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Abstract

Background—Phosphorylative desensitization of G-protein coupled receptors (GPCR)
contributes significantly to post-myocardial infarction (MI) remodeling and heart failure (HF).
Here, we determined whether adiponectin receptors 1 and 2 (AdipoR1/AdipoR2, the 7-
transmembrane domain-containing receptors mediating adiponectin functions) are
phosphorylatively modified and functionally impaired post-Ml.

Methods and Results—Post-MI HF was induced by coronary artery occlusion. Receptor
phosphorylation, kinase expression, and APN function were determined via in vivo, ex vivo, and
in vitro models. AdipoR1/AdipoR2 are not phosphorylated in the normal heart. However,
AdipoR1 was significantly phosphorylated post-MI, peaking at 7 days and remaining significantly
phosphorylated thereafter. The extent of post-MI AdipoR1 phosphorylation positively correlated
with the expression level of GPCR kinase 2 (GRK2), the predominant GRK isoform upregulated
in the failing heart. Cardiac-specific GRK2 knockout virtually abolished post-MI AdipoR1
phosphorylation, whereas virus-mediated GRK2 overexpression significantly phosphorylated
AdipoR1 and blocked APN metabolic-regulatory/anti-inflammatory signaling. Mass spectrometry
identified Ser”, Thr24, and Thr®3 (residues located in the n-terminal intracellular AdipoR1 region)
as the GRK2 phosphorylation sites. Ex vivo experiments demonstrated AMPK activation and anti-
TNFa effect of APN were significantly inhibited in cardiomyocytes isolated from non-ischemic
area 7 days post-MlI. In vivo experiments demonstrated that acute APN administration-induced
cardiac GLUT4 translocation and eNOS phosphorylation was blunted 7 days post-MI. Continuous
APN administration beginning 7 days post-Ml failed to protect the heart from adverse remodeling
and HF progression. Finally, cardiac-specific GRK2 knockdown restored APN cardioprotective
effect.
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Conclusions—AdipoR1 is phosphorylatively modified and desensitized by GRK2 in failing
cardiomyocytes, contributing to post-MI remodeling and HF progression.

Keywords
Adipokine; Heart Failure; Phosphorylation; Receptor

Cardiac disease remains a leading cause of mortality worldwide. Although improved
reperfusion strategies have led to declined death rates after acute myocardial infarction
(AMI), both incidence and prevalence of post-MI heart failure (HF) have continually
increased in recent years®. Despite pharmacological advances (e.g. p-blockers, ACE
inhibitors), post-MI HF mortality remains very high, with 5-year rates being 30-70%.
Defining molecular mechanisms leading to the transition from adaptive to maladaptive
remodeling in the post-MI heart, and identifying novel therapeutic strategies capable of
blocking/reversing this transition, are therefore in great need.

The capacity of cardiomyocytes to utilize fatty acids and glucose as substrates for energy
metabolism is disrupted in chronic HF, resulting in an “energy crisis” significantly
contributing to HF progression2. Approaches targeting more efficient substrate use and
preserving cardiac metabolism are increasingly recognized as effective therapeutic strategies
against HF3. Adiponectin (APN) is a novel adipokine regarded as “adipocyte-derived
insulin”, and is an essential molecule maintaining insulin responsiveness?. It increases
glucose and free fatty acid utilization, stimulates mitochondrial biogenesis, and inhibits
inflammatory response?. Reduced APN levels are correlated with increased AMI risk®, as
well as worse cardiac functional recovery after MI with reperfusion® 7. However, the role of
APN in HF is controversial. Despite clear experimental evidence demonstrating APN
deficiency significantly exacerbates HF progression8-10, several clinical observations
demonstrate hyperadiponectinemia is associated with poor cardiac function and increased
mortality in these patient populations!1-13. In the skeletal muscle and livers of HF patients,
APN biological responses are blunted, suggesting hyperadiponectinemia in severe HF
patients is a compensatory protective mechanism countering “APN resistance”
development14-16, However, molecular mechanisms responsible for impaired APN
signaling remain unclear. Moreover, whether the metabolic regulatory and protective effect
of APN is impaired in failing cardiomyocytes themselves, thus directly contributing to HF
progression remains unknown.

The adiponectin receptors (AdipoR1 and AdipoR2) belong to a new family of membrane
receptors (PAQR) predicted to contain seven transmembrane domains, similar to G protein
coupled receptors (GPCRs), but are structurally and topologically distinct’. APN binds the
C-terminal extracellular domain of AdipoR, whereas the N-terminal cytoplasmic domain
interacts with multiple intracellular molecules and transfers APN signaling. It is well
recognized that GPCRs, such as the B-adrenergic receptors (B-AR), are phosphorylated in the
failing heart, leading to receptor desensitization, contributing to HF progression!8. However,
whether AdipoRs are phosphorylated in the failing heart, impairing APN signaling and
cardiometabolism, have not been previously investigated.
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Therefore, the aims of the current study were 1) to determine whether adiponectin receptors
are subjected to phosphorylative modification, and if so, 2) to identify the responsible
molecular mechanisms and resultant functional significance.

