PLA-positive signals. Three-dimensional images of
AVMs with PLA dots were processed and analyzed
using LAS X version 3.0 (Leica Microsystems)
and ImageJ.

TISSUE COLLECTION AND AVM ISOLATION. Mice
were sacrificed under anesthetization with 3% iso-
flurane. Hearts were quickly excised and perfused on
a Langendorff perfusion apparatus with isoproterenol
(0.1 mmol/L), dobutamine (1 mmol/L), or carvedilol
(1 mmol/L). After 10 minutes of drug stimulation, the
left ventricle was quickly excised for biochemistry
and proteomic analyses.

Isolation of mouse AVMs was conducted as previ-
ously described.16 Hearts were perfused on a Lan-
gendorff perfusion apparatus with a mixed
collagenase and protease solution (0.1 mg/mL prote-
ase IX and 0.5 mg/mL collagenase). After digestion,
the left ventricle was dissociated into single cells.
Suspended AVMs were subjected to a serial Ca2þ re-
covery solution before assay.

CONTRACTILITY AND CA2D IMAGING. AVM contraction
and Ca2þ imaging were performed as previously
described.16 Freshly isolated AVMs were loaded with
the Ca2þ indicator Fluo-4 (2 mmol/L). AVMs were
treated with b-blockers or agonists under 1-Hz electric
pacing at 50 V. Cell length and Ca2þ transient before
and after stimulation were recorded simultaneously
using a Zeiss AX10 microscope. The percentage of
sarcomere length shortening was analyzed using
MetaMorph software (Molecular Devices). The Ca2þ

transient analysis was calculated using Gai Lab
custom-written software (Interactive Data Lan-
guage, ITT).

FRET ASSAY. Isolated AVMs expressing biosensors (A
kinase activity reporter for PKA, Gi500 for cGMP, and
H187 for cAMP) were used in this assay. A kinase ac-
tivity reporter, H187, and Gi500 have been reported
previously.25,26 AVMs were infected with A kinase
activity reporter, H187, and Gi500 recombinant
adenovirus and then subjected to FRET recording.
FRET images were recorded on an inverted Zeiss
AX10 microscope with MetaFluor software (Molecular
Devices). FRET images of cyan fluorescent protein
and yellow fluorescent protein were acquired as pre-
viously described and analyzed using MATLAB. The D
cyan fluorescent protein/yellow fluorescent protein
ratio was calculated and normalized to baseline.26

HUMAN LEFT VENTRICULAR TISSUES. Left ventric-
ular myocardium from nonfailing hearts from brain-
dead donors with no histories of heart diseases but
unsuitable for heart transplantation were used as
control tissues in this study. The donor heart tissues
were obtained from University of Wisconsin Organ
and Tissue Donation. The HF tissue samples were
collected from the explanted failing hearts of trans-
plant recipients with informed consent from patients.
The use of human heart tissue samples was approved
by the Institutional Review Board of the University of
Wisconsin–Madison. All tissue samples were excised
from the free wall of the left ventricle, snap-frozen in
liquid nitrogen, and stored at �80 �C. Heart tissues
were lysed in HEPES buffer with phosphatase and
protease inhibitors before applying to western blots.

WESTERN BLOT. Left ventricular tissues were ho-
mogenized as previously reported.25 Protein super-
natants were solved on sodium dodecyl sulfate
polyacrylamide gel electrophoresis gels and detected
with anti-NOS3 (1:1,000; 9572, Cell Signaling Tech-
nology), anti-phospho-NOS3 serine 1177 (1:1,000;
9571, Cell Signaling Technology), anti-b1AR (1:500;
SC-568, Santa Cruz Biotechnology), anti–vasodilator-
stimulated phosphoprotein (1:500; SC-46668, Santa
Cruz Biotechnology), anti–phospho–vasodilator-
stimulated phosphoprotein serine 157 (1:500; 3111,
Cell Signaling Technology), anti–phospho–vasodi-
lator-stimulated phosphoprotein serine 239 (1:500;
3114, Cell Signaling Technology), anti-phospho-
phospholamban serine 16 (1:1,000; 14388. Abmart),
anti-phospholamban (1:1,000; DAM1641081, Milli-
pore), anti–phospho–ryanodine receptor serine 2808
(1:1,000; Ab59225, Abcam), anti–ryanodine receptor 2
(1:1,000; 9765-1-AP, Invitrogen), anti-phosphor-
Cav1.2 serine 1928 (1:1,000; 25787-1, Abmart), anti-
Cav1.2 (1:500; 75-257, NeuroMab), anti–phospho–
troponin I serine 23/24 (1:500; 4004S, Cell Signaling
Technology), anti–troponin I (1:1,000; 4002, Cell
Signaling Technology), anti-MYPT1 (1:500; 8574, Cell
Signaling Technology), anti-phospho-Akt2 serine 474
(1:1,000; 8599, Cell Signaling Technology), anti-
phospho-Akt1 serine 473 (1:1,000; 9018, Cell
Signaling Technology), anti-Akt (1:1,000; sc-81434,
Santa Cruz Biotechnology), anti-phospho-MYPT1
serine 507 (1:500; 3040, Cell Signaling Technology),
anti-phospho-MYPT1 threonine 696 (5163, Cell
Signaling Technology), and anti-phospho-MYPT1
threonine 853 (1:500; 4563, Cell Signaling Technol-
ogy). All primary antibodies were then revealed by



FIGURE 1 Phosphoproteomics Identifies Myofilament-Specific Phosphorylation of Downstream Substrates in Mouse Hearts
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IRDye 800 CW goat secondary antibodies using
ChemiDoc MP Imagers (Bio-Rad Laboratories). The
intensity was analyzed using ImageJ.

