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dysfunction with aging. Am J Physiol Heart Circ Physiol 318:
H1162–H1175, 2020. First published March 27, 2020; doi:10.1152/
ajpheart.00094.2020.—Nitric oxide (NO) and S-nitrosothiol (SNO)
are considered cardio- and vasoprotective substances. We now under-
stand that one mechanism in which NO/SNOs provide cardiovascular
protection is through their direct inhibition of cardiac G protein-
coupled receptor (GPCR) kinase 2 (GRK2) activity via S-nitrosylation
of GRK2 at cysteine 340 (C340). This maintains GPCR homeostasis,
including �-adrenergic receptors, through curbing receptor GRK2-
mediated desensitization. Previously, we have developed a knockin
mouse (GRK2-C340S) where endogenous GRK2 is resistant to dy-
namic S-nitrosylation, which led to increased GRK2 desensitizing
activity. This unchecked regulation of cardiac GRK2 activity resulted
in significantly more myocardial damage after ischemic injury that
was resistant to NO-mediated cardioprotection. Although young adult
GRK2-C340S mice show no overt phenotype, we now report that as
these mice age, they develop significant cardiovascular dysfunction
due to the loss of SNO-mediated GRK2 regulation. This pathological
phenotype is apparent as early as 12 mo of age and includes reduced
cardiac function, increased cardiac perivascular fibrosis, and maladap-
tive cardiac hypertrophy, which are common maladies found in
patients with cardiovascular disease (CVD). There are also vascular
reactivity and aortic abnormalities present in these mice. Therefore,
our data demonstrate that a chronic and global increase in GRK2
activity is sufficient to cause cardiovascular remodeling and dysfunc-
tion, likely due to GRK2’s desensitizing effects in several tissues.
Because GRK2 levels have been reported to be elevated in elderly
CVD patients, GRK2-C340 mice can give insight into the aged-
molecular landscape leading to CVD.

NEW & NOTEWORTHY Research on G protein-coupled receptor
kinase 2 (GRK2) in the setting of cardiovascular aging is largely
unknown despite its strong established functions in cardiovascular

physiology and pathophysiology. This study uses a mouse model of
chronic GRK2 overactivity to further investigate the consequences of
long-term GRK2 on cardiac function and structure. We report for the
first time that chronic GRK2 overactivity was able to cause cardiac
dysfunction and remodeling independent of surgical intervention,
highlighting the importance of GRK activity in aged-related heart
disease.

cardiac hypertrophy; heart disease; S-nitrosylation

INTRODUCTION

�-Adrenergic receptor (�-AR) signaling is central to cardiac
physiology and disease (16). These prototypic G protein-
coupled receptors (GPCRs) respond to sympathetic stimuli to
increase cardiac chronotropy, inotropy, dromotropy, and lusi-
tropy. GPCR kinases (GRKs) deactivate agonist-associated
�-ARs and other GPCRs in the cardiovascular (CV) system
(39, 56). GRK2 is the predominate cardiac GRK isoform and
the main isoform implicated in �-AR phosphorylation, desen-
sitization, and downregulation (20, 39, 46, 56). Of importance
to CV disease (CVD), GRK2 is upregulated in both expression
and activity in the human heart and vasculature following
cardiac injury/stress conditions such as ischemia or hyperten-
sion (11, 28). This is detrimental as it leads to hyper-desensi-
tization and downregulation of receptors in the failing heart on
top of functional abnormalities (56). Research over the last two
decades has documented the pathological role of enhanced
GRK2 in CVD, including hypertension and heart failure (HF)
progression (39, 56). Of clinical importance, CVD prevalence
increases drastically with advancing age so that by 80� years
of age up to 91.8% of the US population is afflicted, but
research has largely ignored the impact of aging in CVD
research (3, 35).

GRK2 has been shown to phosphorylate a growing number
of non-GPCR substrates. Additionally, it has been shown to
interact with and regulate the function of several critical
proteins, comprising an expanding GRK2 “interactome” (49).
Thus, the cellular regulation of GRK2 is of interest, which
includes posttranslational modifications such as phosphoryla-
tion and S-nitrosylation (56). Whalen et al. (66) reported that
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GRK2 exists in complex with endothelial nitric oxide synthase
(eNOS) and is dynamically S-nitrosylated at cysteine 340
(C340) via low molecular weight S-nitrosothiols (SNOs). The
physiological significance of this eNOS-SNO-GRK2 regula-
tion appears to be an endogenous brake on GRK2, as SNO-
GRK2 at C340 inhibits its kinase activity to prevent �-AR
desensitization during homeostasis (66). Reciprocally, GRK2
was able to indirectly decrease eNOS activity through reduced
eNOS phosphorylation (6, 27), thereby revealing a bidirec-
tional relationship between eNOS and GRK2. A knockin (KI)
mouse model, in which C340 of GRK2 was mutated to a serine
(GRK2-C340S) to abolish dynamic S-nitrosylation, showed
heightened global GRK2 activity and reduced eNOS respon-
siveness (27). Consistent with a pathological role for enhanced
GRK2, we found increased cardiomyocyte cell death and
cardiac injury following acute ischemia-reperfusion (I/R) in-
jury in the GRK2-C340S KI mice compared with wild-type
(WT) control mice, and these mice were also resistant to the
cardioprotective properties of nitric oxide (NO) donors (27).
However, at baseline young adult (8–15 wk) GRK2-C340S
mice otherwise had no obvious basal CV phenotype compared
with WT control mice. With previous studies debating the
requirement of GRK2 in developing CVD, we hypothesized
that GRK2-C340S mice that have chronic unchecked GRK2
activity globally may develop CV remodeling and dysfunction
at baseline. Indeed, by 12 mo of age, GRK2-C340S mice
develop significant vascular and myocardial pathologies com-
pared with age-matched WT controls. Thus, for the first time,
we show that heightened global GRK2 activity due to loss of
SNO-mediated endogenous inhibition can independently cause
CVD over time.