Materials and Methods

All experiments were performed in adherence to the National Institutes of Health Guidelines
on the Use of Laboratory Animals, and were approved by the Thomas Jefferson University
Committee on Animal Care. All authors had full access to, and take full responsibility for
data integrity. All authors have read and agreed to the manuscript as written.

In vivo Experimental Protocol

Adult male C57/BL6 mice or cardiomyocytes-specific GRK2 knockout micel9 were
anesthetized with 2% isoflurane. MI was induced via left anterior descending (LAD)
coronary artery ligation as previously described??. Sham-operated control mice (Sham)
underwent the same surgical procedures except the suture placed under the LAD was not
tied. Animals were re-anesthetized at various time periods after MI. Hearts were removed
for immunohistological, biochemical, and Western blot assays as we previously reported20.

To determine the effect of APN treatment upon cardiac function and remodeling, animals
were monitored for up to 8 weeks post-MI. At the end of the 8 week observation period,
surviving animals were reanesthetized with isoflurane. Two-dimensional echocardiographic
views of the mid-ventricular short axis were obtained at the level of the papillary muscle tips
below the mitral valve (Vevo 2100, VisualSonic, Toronto, Canada). LV ejection fraction
(LVEF) was calculated as previously described0,

To specifically inhibit cardiac GRK2 expression, GRK2 or scramble siRNA (Integrated
DNA Technologies, Coralville, IW) was directly injected into the left ventricular wall as we
previously reported?l. siRNAs were diluted in 5% glucose and mixed with in vivo-jet PEI
(Genesee Scientific, San Diego, CA). The heart was exposed via left thoracotomy at the fifth
intercostal space. 20 ul GRK2-specific siRNAs (dose 0.8 ug/ul) or scramble control was
delivered via three separate intramyocardial injections (by 32G needle), temporarily
blanching the left ventricular free wall. 48 hours after SiRNA injection, MI was induced as
described above. One week after MI, mice were randomized to receive vehicle or APN
treatment (0.25 pg/g/day intraperitoneal infusion via mini-osmotic pump, ALZET®
DURECT Corporation, Cupertino, CA)20. 7 days after continuous APN infusion, cardiac
function was determined by echocardiography, and GLUT4 membrane translocation was
determined by Western blot.

Co-Immunoprecipitation

1, 3, 7, or 14-days post-Ml, cardiectomy was performed. Cardiac tissue in remote, non-
ischemic regions was isolated and homogenized. Supernatant was immunoprecipitated with
antibody against AdipoR1 (Bioss, Inc., Woburn, MA) or AdipoR2 (Adipogen Corp., San
Diego, CA). Samples were separated on SDS-PAGE gels, transferred to PVDF membranes,
and incubated with primary antibodies (anti-PT" or anti-PSe", Cell Signaling, Danvers, MA),
followed by horseradish peroxidase-conjugated secondary antibody. Blots were developed
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via Supersignal Chemiluminescence detection kit (Pierce, Rockford, IIl). Bands were
visualized with a Kodak Image Station 4000-Pro (Rochester, NY). The blot densities were
analyzed with Kodak 1D software (version 3.6).

Immunoblotting

At the end of the observation period specified in the results, hearts were removed and
homogenized. Samples were separated on SDS-PAGE gels, transferred to nitrocellulose
membranes, and Western blotted with antibody against AdipoR1, AdipoR2, T-cadherin,
GRK2, GRK3, GRK5, AMPK, pAMPK, eNOS, peNOS, GLUT4, Gp, gp91P1°X iNOS, and
GAPDH (Cell Signaling). Nitrocellulose membranes were then incubated with HRP-
conjugated second antibody (1:2000, Cell Signaling) for 1 hour. Blots were developed and
visualized as described above.

Histological Analysis

8 weeks post-Ml, surviving animals were anesthetized. Cardiectomy was performed. Hearts
were fixed with 4% paraformaldehyde, embedded in paraffin, transversely sectioned (6 pm
thick), and mounted upon glass slides. Five sections per heart were stained with Masson
trichrome, antibody against PECAML1 (Cell Signaling), or terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling kit (TUNEL, Roche Co., U.S.A.). Slides were
examined by an Olympus 1X51 fluorescent microscope, and 5 images per slide were
captured by a Q-Imaging camera controlled by IP Lab 4.0 software. Cardiac collagen
deposition (in remote non-infarcted regions), capillary density (in the infarct border zone),
and cardiomyocyte apoptosis (in remote non-infarcted regions) were determined as
previously reported2. Results from all slides obtained from the same heart were averaged,
and counted as n=1.