TMT PHOSPHOPROTEOMIC ANALYSIS. Heart tissues
were lysed by Douncing in ice-cold lysis buffer (6 M
guanidine HCl, 50 mM HEPES [pH 7.5], 10 mM
dithiothreitol, protease inhibitor cocktail [S8830,
Sigma-Aldrich], and PhosSTOP [04906837001,
Roche]). A total of 400 mg of protein was used for
phosphoproteomic analysis. Digested peptides were
labeled with TMT6plex (lot UF288619, Thermo Fisher
Scientific), following the manufacturer’s protocol.
Five percent of the sample was saved for proteomic
analysis, and the rest of the fractions were dried
completely using a speed vacuum for phosphopep-
tide enrichment. Immobilized metal affinity chroma-
tography enrichment of phosphopeptides was
adapted from Mertins et al27 with modifications. The
enriched phosphopeptides were further desalted us-
ing Empore C18 (2215, 3M) StageTip before nano–
liquid chromatographic/tandem mass spectro-
metric analysis.28

Nano–liquid chromatography/tandem mass spec-
trometry was performed using a Dionex rapid sepa-
ration liquid chromatographic system with an Eclipse
(Thermo Fisher Scientific). Phosphorylation on
serine, threonine, and tyrosine was also considered
for dynamic modification when phosphoproteomic
data were searched. Percolator was used for result
validation. A concatenated reverse database was used
for the target-decoy strategy. High confidence for
proteins and peptides was defined as a false discovery
rate of <0.01, and medium confidence was defined as
a false discovery rate of <0.05. Values were corrected
for the isotopic impurity of reporter ions. The abun-
dance was further normalized to the summed abun-
dance value for each channel overall peptides
identified within a file.

Protein and phosphopeptide results were exported
from Proteome Discoverer (Thermo Fisher Scientific)
and further analyzed using Perseus version 1.6.10.43
(MaxQuant). Groups were compared using Student’s
t-test with equal variance, requiring 2 valid total
FIGURE 1 Continued

Wild-type mouse hearts were Langendorf perfused with vehicle control

(1 mmol/L) for 10minutes (n¼ 5 in each group). Heart lysates were subject

and CAR in mouse hearts. (B to D) Cellular organelle enrichment annota

phosphoproteins induced by ISO, DOB, and CAR in mouse hearts. (F) Hea

hearts. (G) Western blots showing the phosphorylation of nitric oxide syn

serine 474, myosin phosphatase target subunit 1 (MYPT1) at serine 507, th

by ISO, DOB, and CAR in mouse hearts. Akt ¼ protein kinase B; GO ¼ Ge
values. The q value was calculated using a permuta-
tion test. Enrichment analysis was performed for the
differentially phosphorylated proteins using the
Database for Annotation, Visualization, and Inte-
grated Discovery version 6.8.29 The heat map was
generated in R version 3.6.1 (R Foundation for Sta-
tistical Computing).

ECHOCARDIOGRAPHY. Mice were anesthetized with
1% to 2% isoflurane and imaged using the Vevo 2100
Imaging System with a 22- to 55-MHz MS550D linear
probe (VisualSonics). Mice were monitored with body
temperature, respiratory rate, and electrocardiog-
raphy. Ventricular imaging was performed using M-
mode, short-axis echocardiography before and after
intraperitoneal injection of 100 mg/kg isoproterenol,
dobutamine, or carvedilol.30

MYOCARDIAL INFARCTION AND LONG-TERM

ISOPROTERENOL INFUSION. Two- to three-month-
old male mice were used to perform left anterior
descending coronary artery ligation surgery, as pre-
viously described.31 Briefly, mice were anesthetized
with isoflurane (5% for induction and 2%-3% for
maintenance) in pure oxygen flow (0.8 L/min).
Ventilation was applied at a respiratory rate of 110 to
130 breaths/min and a tidal volume of 0.2 mL. While
monitoring the electrocardiogram, the chest cavity
was opened to visualize the heart. Then, the left
anterior descending coronary artery was identified
under a surgical microscope and ligated using an 8-0
suture for 30% to 40% infarction of the left ventricle.
Electrocardiography confirmed the establishment of
infarction. Analgesia (buprenorphine 0.1 mg/kg) was
given immediately after surgery and after recovery.
Cardiac function was measured on echocardiography
to confirm the myocardial infarction model.

Two- to three-month-old WT male mice were sub-
jected to 14 days of isoproterenol or intraperitoneal
saline injection, as previously reported.32 Cardiac
function before and after 14 days of treatment
(60 mg/kg isoproterenol or saline) was measured us-
ing echocardiography.

cAMP AND cGMP MEASUREMENT. Isolated AVMs
from WT mice were added to 96-well plates (4,000
(Ctrl), isoproterenol (ISO) (0.1 mmol/L), dobutamine (DOB) (1 mmol/L), or carvedilol (CAR)

ed to phosphoproteomic analysis. (A) Pie distribution of phosphoproteins induced by ISO, DOB,

tion of phosphoproteins induced by ISO, DOB, and CAR in mouse hearts. (E) Volcano plots of

tmap showing a selective set of phosphoproteins induced by ISO, DOB, and CAR in mouse

thetase 3 (NOS3) at serine 1177 (serine 1178 in the volcano plot), Akt1 at serine 473, Akt2 at

reonine 696, and threonine 853, and myosin regulatory light chain (MLC) at serine 19 induced

ne Ontology.



FIGURE 2 Biased Activation of b1AR-NOS1 and b1AR-NOS3 Complexes Transduces cGMP Signal in AVMs
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cells/well). Cells were treated with vehicle control,
(�)-isoproterenol hydrochloride (100 nmol/L),
dobutamine (1 mmol/L), and carvedilol (1 mmol/L,
10 minutes) per the manufacturer’s protocol (cAMP
Glo Max Assay TM347, Promega). Ten microliters of
5� cAMP detection solution was added to each well
and then incubated for 20 minutes at room tempera-
ture. Finally, 10 mL Kinase-Glo reagent (Promega) was
added into the wells and incubated at room temper-
ature for 10 minutes. The luminescence output of
each well was detected using a SpectraMax M5 plate
reader (Molecular Devices).

The cGMP level of isolated AVMs (10,000 cells/
well) after vehicle control, (�)-isoproterenol hydro-
chloride (100 nmol/L), dobutamine (1 mmol/L), and
carvedilol (1 mmol/L, 10 minutes) stimulation was
assessed using the Cyclic GMP Complete ELISA Kit
(ab133052, Abcam). Briefly, 100 mL of the supernatant,
50 mL Cyclic GMP Complete alkaline phosphatase
conjugate, and 50 mL Cyclic GMP Complete antibody
were pipetted into the appropriate wells. The optical
density absorbance at 405 nm was read using the
SpectraMax M5 plate reader.