Adenoviral Infection

H9C2 cardiac myoblast cells were infected with adenoviral vectors containing cDNAs for
GRK?2 using a multiplicity of infection of 1000 viral particles per cell (20 infectious units
per well). Efficiency of adenoviral gene transfer was monitored 48 hours later by Western
blot. Cells infected with adenovirus containing empty vectors served as control. Infected
cells were treated with either vehicle or APN (2 pg/ml22) for 60 minutes. Effect of GRK2
overexpression upon APN-induced AMPK phosphorylation and GLUT4 membrane
translocation were determined. To determine the effect of GRK2 overexpression upon APN
anti-oxidative and anti-nitrative action, control or GRK2-overexpressing cells were treated
with rhTNFa (10 ng/ml23) in the presence and absence of APN (2 pg/ml). Cells were
collected 8 hours after TNFa treatment; oxidative/nitrative stress were determined by
gp91PoX and iINOS expression.

Adult Cardiomyocytes

1, 3, or 7 days after MI, hearts were removed and perfused via a Langendorff system for ~3
minutes with a Ca?*-free bicarbonate-based buffer. Enzymatic digestion was initiated by
adding collagenase type B/D to the perfusion solution. When the hearts became swollen and
hard after digestion (~3 minutes), 50 UM Ca2* was added to the enzyme solution.
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Approximately 7 minutes later, the left ventricle was removed, and the ischemic region was
dissected away and discarded. Cardiomyocytes from the non-ischemic left ventricular wall
were isolated as we previously reported??, and plated at 0.5-1 x 10 cells/cm? in mouse
laminin pre-coated culture dishes. This technique purifies isolated cardiomyocytes >95%.
The cellular survival rate is >80% at 12 hours, and exceeds 65% after 24 hours of isolation.
After 1 hour of culture in a 5% CO, incubator at 37°C, cardiomyocytes were treated with
either vehicle or APN (2 pg/ml22) for 60 minutes. APN-induced AMPK phosphorylation
was determined. To determine the effect of MI upon APN anti-oxidative and anti-nitrative
action in cardiomyocytes from non-ischemic remote regions, cells were treated with
rhTNFa (10 ng/ml23) in the presence and absence of APN (2 pg/ml). Cells were collected 8
hours after TNFa treatment and oxidative/nitrative stress were determined by gp91P"°X and
iNOS expression, superoxide production (lucigenin-enhanced chemiluminescence), and
nitrotyrosine content (ELISA)22,

In vitro kinase assay using purified GST-AdipoR1

A GST-AdipoR1 fusion protein consisting of human AdipoR1 (full length or N-terminal
cytosolic domain: amino acid residues 1-136) served as the substrate for reconstitution
kinase assays. Phosphorylation reactions were conducted in a 50pl reaction volume in kinase
buffer containing 25mM Tris (pH7.5), 10mM MgCI2, 2mM DTT, 5mM j-
glycerophosphate, and 0.1mM Na3VO4 and 0.2mM ATP. GRK2-stimulated
phosphorylation was initiated by adding 250ng purified GRK2 (Invitrogen) and 100ng of
purified Gfy complex (Calbiochem), to ensure maximal GRK2 activation. Reactions
commenced for 40 minutes at 30°C, and were terminated by adding 6x sample loading dye
(10ul). Samples were heated for 5 minutes at 95°C, mixed, and centrifuged to pellet agarose
beads. 30ul of each reaction mixture was loaded onto a 4-20% Tris-Glycine gel. After
electrophoresis, all proteins were transferred to nitrocellulose for Western blot.

Statistical analysis

Results

Data were analyzed with GraphPad Prism-6 statistic software (La Jolla, CA). For cardiac
function, cell death, superoxide and peroxynitrite formation, one way ANOVA was
conducted across all investigated groups first. Post hoc pairwise tests for certain group pairs
with assessment of statistical significance were performed after Bonferroni correction of the
overall significance level. Values are presented as the mean£SEM of n independent
experiments. Homoscedasticity was determined by Barlett’s test, and sample distribution
was determined by the D’ Agostino-Pearson omnibus normality test. For Western blot
densities (n<10/group), data were analyzed by the Kruskal-Wallis test followed by the Dunn
post hoc test. Values are summarized as median. P values less than or equal to 0.05 were
considered statistically significant.