STATISTICAL ANALYSIS. Data are presented as mean
� SEM. Animals were randomized 1:1 to each group
for experiments. Blinded data analysis was per-
formed. Representative images or curves were
selected to reflect the average of each experiment of
n $ 5. The normality of the data was assessed using
the Shapiro-Wilk test in Prism 9.0 (GraphPad Soft-
ware), with significance at alpha ¼ 0.05. Groups were
compared using unpaired or paired 2-tailed Student’s
t-tests with equal variance. Comparisons between >2
groups were performed using 1-way analysis of vari-
ance, followed by Tukey’s post hoc test for multiple
pairwise comparisons. Prism 9.0 was used. A 2-sided
P value <0.05 was considered to indicate statisti-
cal significance.
FIGURE 2 Continued

(A) Schematic depicting the in situ proximity ligation assay (PLA) of b1-ad

(AVMs) were double-labeled with antibodies (Abs) against b1AR/NOS1, b

secondary Ab labeling and polymerase reaction to reveal fluorescence sign

and quantification of positive PLA puncta signals in WT, NOS1–knockout (

signals (red) were quantified using Image J. (D,E) Isolated WT AVMs wer

10 minutes. The cyclic adenosine monophosphate (cAMP) and cyclic gua

immunosorbent assays. Data represent AVMs isolated from 3WT mice. (F,

hearts. (H,K) Schematic of ligand-specific b1AR-induced cGMP signal in W

(cGMP) were expressed in AVMs. Cells were stimulated with ISO (0.1 mmo

quantification of cGMP responses in WT and NOS3-KO AVMs after drug t

presented as mean � SEM of AVMs isolated from 6 WT and 10 NOS3-KO

variance followed by Tukey’s test. **P<0.01. CFP¼ cyan fluorescent prot

other abbreviations as in Figure 1.
RESULTS

PROTEOMIC ANALYSIS REVEALS A UNIQUE SET OF

MYOFILAMENT PROTEIN PHOSPHORYLATION IN

THE HEARTS. Recent studies have revealed that car-
vedilol can drive a b1AR-Gi-biased signaling and pro-
mote cardiac contractility, with little increase in Ca2þ

cycling.16 We aimed to characterize the carvedilol-
induced phosphosubstrates in the myocardium and
to compare them with those induced by the classic
inotropes dobutamine and isoproterenol. The phos-
phoproteomics of WT mouse hearts treated with b1AR
ligands revealed specific increases in phosphorylated
substrates compared with the saline control group
(Figure 1A). Carvedilol, isoproterenol, and dobut-
amine increased the phosphorylation of 210, 407, and
390 unique residues of proteins relative to saline
control (Figure 1A). The phosphorylated sites induced
by carvedilol displayed much less overlap with those
induced by isoproterenol (48) and dobutamine (59)
(Figure 1A), including 30 phosphorylated sites from 26
proteins induced by all 3 drugs (Supplemental
Table 1). Isoproterenol and dobutamine shared a
high degree of overlap in 231 phosphorylated sites.
The Gene Ontology enrichment analysis showed
distinct functional clusters of proteins with ligand-
induced phosphorylation (Figures 1B to 1D,
Supplemental Figure 1). All 3 compounds induced
phosphorylation of proteins in Z discs, A and M
bands, intercalated discs, sarcolemma, and costamere
(Figures 1B to 1D). Additionally, isoproterenol and
dobutamine increased the phosphorylation of pro-
teins in the sarcomere, action potential, and muscle
contraction (Figures 1B to 1D, Supplemental
Figures 1A to 1C). Interestingly, carvedilol uniquely
promoted increases in the phosphorylation of NOS3
and Ak2 (also known as protein kinase B-b), an up-
stream kinase that phosphorylates NOS3 at serine 1177
renoceptor (b1AR) and nitric oxide synthetase (NOS) isoforms. (B, C) Adult ventricular myocyte

1AR/NOS3, or b1AR/immunoglobulin G (IgG), respectively. The cells were then processed with

als according to themanufacturer’s instructions. Data show representative fluorescence images

KO), and NOS3-KO AVMs. The AVMs were from 6 WT, 6 NOS1-KO, and 6 NOS3-KO mice. PLA

e stimulated with saline (Ctrl) or ISO (0.1 mmol/L), DOB (1 mmol/L), or CAR (1 mmol/L) for

nosine monophosphate (cGMP) levels in AVMs were determined using enzyme-linked

G) Western blots show the expression of b1AR and NOS3 in WT, NOS1-KO, and NOS3-KO mouse

T and NOS3-KO AVMs. Fluorescent resonance energy transfer (FRET)–based biosensors Gi500

l/L), DOB (1 mmol/L), CAR (1 mmol/L), and metoprolol (MET; 1 mmol/L). (I, L) Time courses and

reatments, as indicated by arrows. (J) The maximal increases in cGMP FRET biosensor are

mice. Data are presented as mean � SEM. P values were calculated using 1-way analysis of

ein; GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase; YFP¼ yellow fluorescent protein;
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FIGURE 3 NOS3 Is Essential for Myofilament-Specific b1AR Signaling to Promote Cardiac Contractility
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(Figures 1E and 1F). Carvedilol also uniquely promoted
the phosphorylation of a set of myofilament proteins,
including MYPT1, MYLK, and MLC2 (Figures 1E and
1F). Both MYPT1 and MYLK play critical roles in
modulating MLC phosphorylation. The phosphopro-
teomic data suggest that the inotropic effects of car-
vedilol are associated with myofilament
phosphorylation.