AdipoR1 is Significantly Phosphorylated in the Failing Heart

Recent clinical studies suggest reduced AdipoR1 expression in skeletal muscle might be
responsible for APN resistance in HF patients'4. To determine whether APN receptor
expression is downregulated in the failing heart (thus impairing APN cardiac signaling
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during HF), AdipoR1, AdipoR2, and T-cadherin expression levels were determined in
cardiomyocytes isolated from control and MI mice. As illustrated in Figure 1A, AdipoR1/
AdipoR2 and T-cadherin expressions were unchanged until 4 weeks post-Ml, suggesting
that altered receptor expression in cardiomyocytes might be responsible for impaired APN
signaling in late HF stages, but not during early HF development.

It is well recognized that various GPCRs are rapidly phosphorylated at intracellular C-
terminal region during HF development!8. Bioinformatical analysis revealed multiple
phosphorylation sites in the AdipoR1 and AdipoR2 N-terminal intracellular region. To
determine whether AdipoR1 and AdipoR2 might be phosphorylated prior to the reduction of
their expression level post-Ml, cardiomyocytes from non-ischemic regions were isolated 1,
3, 7, and 14 days post-MlI. As illustrated in Figure 1, no receptor phosphorylation at either
serine or threonine residue was detected in cardiac tissue from control animals. However,
AdipoR1-pSe" was detectable as early as 1 day post-MI, becoming statistically significant 3
days post-Ml, peaking 7 days post-MlI, and remaining elevated thereafter (Figure 1B).
AdipoR1 phosphorylation at the threonine residue was also detected post-MI (Figure 1C).
However, significant phosphorylation at this site occurred at a later time point (7 days post-
MI). AdipoR2 phosphorylation at both serine and threonine sites were observed post-Ml, but
to markedly lesser extent than AdipoR1 at all-time points observed (Figure 1D/E). This is
likely due to lower AdipoR2 expression level in cardiomyocytes, as well as fewer
phosphorylation sites predicted in AdipoR2 receptor. Moreover, APN’s activation of AMPK
and phosphorylation of eNOS were virtually abolished in cardiomyocytes isolated from
AdipoR1 knockout mice, but largely preserved in cardiomyocytes isolated from AdipoR2
knockout mice (Supplemental Figure 1). Based upon the results that 1) AdipoR1
phosphorylation at the serine residue occurred earlier and persisted throughout during the
entire observation period, 2) AdipoR1 phosphorylation is much stronger than AdipoR2, and
3) AdipoR1 knockout cardiomyocytes exhibited stronger APN signaling blockade, the
current study focused upon AdipoR1 phosphorylation at the serine residue (AdipoR1-pSen).

GRK?2 is Largely Responsible for AdipoR1 Phosphorylation

Among 6 potential phosphorylation sites located in the N-terminal intracellular region of
AdipoR1, 5 were predicted as GRK sites. The expression levels of GRK2, GRK3, and
GRKS5 were determined because these are the most biologically important in the adult heart.
Significant GRK2 expression was observed 1 day post-Ml, peaking (3-fold increase) 3 days
post-MI (A time point when significant AdipoR1 phosphorylation was detected, Figure 2A)
and remains significantly elevated 7 days post-MI. GRK3 and GRK5 were modestly
increased 3 days post-MlI, with no significant difference observed 7 days post-MI (Figure
2B/C). Significant positive correlation between GRK2 expression levels and AdipoR-pSer
levels were observed in cardiac tissue samples collected 1, 3 and 7 days post-MI (Figure
2D). These results suggest GRK?2 is likely responsible for post-MI AdipoR1
phosphorylation.

To obtain direct evidence supporting GRK2 is responsible for post-MI AdipoR1
phosphorylation, cardiac GRK2 expression was genetically inhibited either by
intramyocardial sSiRNA injection (48 hours prior to MI) or cardiomyocyte specific GRK2
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deletion!®. As illustrated in Figure 2E, GRK2 expression remains significantly inhibited 7
days post-MI in GRK2 siRNA group. More importantly, siRNA mediated GRK2-
knockdown (Figure 2F) or cardiomyocyte-specific GRK2 knockout (Figure 2G) markedly
inhibited post-MI AdipoR1 phosphorylation.

GRK2 Overexpression Caused AdipoR1 Phosphorylation and Blocked APN Biological

Function

To determine whether GRK2-induced AdipoR1 phosphorylation may inhibit APN biological
function, several in vitro experiments were performed. HIC2 cardiac myoblast cells were
transfected with control or GRK2 expression vectors, and the consequent effect upon
AdipoR1 phosphorylation and APN-mediated metabolic-regulation and anti-inflammatory
functions were determined. As illustrated in Figure 3A, GRK2 overexpression caused
significant AdipoR1 phosphorylation. More importantly, APN metabolic-regulatory
signaling (AMPK phosphorylation and GLUT4 translocation, Figure 2B/C) and anti-
inflammatory signaling (TNFa-induced NADPH oxidase and iNOS expression, Figure
3D/E) were significantly blunted in cells overexpressing GRK2.