We then confirmed the specific phosphorylation
of residues in heart tissues using western blotting.
Carvedilol selectively increased the phosphorylation
of MYPT1 at serine 507 and MLC at serine 19,
whereas isoproterenol and dobutamine preferen-
tially enhanced the phosphorylation of MYPT1 at
threonine 696 and threonine 853 (Figure 1G,
Supplemental Figure 2A). Carvedilol also selectively
enhanced the phosphorylation of Akt2 at serine 474
and NOS3 at serine 1177 but did not affect the
phosphorylation of Akt1 (serine 473), whereas
isoproterenol and dobutamine did not (Figure 1G,
Supplemental Figure 2A). Together, these findings
suggest that stimulation of b1AR-NOS3 with carve-
dilol induces a novel signaling circuitry of MYPT1-
MYLK-MLC on the myofilaments.
NOS1 AND NOS3 DICTATE SPATIALLY BIASED CYCLIC

NUCLEOTIDE SIGNALS IN A b1AR LIGAND–SPECIFIC

MANNER. We then explored the b1AR signaling
cascade(s) leading to myofilament protein phosphor-
ylation. Recent research suggests that subcellular-
localized b1AR signalosomes and their specific
downstream signaling components act as a key for
precise cell function in the heart.24,32 NOS1 and NOS3
also display distinct subcellular distributions33,34 and
may form distinct b1AR signalosomes in AVMs. Using
the in situ PLA in isolated WT AVMs, we observed
that NOS1 and NOS3 were in proximity with the b1AR
in AVMs (Figures 2A to 2C). Stimulation of AVMs with
carvedilol, dobutamine, and isoproterenol promoted
cGMP signals; dobutamine and isoproterenol also
promoted cAMP signals (Figures 2D and 2E). Deleting a
FIGURE 3 Continued

(A to C) AVMs from WT and NOS3-KO mice are loaded with fluo-4 Ca2þ d

after stimulation with ISO (black; 0.1 mmol/L), DOB (blue; 1 mmol/L), CA

sarcomere shortening, which was quantified as percentage of sarcomere

stimulation. AVMs were isolated from 6 WT and 7 NOS3-KO mice. (D to

before and after stimulation with ISO (100 mg/kg) or CAR (1-1,000 mg/k

diographic images of the left ventricle before and after drug treatment.

treated with ISO (100 mg/kg) or CAR (100 mg/kg) in the presence of the

(100 mg/kg) or ICI-118,551 (ICI; 100 mg/kg) via intraperitoneal injection. C

were calculated using 1-way analysis of variance followed by Tukey’s te

Student’s t-tests (**P < 0.01 and ***P < 0.001). Abbreviations as in Fig
NOS isoform (NOS1 or NOS3) did not affect the
expression of b1AR (Figures 2F and 2G) but abolished
the corresponding PLA costaining puncta of the b1AR
in AVMs (Figures 2B and 2C). Both cAMP and cGMP are
crucial secondary messengers regulating cardiac
function, mainly through PKA-dependent and PKG-
dependent protein phosphorylation.35,36 To examine
the downstream signaling of individual b1AR-NOS
complexes in the heart, we used FRET-based bio-
sensors to characterize cGMP and cAMP signals and
PKA activity in response to b1AR ligands. Using the
cGMP biosensor Gi500, the cAMP biosensor H187, and
the PKA biosensor A kinase activity reporter,25,26 we
found that carvedilol selectively enhanced cGMP
signals in WT but not NOS3-KO AVMs, whereas
isoproterenol and dobutamine triggered increases in
cGMP signals (Figures 2H to 2J) and cAMP and PKA
activities in both WT and NOS3-KO AVMs
(Supplemental Figures 3A to 3F). In a control, the b-
blocker metoprolol did not induce any signaling
in AVMs.

The increase in cGMP induced by carvedilol was
abolished by deleting NOS3 (Figures 2J to 2L). Delet-
ing NOS3 also prevented carvedilol from enhancing
MYPT1 and MLC phosphorylation in hearts
(Supplemental Figures 4A and 4B). In contrast,
isoproterenol and dobutamine enhanced the phos-
phorylation of multiple Ca2þ-handling proteins, such
as phospholamban (PKA site serine 16), L-type cal-
cium channel (PKA site serine 1928), and ryanodine
receptor (PKA site serine 2808) (Supplemental
Figures 5A and 5B), consistent with their roles in
increasing Ca2þ cycling, and troponin I, which de-
sensitizes the myofilament response to Ca2þ.37 In
comparison, carvedilol failed to induce the phos-
phorylation of Ca2þ-handling proteins (Supplemental
Figures 5A and 5B). These data indicate that carve-
dilol activates the b1AR-NOS3 complex to induce the
cGMP pathway and promote myofilament protein
phosphorylation selectively.
ye and paced at 1 Hz. Sarcomere shortening and calcium cycling were recorded at baseline and

R (orange; 1 mmol/L), or MET (green; 1 mmol/L). Representative curves show dynamics of

length shortening (SS%) in WT and NOS3-KO AVMs before (dashed line) and after ligand

G) WT, b1AR-KO, and NOS3-KO mice were subjected to echocardiographic measurements

g) via intraperitoneal injection as indicated (n ¼ 9-12). Data show representative echocar-

(H,I) WT and b1AR-KO mice were subjected to echocardiographic measurements. Mice were

b2AR antagonist NOS inhibitor Nu-nitro-L-arginine methyl ester hydrochloride (LNAME)

ardiac ejection fraction (EF) was quantified as mean � SEM (n ¼ 5-9). For B, C, and G, P values

st (**P < 0.01 and ***P < 0.001). For E, F, H, and I, P values were calculated using paired

ures 1 and 2.
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FIGURE 4 PKG1 Is Necessary for Myofilament-Specific b1AR Signaling to Promote Protein Phosphorylation and Cardiac Contractility
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In agreement, carvedilol promoted sarcomere
shortening in WT AVMs but not in NOS3-KO AVMs
(Figures 3A to 3C). Isoproterenol and dobutamine
promoted sarcomere shortening in both WT and
NOS3-KO AVMs, whereas metoprolol did not enhance
the contractility in either cell. Unlike isoproterenol
and dobutamine, carvedilol did not enhance Ca2þ

cycling in WT and NOS3-KO myocytes (Supplemental
Figures 5C to 5E). Moreover, carvedilol (intraperito-
neal injection) increased cardiac EF in WT but not
NOS3-KO mice in a dose-dependent manner, which
had a maximized response at 100 mg/kg (Figures 3D to
3G, Supplemental Tables 2 and 3). As control, deletion
of b1AR prevented the cardiac contractile response to
carvedilol stimulation (Figure 3H). The carvedilol-
induced increase in cardiac EF was abolished by
NOS inhibitor Nu-nitro-L-arginine methyl ester hy-
drochloride (Figure 3H). Additionally, deletion of b1AR
significantly reduced the cardiac EF response to
isoproterenol stimulation, and the remaining
response was abolished by the b2AR-selective antag-
onist ICI-118,551 (Figure 3I). In comparison, NOS3
deletion did not affect the cardiac response to
isoproterenol stimulation (Figures 3D and 3E).
Together, these data suggest that NOS3 is necessary
for myofilament-specific b1AR signaling to promote
substrate phosphorylation and cardiac contractility.