AdipoRL1 is Directly Phosphorylated by GRK2

To determine whether AdipoR1 is a direct substrate for GRK2, an in vitro kinase assay was
performed as we previously reported?4. In the absence of GRK2, very low levels of
AdipoR1 phosphorylation were detected. However, adding purified GRK2 markedly
increased AdipoR1 phosphorylation (Figure 4A). Bioinformatical analysis predicted 6
phosphorylation sites in the N-terminal domain. To further identify the specific residue(s)
phosphorylated by GRK2, GST-tagged N-terminal domain of human AdipoR11-136 was
incubated with purified GRK2. Mass spectrophotometric analysis was performed. As
illustrated in Figure 4C/DIE, serine’, threonine?4, and threonine>3 were phosphorylated
when purified GRK2 was added. To obtain more evidence these residues are responsible for
AdipoR1 phosphorylation by GRK2, GST-tagged Ser/Thr-mutated AdipoR1
(AdipoR11-136S7AT24,53A) \yere generated, utilizing previously reported methods2®. As
illustrated in Figure 4B, AdipoR11-13657AT24,53A js not phosphorylated by GRK2. These
results provided evidence that AdipoR1 is a direct substrate for GRK2, and Ser’, Thr24 and
Thr53 (located in the N-terminal AdipoR1 domain) are sensitive to GRK2 phosphorylation.

Cardioprotective Response to APN is Impaired during the Early Developmental Phase of

Post-MI HF

The results presented above demonstrate cardiac AdipoR1 is maximally phosphorylated 7—
14 days post-MI and GRK2 overexpression-induced AdipoR1 phosphorylation blocks APN
biological function in cultured cells. To determine whether cardiac AdipoR1
phosphorylation in the failing heart may impair APN cardiac biological function, several ex
vivo and in vivo experiments were performed. First, left ventricular cardiomyocytes were
isolated from normal or MI mice 1, 3, and 7 days post-MI (remote non-ischemic area) and
treated with either globular domain APN (gAPN, 2 ug/mL) or full length APN (fAPN, 10
pg/ml). Compared to normal cardiomyocytes, APN-induced AMPK phosphorylation was
attenuated in cardiomyocytes from MI mice as early as 1 day post-Ml, becoming statistically
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significant 3 days post-Ml, and reaching levels only 50-55% of control 7 days post-MI
(Figure 5). Importantly, APN-stimulated AMPK activation (Figure 5G) and GLUT4
membrane translocation (Figure 51) were preserved in cardiomyocytes isolated from
cardiac-specific GRK2 knockout mice subjected to 7 days of MI. Because cardiomyocyte
response to both gAPN and fAPN was impaired in the failing heart, subsequent experiments
were all performed with gAPN because of its potency. Second, cardiomyocytes isolated
from control and MI hearts (at 7 days) were treated with TNFa in the presence and absence
of gAPN. The effect of gAPN upon TNFa-induced inflammatory response was determined
8 hours after treatment. As summarized in Figure 6A-D, the anti-inflammatory action of
gAPN was significantly attenuated in cardiomyocytes isolated from the failing heart. gAPN
markedly inhibited TNFa-induced superoxide production and nitrotyrosine formation in
normal cardiomyocytes. However, the suppressive effect of gAPN upon TNFa-induced
superoxide production and nitrotyrosine formation was significantly decreased (—=34.2% vs.
—78.3%, —32.8% vs. —60.7% respectively, P<0.01) in cardiomyocytes from the failing heart
(Figure 6A-D). It is noteworthy TNFa significantly upregulated GRK2 expression in
cardiomyocytes isolated from non-ischemic control animals (Figure 6A), and further
enhanced GRK2 expression in cardiomyocytes isolated from ischemic animals (Figure 6B).
Co-treatment with APN significantly inhibited TNFa-induced GRK2 expression in control
cardiomyocytes (Figure 6A) but not in cardiomyocytes from ischemic animals (Figure 6B).
These results provide insight into the regulatory roles pro- and anti-inflammatory adipokines
play concerning GRK2 expression. Adiponectin’s anti-inflammatory role counters TNFa’s
pro-inflammatory deleterious function in normal cells, a balance that is disrupted in the
ischemic heart due to GRK2-induced AdipoR1 phosphorylation. Third, we determined
GLUT-4 translocation and eNOS phosphorylation in response to acute gAPN administration
(2 pg/g, intraperitoneal, IP) in control (sham MI) or MI mice (7 days post-Ml) in vivo. In
control mice, gAPN caused significant cardiac GLUT4 translocation and eNOS
phosphorylation. These biological responses were markedly blunted 7 days post-MI (Figure
6E/F). Finally, to determine the long-term cardioprotective effect of chronic gAPN
administration, animals were subjected to implantation of abdominal osmotic pumps
(capable of gAPN delivery). In opposition to numerous previous studies demonstrating
supplementation of gAPN either before or shortly after Ml (at a similar dose employed in
the current study) significantly protects the heart from Ml injury®-7:26-28 gAPN
administration beginning 7 days post-MI failed to protect the heart. Specifically, no
significant difference in cardiac function (Figure 7A), cardiac fibrosis (Figure 7B), capillary
formation (Figure 7C), or cardiomyocyte apoptosis (Figure 7D) was observed between the
vehicle and gAPN treated groups. No difference was observed in infarct size between the
vehicle and gAPN treated groups (data not shown).

GRK2 Knockdown Restored gAPN Cardioprotection Post-Ml

In a final attempt to obtain more evidence supporting a causative role for GRK2-induced
AdipoR1 phosphorylation and impaired APN cardioprotective action, cardiac GRK2
expression was inhibited by direct intramyocardial injection of GRK2 siRNA. Mice were
subjected to M1 2 days after sSiRNA injection and treated with vehicle or gAPN via osmotic
pump beginning 7 days post-MI. The cardioprotective effect of gAPN was determined 1
week after APN treatment. In mice injected with scramble siRNA, continuous APN
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administration only slightly increased GLUT4 translocation (1.29-fold, Figure 8A left),
AMPK phosphorylation (8B, left), and LVEF (1.27-fold, Figure 8C). However, genetic
inhibition of GRK2 expression by siRNA restored the effect of gAPN upon GLUT4
translocation (Figure 8A, right), AMPK phosphorylation (8B, right), and almost fully
restored the cardioprotective effect of gAPN, even when administered 1 week after Ml
(Figure 8D). It should be noted the improvement of cardiac function by GRK2 siRNA
(without APN treatment) is modest, different from results previously observed in GRK2
knockout micel®. This is likely due to variation in GRK2 inhibition extent. In the current
study utilizing GRK2 siRNA, approximately 70% inhibition was achieved (Figure 2E).
However, in cardiomyocyte-specific GRK2 knockout mice, cardiac GRK2 is completely
deleted. It is unquestionable that complete knockout remains the best approach for
investigating the role a particular molecule may play, and establishing a cause-effect
relationship. However, the results from partial GRK2 inhibition by siRNA may be more
clinically relevant, because it is unlikely complete inhibition of GRK2 expression and/or
activity can be achieved by clinical genetic/pharmacological intervention. As such, our
current study suggests that although complete GRK inhibition is practically difficult, a
combination treatment (e.g. a GRK2 inhibitor and APN) may achieve the best
cardioprotective effect.

Discussion

Despite improvements in HF treatment, the disease prognosis remains poor. The precise
mechanisms underlying worsening HF even in patients receiving optimal therapy are
unclear. Evidence suggests imbalanced, attenuated, or abnormally activated cardiometabolic
pathways in the failing heart contribute to refractoriness to pharmacologic interventions and
HF progression? 3. Insulin resistance is recognized as a major risk factor for adverse cardiac
remodeling2®. Clinically, insulin responsiveness is inversely correlated with advanced
NYHA heart failure classification30, whereas overexpressing a human GLUT4 transgene
recovered cardiac dysfunction in mice with insulin resistance3!. Therefore, approaches
targeting more efficient substrate use and preservation of cardiac metabolism are attractive
therapeutic strategies.

Due to increased incidence of obesity and diabetes (and their association with HF), there is
great interest in elucidating the underlying molecular mechanisms linking these pathologies.
Many adipose-derived cytokines (adipokines) (e.g. TNF-a and resistin) are pro-
inflammatory and are causally associated with adverse remodeling in HF32. In contrast,
APN is a novel adipokine whose cardioprotective actions in acute Ml are well-defined both
clinically and experimentally®=7-26-28 However, the role of APN in chronic HF is
controversial. Experimental studies clearly demonstrate APN deficiency significantly
exacerbates HF progression8-10. Paradoxically, clinical observations have reported APN
increases in relation to worsening HF11-13, Several recent experimental as well as clinical
studies demonstrate APN biological responses are significantly impaired in the skeletal
muscle and livers of HF individuals, suggesting hyperadiponectinemia in advanced HF
patients is a compensatory protective mechanism due to “APN resistance”
development14-16_ \We currently demonstrate for the first time that significant APN
resistance develops in the heart itself 7 to 14 days post-Ml, a critical transitional period
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when adaptive to pathological remodeling occurs. The loss of APN-mediated protection
during this time period is unlikely due to universal refractoriness to therapy, as cardiac
remodeling can be reversed with appropriate treatments even after HF development!®, More
importantly, preventing AdipoR1 phosphorylation by genetic inhibition of GRK2 restored
APN cardioprotection administered 1 week post-MI (Figure 8). Although systemic
metabolic disorder caused by previously reported skeletal muscle and liver APN resistance
certainly contributes to HF progression via indirect mechanisms, impaired APN signaling in
cardiomyocytes themselves directly impacts adverse cardiac remodeling and HF
progression.