ACTIVATION OF THE MYOFILAMENT b1AR-PKG1-MLCK

PATHWAY ENHANCES SUBSTRATE PHOSPHORYLATION

AND CARDIAC CONTRACTILE FUNCTION. We further
validate the effects of cGMP signals on downstream
kinase-mediated substrate phosphorylation. Consis-
tent with the FRET assays on cyclic nucleotide sig-
nals, carvedilol, isoproterenol, and dobutamine
promoted the PKG phosphorylation of vasodilator-
stimulated phosphoprotein at serine 239, whereas
isoproterenol and dobutamine also enhanced the
PKA-dependent phosphorylation of vasodilator-
stimulated phosphoprotein at serine 157 (Figures 4A
and 4B). Two PKG isoforms, PKG1 and PKG2, are
expressed in the heart. Cardiac-specific deletion
of PKG1 (PKG1–cardiac KO) but not PKG2 deletion
FIGURE 4 Continued

(A, B) WT mice hearts were perfused with saline (Ctrl), ISO (0.1 mmol/L)

stimulated phosphoprotein (VASP) at serine 157 and serine 239 was prob

CKO), CRE, WT, and whole-body deletion of PKG2 (PKG2-KO) mice wer

(intraperitoneal injection, 100 mg/kg). Cardiac EF was quantified in PKG

(E, F) PKG1-FF and PKG1-CKO hearts were subjected to Langendorf perf

phosphorylation of phospholamban (PLB), MYPT1, and MLC (n ¼ 3). Dat

basal condition or between indicated groups. P values were calculated us

as in Figures 1 to 3.
(PKG2-KO) abrogated the carvedilol-induced in-
creases in cardiac EF in mice (Figures 4C and 4D). In a
control, carvedilol induced increases in cardiac EF in
mice expressing MHC-cre only (Figure 4C). Deleting
PKG1 abolished the carvedilol-induced phosphoryla-
tion of MYPT1 at serine 507 and MLC at serine 19 in
the hearts (Figures 4E and 4F) without affecting the
cAMP and cGMP signals (Supplemental Figures 6A
and 6B). Additionally, deleting PKG1 also abolished
carvedilol-induced increases in sarcomere shortening
in AVMs without affecting Ca2þ cycling but did not
affect the responses induced by isoproterenol and
dobutamine (Figures 5A to 5E). Moreover, inhibition
of MLCK, the kinase that promotes phosphorylation
of MLC, with ML-7, a MYLK inhibitor, also prevented
the carvedilol-induced increase in sarcomere short-
ening (Figures 5F and 5G). These data suggest that a
PKG1-MLCK pathway is necessary for myofilament-
specific b1AR-cGMP signaling to promote substrate
phosphorylation and cardiac contractility.

CHRONIC b-ADRENERGIC STIMULATION IN HF SHIFTS

THE CARDIAC b1AR FROM NOS1 TO NOS3. Both cAMP
and cGMP signals are blunted in patients with HF,
along with depressed cardiac contractility.38 We
investigated the expression and integrity of b1AR-
NOS3 signalosomes in failing AVMs. In human
ischemia cardiac myopathy, we detected an increased
expression of NOS3 but reduced expression of b1AR
and NOS1 (Figures 6A and 6B). In a mouse model of
cardiomyopathy induced by chronic b-adrenergic
stimulation (60 mg/kg [�]-isoproterenol hydrochlo-
ride injection, 2 weeks),32 we detected similar
changes in NOS3, NOS1, and b1AR expression to those
in human HF (Figures 6C and 6D). Consequently, we
detected much less PLA signal for b1AR-NOS1 cos-
taining in failing mouse AVMs than the control cells
after chronic saline infusion (Figures 6E and 6F).
However, the PLA signals from b1AR-NOS3 costaining
were increased in failing AVMs relative to the controls
(Figures 6E and 6F). We subsequently determined the
ligand-induced cAMP and cGMP signals in failing
AVMs using FRET biosensors (Figures 6G and 6H,
, DOB (1 mmol/L), or CAR (1 mmol/L) for 10 minutes, and the phosphorylation of vasodilator-

ed and quantified (n ¼ 5). (C, D) PKG1-flox/flox (PKG1-FF), cardiac deletion of PKG1 (PKG1-

e subjected to echocardiographic measurements before and after stimulation with CAR

1-flox, PKG1-CKO, and CRE mice (n ¼ 8) (C) and in PKG2-KO and WT mice (n ¼ 8) (D).

usion with saline and CAR (1 mmol/L) for 10 minutes. Heart tissues were lysed to probe the

a are presented as mean � SEM. **P < 0.01, ***P < 0.01, and ***P < 0.001 compared with

ing 1-way analysis of variance with Tukey’s post hoc or paired Student’s t-tests. Abbreviations
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FIGURE 5 A PKG1-MLCK Pathway Is Necessary for Myofilament-Specific b1AR Signaling to Promote Excitation-Contraction Coupling in AVMs
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Supplemental Figure 7). The carvedilol-induced
cGMP signals were enhanced in failing myocytes
relative to the controls, whereas the dobutamine-
induced cGMP signal was blunted (Figures 6F and
6G). The cAMP signals induced by isoproterenol and
dobutamine were reduced in HF vs control
(Supplemental Figures 7A and 7B). These data
demonstrate that b1AR switches from NOS1 to NOS3 to
drive the cGMP-PKG1 signaling pathway in HF.

To investigate the functional effects of the
elevated myofilament-specific b1AR-NOS3-cGMP
signaling in HF, we assessed the contractile
response in AVMs from mice after long-term isopro-
terenol infusion. Carvedilol enhanced sarcomere
shortening without raising the intracellular Ca2þ

transient peak (Figures 7A to 7E), whereas dobut-
amine and metoprolol minimally enhanced sarco-
mere shortening in failing AVMs. Isoproterenol
increased sarcomere shortening and intracellular
Ca2þ cycling. We further evaluated the short-term
effects of carvedilol on cardiac contractility in a
mouse model of myocardial infarction. Compared
with sham mice, mice displayed 35% infarction in the
left ventricle with a reduced cardiac EF 7 days after
myocardial infarction (Supplemental Figures 8A to
8C, Supplemental Table 4). In healthy mice, carvedi-
lol and dobutamine also induced dose-dependent
increases in cardiac EF, which were maximized at
100 mg/kg and 1,000 mg/kg, respectively
(Supplemental Figure 8D). In mice with myocardial
infarction, carvedilol induced a more robust and
dose-dependent increase in cardiac EF than those
induced by dobutamine (Figures 7F to 7H,
Supplemental Table 5). Our data validate the
myofilament-specific b1AR-NOS3 pathway underlying
the inotropic benefits of carvedilol and point out a
potential role of the PKG1-dependent myofilament
signaling circuitry in providing inotropic support in
HF.

DISCUSSION

Cardiac b-adrenergic stimulation transduces signals
to different subcellular compartments to coordinate
FIGURE 5 Continued

Isolated AVMs from PKG1-FF or PKG1-CKO mice were loaded with Ca2þ d

and after stimulation with ISO (0.1 mmol/L), DOB (1 mmol/L), or CAR (1

quantified as SS% in AVMs. (C-E) Representative curves show dynamics o

presented as mean � SEM of AVMs from 3 PKG1-FF and 3 PKG1-CKO mic

indicated groups. P values were calculated using 1-way analysis of varianc

cycling were recorded at baseline and after stimulation with CAR (1 mmol

show dynamics of sarcomere shortening and Ca2þ cycling, which were qu

5 mice. P values were obtained using paired Student’s t-test. *P < 0.05
excitation-contraction coupling. The sarcoplasmic
reticulum and myofilaments are 2 critical cellular
compartments targeted by b-adrenergic signal to
enhance excitation-contraction coupling. Although
prior research has concentrated predominantly on
dissecting the impacts of b-adrenergic signaling at the
plasma membrane and sarcoplasmic reticulum in
regulating ion channels, transporters, and the intri-
cate cycle of Ca2þ, there remains a dearth of under-
standing the mechanisms through which b-adrenergic
signals interact with myofilaments in the context of
cardiac physiology and pathology.2 Myofilament
dysfunction is linked to depressed phosphorylation
and diminished cardiac contractility, which is typified
by desensitization of b-adrenergic signaling.3-5,39

Myofilament dysfunction thus emerges as an impor-
tant mechanism and therapeutic target in failing
hearts.11,12,40 Through a combinational analysis of
phosphoproteomics, FRET biosensors, and KO ani-
mals, we have identified a myofilament-specific
signaling circuitry, including PKG1-dependent phos-
phorylation of MLCK, MYPT1, and MLC, which can be
activated by b1AR-NOS3-cGMP cascade and promotes
cardiac contractility with minimal enhancing Ca2þ

cycling. Notably, the b1AR-NOS3 signaling is pre-
served and effectively promotes phosphorylation of
MYPT1 and MLC and cardiac contractility in failing
hearts. Thus, we define this myofilament-specific
PKG1-MLCK-MYPT1-MLC signaling circuitry as a po-
tential therapeutic target in HF.

Through our proteomic screening, a coordinated
phosphorylation of several myofilament proteins,
including MLC2, MLCK and MYPT1, was unveiled
upon b1AR-NOS3 stimulation. Cardiomyocytes
contractility is heavily dependent upon the phos-
phorylation of MLC2, which enhances myofilament
Ca2þ sensitivity and is regulated by the balance be-
tween MLCK and MYPT1 activity.37,38 Our study
showed that stimulation of b1AR-NOS3 signaling can
selectively promote the phosphorylation of MLCK at
serine 1801, MLC2 at serine 19, and MYPT1 at serine
507. We show that PKG1 but not PKG2 is necessary for
b1AR-induced phosphorylation of MYPT1 and MLC2,
consistent with the role of PKG1 in promoting MLC
ye fluo-4 and paced at 1 Hz. Sarcomere shortening and Ca2þ cycling were recorded at baseline

mmol/L). (A,B) Representative curves show dynamics of sarcomere shortening, which were

f Ca2þ cycling, which were quantified as intracellular Ca2þ amplitude and tau in AVMs. Data are

e. **P < 0.01, ***P < 0.01, and ****P < 0.0001 compared with basal condition or between

e with Tukey’s post hoc test or paired Student’s t-test. (F,G) Sarcomere shortening and Ca2þ

/L) in the presence and absence of the MYLK inhibitor ML-7 (1 mmol/L). Representative curves

antified as SS%, CaT, and tau, respectively. Data are presented as mean � SEM of AVMs from

compared with basal. Abbreviations as in Figures 1 to 4.
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FIGURE 6 Cardiac b1AR Switches Coupling From NOS1 to NOS3 in Failing Hearts
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phosphorylation in smooth muscle cells.41 PKG1 could
be an upstream kinase to indirectly promote MLC2
phosphorylation via phosphorylating MLCK and
MYPT1. In this case, the phosphorylation of MYPT1 at
serine 507 might inhibit the phosphatase activity,
indirectly enhancing the phosphorylation of MLC2.
Additionally, stimulation of b1AR-NOS3 also promotes
PKG-dependent phosphorylation of myosin binding
protein C at serine 282.16 In comparison, stimulation
of b1AR with isoproterenol and dobutamine promotes
phosphorylation of MYPT1 at threonine 696 and
threonine 853, myosin binding protein C at serine 273
and serine 302, and troponin I at serine 23/24.16,42