APN shares biological functions with insulin, including glucose uptake, lipid oxidation, and
cardiovascular protection®. APN is not merely an insulin sensitizer, but more importantly, is
required for maintaining basal insulin tone responsiveness33. APN deficiency or APN gene
variation are major risk factors for insulin resistance and metabolic disorders34. PPARy
agonists improve insulin sensitivity by up-regulating APN expression3®. A very recent study
further demonstrates APN resistance precedes insulin resistance in high-fat-fed rats3¢,
suggesting APN resistance may contribute to insulin resistance development. Beyond its
role in insulin signaling, APN possesses potent anti-oxidative/anti-nitrative stress, anti-
inflammatory, and anti-apoptotic properties?. Since insulin resistance, oxidative/nitrative
stress, exacerbated inflammatory response, and apoptosis are all well-recognized risk factors
for adverse cardiac remodeling post-MI, impaired cardiac APN signaling during early HF
development may contribute to metabolic imbalance, oxidative/nitrative stress,
inflammation, and apoptosis, promoting adverse remodeling and HF progression.

Impaired APN signaling may occur in multiple levels. Clinical studies demonstrate reduced
skeletal muscle AdipoR1 expression levels might be responsible for skeletal muscle APN
resistance in HF patientsl4. However, a recent study reveals, despite significantly impaired
skeletal muscle response to APN in high-fat diet-induced diabetic mice, expression levels of
molecules involved in APN signaling remains normal3. Our current study demonstrates
different molecular mechanisms are involved in cardiac APN resistance at different stages
during HF development. The expression levels of AdipoR1 and AdipoR2 are significantly
reduced 4-8 weeks post-MI. However, significant AdipoR1 phosphorylation develops much
earlier than receptor expression alteration. Importantly, similar to functional impairment of
B-ARs by phosphorylation, AdipoR1 phosphorylation at serine residues results in receptor
desensitization, blocking APN’s anti-oxidative, anti-nitrative, anti-inflammatory, and
cardioprotective function. To our best knowledge, this is the first AdipoR1 post-translational
modification identified to date significantly impairing receptor function.

AdipoR1 desensitization after phosphorylation likely involves complicated molecular
mechanisms, and must be fully addressed in a separate study. At least 3 possibilities exist
that may explain APN signaling inhibition following AdipoR1 phosphorylation. Firstly,
AdipoR1 is internalized in ligand-independent fashion38. AdipoR1 phosphorylation may
increase its internalization, thereby blocking its function, similar to BAR. Secondly, multiple
AdipoR1 intracellular binding proteins, including APPL1, nCDase, Cav3, RACK1
(activated protein kinase C1), and CK2p (protein kinase CK2 3 subunit) have been
identified?3: 25 39, These interactions are respectively required in APN-mediated metabolic-
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regulation, anti-inflammation, and cellular protection23: 2539, |n contrast, binding of APPL2
by AdipoR1 inhibits APN signaling#?. AdipoR1 phosphorylation may alter these
interactions, thus blocking APN function. Thirdly, APN exerts anti-oxidative function in a
cAMP-initiated, PKA-dependent fashion*!. Moreover, other PAQR family members (PAQR
5, 7, and 8) interact with G proteins#2: 43, These results suggest G protein might be involved
with AdipoR1 signaling. Similar to -AR, phosphorylation of AdipoR1 may alter its affinity,
inducing B-arrestin recruitment®4, thus blocking AdipoR1 function. These attractive
mechanisms will be determined in our future studies.