These observations suggest the precise spatial ac-
tions of cyclic nucleotides and their downstream ki-
nases in promoting phosphorylation of substrates on
the myofilaments. Indeed, our data reveal that the
impacts of bAR-NOS coupling can be shaped by the
subcellular location of bARs and in a ligand-specific
manner. NOS3 and NOS1 are localized to the sarco-
lemma and sarcoplasmic reticulum,33,34 coincident
with 2 distinct pools of b1AR identified at the sarco-
lemma and sarcoplasmic reticulum, respectively.24,32

Both b1AR and NOS3 are located at the transverse
tubule membranes,43 which are proximal to the
myofilaments and can facilitate the b1AR-NOS3
signaling to this cellular compartment. Meanwhile, a
recent study showed that inhibition of phosphodies-
terase 1 enhances cardiac contractility, with limited
increases in Ca2þ cycling.15 Future studies could
examine other regulators, including phosphodies-
terase isoforms, in shaping myofilament-specific
cGMP-PKG1 activities and downstream substrate
phosphorylation and contractility in physiological
responses and heart diseases.

In pigs with HF, reduction of NOS3 and PKG1
expression and cGMP contents are linked to impaired
cardiac function, which are restored by dapagliflozin
FIGURE 6 Continued

(A, B) Human ventricle samples from 6 healthy donor human hearts and 6

NOS3, and b1AR with western blot. (C, D) Mice underwent chronic infus

mouse hearts was examined and quantified (n ¼ 4). The protein express

NOS1 and b1AR-NOS3 complex in failing myocytes from mice after long-te

and ISO and processed for PLA staining with antibodies against b1AR/NOS

mouse AVMs were imaged and quantified. (G) A schematic diagram show

were isolated from the mice after chronic infusion with ISO. AVMs expre

Representative time course and quantification of cyclic GMP FRET respo

AVMs. Data represent AVMs isolated from 5 Ctrl and 6 HF mice. Data are

way analysis of variance with Tukey’s post hoc, or paired Student’s t-te

Abbreviations as in Figures 1 to 4.
treatment.44 Evidence also supports the role of NO-
cGMP in regulating Ca2þ transient and myofilament
Ca2þ sensitivity through NO- and cGMP-PKG-
dependent mechanisms in the heart.37,45-47 The
phosphorylation of MLC2 at serine 19 and MYPT1 at
serine 507 is critical for cardiac myofilament
contraction.48-50 The phosphorylation of MLC2 at
serine 19 improves myofilament Ca2þ sensitivity and
promotes cross-bridging, thus enhancing contractility
in the heart.51 It is worth noting that prior work
implicated multiple myofilament proteins, such as
myosin binding protein C and troponin I,16,42 in
modulating cardiomyocyte function, including
contraction and relaxation. Thus, the observed ef-
fects on cardiac contraction in the present study
might result from the cumulative impact of various
myofilament proteins. Recent studies have convinc-
ingly demonstrated that loss of MLC phosphorylation
leads to pathologic cardiac hypertrophy and HF.3-6

Direct overexpression of PKG1 in stem cells in-
creases cell survival and cardiac function after
myocardial infarction.52 Stimulating myocardial a1-
adrenoceptor or 5-hydroxytryptamine receptor 2A
receptors enhances MLC phosphorylation and offers
contractile support in the failing heart.53 Here, we
observed an increased NOS3 expression in human and
mouse HF, which was accompanied by increased b1AR
association with NOS3. We were able to rescue the
depressed cardiac EF in myocardial infarction by
stimulating the b1AR-NOS3 pathway. In the same
vein, the NO-cGMP signal has recently been recog-
nized as a feasible therapeutic target for HF with
reduced EF, including a U.S. Food and Drug
Administration–approved soluble guanylate cyclase
stimulator, vericiguat,54 and several phosphodies-
terase inhibitors.15,55,56 Further studies will deter-
mine whether these therapeutic strategies lead to
increased phosphorylation of MLC and other
ischemic cardiomyopathy (ICM) patient hearts were lysed to examine the expression of NOS1,

ion of saline or ISO (60 mg/kg/day) for 2 weeks. The expression of NOS1, NOS3, and b1AR in

ion levels in western blots were quantified. (E) Schematics depicting the PLAs to probe b1AR-

rm infusion of ISO. (F) AVMs were isolated from the mice after long-term infusion with saline

1 or b1AR/NOS3. The PLA signals in healthy control (Ctrl, n ¼ 3) and heart failure (HF, n ¼ 4)

s the alteration of b1AR-NOS1 and b1AR-NOS3 cascades and cGMP signaling in HF. (H) AVMs

ssing Gi500 FRET biosensor were stimulated with ISO, DOB, CAR, or MET as indicated.

nse to ISO (0.1 mmol/L), DOB (1 mmol/L), CAR (1 mmol/L), or MET (1 mmol/L) in Ctrl and HF

presented as mean � SEM. P values were calculated using Student’s t-test (B, D, and F), 1-

st (H). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with healthy control condition.



FIGURE 7 Stimulation of Myofilament-Specific b1AR-NOS3 Signaling Enhances Cardiac Contractility in Failing Hearts

AVMs were isolated from HF mice induced by long-term infusion of ISO. HF AVMs were loaded with fluo-4 (2 mmol/L) and paced at 1 Hz. (A, B) Sarcomere shortening

and (C to E) Ca2þ cycling were recorded at baseline and after stimulation with ISO (0.1 mmol/L), DOB (1 mmol/L), CAR (1 mmol/L), or MET (1 mmol/L). Representative

curves show the kinetics of sarcomere shortening and Ca2þ cycling, which were quantified as SS%, CaT amplitude, and tau in response to bAR stimulation. Data represent

AVMs isolated from 7 HF mice. (F to H) WT mice were subjected to myocardial infarction surgery to induce the acute HF model. At 7 days after myocardial infarction,

mice were subjected to echocardiographic measurements at baseline or after treatment with DOB or CAR (0.1-1,000 mg/kg, intraperitoneal injection, n ¼ 10). Data

show representative echocardiographic images of the left ventricle before and after drug treatment. DOB and CAR induced dose-dependent increases in cardiac EF (half

maximal effective concentrations of 31.36 mg/kg for DOB and 0.61 mg/kg for CAR) (G). The maximal cardiac EF is quantified in (H). Data are presented as mean � SEM.

P values were calculated using paired t-tests between 2 groups (H, left) or 1-way analysis of variance with Tukey’s post hoc or paired Student’s t-test (B, D, E, and H,

right). **P < 0.01 and ***P < 0.001 between indicated groups. Abbreviations as in Figures 1 to 4.
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proteins, such as myosin binding protein C, in the
myofilaments. Nevertheless, the newly characterized
myofilament-specific PKG1-dependent MYPT1-MLCK-
MLC circuitry will facilitate analysis of the specific
alternations of phosphorylation in different etiologies
of HF and offer a platform for identifying novel mo-
lecular targets for HF therapies.

G protein–coupled receptors can transduce biased
signaling by activating specific downstream signaling
and regulatory proteins.57 bAR activates NO-cGMP
pathways in parallel with cAMP/PKA signaling, both
necessary for cardiac inotropic responses.25,33,36,58

Although structural studies have revealed little dif-
ference between carvedilol-bound b1AR and other
ligand-bound receptors,59,60 the uniqueness of car-
vedilol appears to be linked to its ability to drive b1AR
coupling to Gi to transduce downstream signaling
cascades,16,61,62 including this NOS3/cGMP/PKG1/
MLC2 signaling at the myofilaments. The character-
ization of 2 dynamic pools of b1AR at the plasma
membrane and sarcoplasmic reticulum24,32 and their
potential selective association with NOS isoforms
could offer additional avenues to selectively regulate
cardiac excitation and contraction in HF.34,43,63

Additionally, targeting increased b1AR-PKG1-MLC2
signaling may offer a unique opportunity for sup-
porting cardiac inotrope and preventing cardiac
remodeling.16,64,65 The myofilament-mediated ino-
tropy can provide safer therapeutic options, devoid of
adverse effects of inotropic agents such as dobut-
amine and milrinone,66 while mitigating cardiac
remodeling and hypertrophy.8,67

Clinically, carvedilol is recognized for its efficacy in
chronic HF leading to improved cardiac EF and ino-
tropy.68 Specifically, carvedilol has shown effective-
ness in treating patients with HF after acute
myocardial infarction.69 However, existing literature
attributes these benefits to a biological reverse-
remodeling process, with salutary changes in EF
becoming evident after months of clinical exposure.68

Additionally, carvedilol, like other b-blockers, re-
quires careful up-titration in patients with HF to
ensure tolerability. Despite its well-established ben-
efits, investigations of the acute effects of carvedilol
in patients are scarce. Our studies are limited to ob-
servations in mouse cardiomyocytes and hearts;
whether these acute responses to carvedilol are
translatable to humans remains to be examined.
Meanwhile, the impacts of carvedilol treatment on
cardiac adenosine triphosphate and oxygen con-
sumption are yet to be examined. Given that
enhanced cardiac inotropy may demand increased
adenosine triphosphate and oxygen consumption,
further research is essential. There is potential for a
combination therapy with carvedilol and agents to
enhance cardiac metabolism, which could offer more
favorable long-term therapeutic effects in patients
with HF.

STUDY LIMITATIONS. Our investigation was primar-
ily limited to mice. Whether carvedilol could mildly
enhance cardiac output in healthy and diseased hu-
man hearts remains to be elucidated. There are sig-
nificant species differences between mice and
humans. Therefore, confirming the potential
inotropic effects of carvedilol in humans is essential.
Additionally, we demonstrated that phosphorylation
of MYPT1 at Serine 507 was a downstream target of
carvedilol-transduced myofilament-specific cAMP-
PKG signaling. A myofilament-specific manipulation
of cGMP should be designed to confirm if the phos-
phorylation of MYPT1 at Serine 507 is controlled by
myofilament-localized cGMP. It is yet to be elucidated
whether the phosphorylation of MYPT1 is essential
and necessary for the inotropic effect of carvedilol.

CONCLUSIONS

Collectively, we have identified myofilament PKG1-
dependent MLCK-MYPT1-MLC2 circuitry driven by a
b1AR-NOS3 pathway that enhances cardiac contrac-
tility with a minimal increase in Ca2þ cycling. Our
study raises the possibility of targeting this
myofilament-specific signaling circuitry for treatment
of patients with HF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Phos-

phorylation of myofilament proteins is critically regulated

to coordinate beat-to-beat contraction and relaxation in

the heart. The phosphorylation of myofilament proteins is

often depressed in HF. The causes of depressed phos-

phorylation of myofilament protein and its contribution

to HF are poorly understood. Our studies have identified

novel b1AR-PKG1 signaling cascades to drive myofilament

protein phosphorylation and have provided evidence on

the impairment of this signaling pathway in HF, contrib-

uting to contractile dysfunction.

TRANSLATION OUTLOOK: Impaired left ventricular

systolic performance is a hallmark feature of HF. Altered

myofilament phosphorylation may contribute to the

impaired systolic performance of HF. Our study provides

evidence that PKG1-mediated MLC2 phosphorylation

presents a potential therapeutic target to restore cardiac

contractility in patients with HF. Phosphorylation of

myofilaments is critically regulated to coordinate beat-

to-beat contraction and relaxation in the heart. The

phosphorylation of myofilament proteins is often

depressed in HF. Our studies have identified local PKG1

signaling on the myofilaments, which promotes MLC2

phosphorylation and contractility with minimal effects on

calcium cycling. Furthermore, we characterized biased

cardiac b1AR-Gi-NOS3 signaling that can drive activation

of myofilament PKG1. This work presents evidence that

myofilament phosphorylation can be selectively modu-

lated in heart diseases. PKG1-mediated MLC2 phosphor-

ylation presents a potential therapeutic target to restore

cardiac contractility in patients with HF.
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