Another significant finding of the current study is that GRK2, the crucial kinase responsible
for post-MI B-AR phosphorylation and desensitization1?, is also responsible for post-MI
AdipoR1 phosphorylative inhibition. Neurohormonal activation during HF activates GRK2
upregulation, which classically phosphorylates activated GPCRs (such as the cardiac PARS),
resulting in reduced signaling. In human HF, increased GRK?2 is associated with decreased
cardiac function and poor prognosis*®. Increasing evidence suggests the biological
regulatory functions of GRKs (particularly GRK?2) are not limited to GPCRs24: 46,
Specifically, increased GRK2 activity after BAR stimulation causes insulin resistance and
inhibits insulin-dependent glucose extraction®’. We recently demonstrate GRK2 inhibits
insulin signaling by phosphorylative modification of insulin substrate-1, but not the insulin
receptor itself24. Our current study demonstrates AdipoR1 is a novel substrate for GRK2,
indicating that elevated GRK2 activity post-MI not only negatively affects cardiac
contractile function by B-ARs phosphorylative desensitization, but also causes abnormal
cardiometabolism by phosphorylative inhibition of insulin and APN, two critical hormones
necessary for cardiometabolism and cell survival.

In summary, our study demonstrates for the first time that cardiometabolic-regulatory, anti-
inflammatory, and cardioprotective functions of APN are significantly impaired by GRK2
mediated AdipoR1 phosphorylative desensitization during a critical period of post-MI HF
development. These results add significantly to the dynamic role of APN in HF
development, suggesting that inhibiting GRK2-mediated AdipoR1 phosphorylation and
restoration of APN signaling might be novel therapeutic targets against post-MI remodeling
and HF.
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effectively inhibited GRK2 overexpression Post-MI (E) and blocked post-MI AdipoR1
phosphorylation (F). Cardiomyocyte-specific GRK2 deletion blocked AdipoR1
phosphorylation (G). Representative blots from 5 repeated experiments.
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HOC2 cells were transfected with either empty or GRK2 expressing vector. 48 hours after
transfection, GRK2 expression and AdipoR1 phosphorylation (A), APN-induced AMPK
phosphorylation (B), membrane GLUT4 translocation (C), APN inhibition of TNFa-induced
gp91Phox (D), and iINOS expression (E) were determined. N=12-14 wells from at least 3
different experiments. *P<0.05, **P<0.01 vs. respective vehicle (B,C,), *P<0.05, **P<0.01
vs. TNFa alone (D, E); $¥P<0.01 vs. Empty with same treatment.
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GST-tagged WT AdipoR11-136 (A) or AdipoR11-13657AT24,53A (B) was incubated in the
presence/absence of purified GRK2. Resultant phosphorylation was detected by Western
blot. MS analysis revealed Ser’(C), Thr24(D), and Thr>3(E) are phosphorylated when
incubated with GRK2. N=5-7/group. **P<0.01 vs. ATP group.
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Figure5.
A-F: Cardiomyocytes from remote non-infarct regions were isolated 1, 3, and 7 days post-

MI. Cells were treated with gAPN or fAPN for 30 minutes. pAMPK/AMPK were

determined. G-I: Cardiomyocytes from remote non-infarct regions of WT or
cardiomyocyte-specific GRK2 deletion mice were isolated 7 days post-MlI, and treated with
APN in vitro. APN-induced AMPK phosphorylation and GLUT4 membrane translocation
was determined. N=5 mice/group. *P<0.05, **P<0.01 vs. vehicle, $P<0.05, $¥P<0.01 vs.

sham.
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Figure®6.
Cardiomyocytes from remote non-infarct regions were isolated 7 days post-Ml. Cells were

treated with TNFa in the presence or absence of gAPN for 8 hours. gp91PN°X/iNOS
expression (A-D), superoxide production (A/B) and peroxynitrite formation (C/D) were
determined. N=5 mice/group. *P<0.05, **P<0.01 vs. TNFa alone, $3P<0.01 vs. sham. E/F:
Acute administration of gAPN (intraperitoneal bolus) caused significant GLUT4 membrane
translocation (E) and eNOS phosphorylation (F) in control hearts, but these responses were
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significantly decreased 7 days post-MI. N=6-8 animals/group. *P<0.05, **P<0.01 vs.
vehicle; $P<0.05, $3P<0.01 vs. sham with the same treatment.
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Figure7.

Animals were subjected to Ml via LAD occlusion. 7 days post-MI, mice were randomized to
receive vehicle or gAPN treatment for the remaining observation period. Effect of gAPN
treatment upon left ventricular ejection fraction (A), interstitial fibrosis (B), capillary density
(C), and apoptosis (D) were determined 8 weeks post-MI. N=10-21 animals/group.
**P<0.01 vs. sham.
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Scramble or GRK2 siRNA was administered via intramyocardial injection 2 days before M.
7 days post-Ml, animals were randomized to receive vehicle or gAPN (abdominal osmotic
pump) for another 7 days. The GLUT4 translocation (A), AMPK phosphorylation (B), and
cardiac function (LVEF) (C,D) were determined. N=11-14 animals/group. *P<0.05,
**p<().01 vs. sham; $P<0.05, $3P<0.01 vs. scramble group with the same treatment.
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