Given that the population of individuals aged 65 yr and older
is estimated to outnumber children by 2030, it is of increasing
importance to understand the dynamics between age and CVD.
Included is the potential risk of elevated CV GRK2 levels and
activity that has been linked with aging (60, 62).

MATERIALS AND METHODS

Experimental animals. All animal procedures were carried out
according to the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals and approved by the Animal Care and
Use Committee of Temple University. GRK2-C340S mice expressing
endogenous levels of GRK2 with a KI mutation Cys340¡Ser were
generated as previously described (27). The GRK2-C340S line was
maintained on a C57BL6/J background in which WT controls are
mice that do not contain the KI mutation from the GRK2-C340S line.
The overall age range of old WT and GRK2-C340S mice used in this
study were 52–82 wk. Old WT and GRK2-C340S mouse groups
within each individual experiment were age matched to highlight
phenotypic changes based on genotype. Young mice used were
between 8 and 15 wk of age. Both males and females were used for
experiments and sex matched.

Echocardiography. All echocardiography was performed using the
Vevo 2100 imaging system from VisualSonics as previously de-
scribed (17, 58). Hair from the mouse chest was removed with Nair
�24 h before echocardiography. Mice were anesthetized with 3%
isoflurane and maintained at 1–3% during procedures. Traditional
echocardiography (TE) used the MS400 (30-MHz centerline fre-
quency) probe to obtain B- and M-mode images from the parasternal
long axis and short axis to evaluate left ventricular (LV) internal
diameters, fractional shortening (FS), end-diastolic volume (V;d),
end-systolic volume (V;s), and heart rate.

Left ventricular deformation was evaluated using echocardio-
graphic speckle tracking-based strain imaging (STE) images from
parasternal long-axis B-mode loops consisting of 300 frames at �200
frames/s. Images were analyzed using the Vevo Strain Software Vevo
LABORATORY 1.7.1. Strain, which is a measure of the change in
length, was calculated from the radial axis and longitudinal axis.
Strain rate, which is a measure of the change in length over time, was
calculated from both axes as well. Strain or strain rate may be
presented regionally (basal, mid-, and apical anterior; basal, mid-, and
apical posterior) or globally across the whole left ventricle. Reverse
longitudinal and radial strain rate measured longitudinal and radial
strain during early LV filling (diastole), which was obtained using the
“reverse peak” algorithm from Vevo Laboratory 1.7.1. strain.

Diastolic function was evaluated from two-dimensional echo in
combination with tissue Doppler and pulsed-wave Doppler from
apical long-axis views. With pulsed-wave Doppler spectral wave-
forms, peak early (E wave) and late diastolic (A wave) transmittal
velocities were obtained to calculate E/A ratio and isovolumic relax-
ation time. With tissue Doppler spectral waveforms, early diastolic
myocardial relaxation velocity was obtained to calculate E=/E ratio.

Serum catecholamines. Serum epinephrine and norepinephrine lev-
els were measured using Adrenaline Research ELISA and Noradren-
aline Research ELISA from Labor Diagnostika Nord GmbH & CO
KG according to manufacturer’s protocol, respectively. Briefly, blood
was collected from the right carotid artery of mice under anesthesia
and incubated at room temperature for 30 min. Serum was collected
after centrifugation. Sample volumes used were 10 �L for norepi-
nephrine ELISA and 40 �L for epinephrine ELISA.

RNA isolation and qPCR. Total RNA was isolated using TRIzol
and the Direct-zol RNA Miniprep Kit (Zymo Research) according to
manufacturer’s instructions. cDNA was generated from isolated RNA
using the iScript cDNA Synthesis Kit (Bio-Rad). Semiquantitative
PCR on cDNA was done using SYBR Green (Bio-Rad) and a final
concentration of 100 nM of gene-specific oligonucleotides for atrial
natriuretic factor (Nppa, ANF), brain natriuretic peptide (Nppb, BNP),
GRK2, and Rn18s (18S) on a CFX96 Real Time System with BioRad
CFX Manager 2.1 software (Bio-Rad). Quantification was done
through 18S rRNA normalization and compared using the ��Ct
method.

Terminal hemodynamics. Briefly, a 1.4-Fr micromanometer-tipped
catheter (Millar Instruments) was inserted into the right carotid artery
and then advanced into the LV. A polyethylene-50 catheter was
placed in the left external jugular vein for continuous infusion of
isoproterenol, and an isoproterenol dose response curve was per-
formed as we have done previously (58). Systolic blood pressure was
recorded in closed-chest mode throughout the experiment with a
PowerLab DAQ System (Millar Instruments).

Isometric aortic contraction assay. Isometric aortic contraction
assays were performed as described previously (50). Briefly, thoracic
aortas from WT or GRK2-C340S mice were cleaned of surrounding
tissue, cut into 2.5-mm rings, and then mounted onto a myograph
(Radnoti Wire Myograph, Radnoti LLC). Rings were equilibrated for
60 min before max contraction was measured with KCl (100 mM).
After washing out the KCl, phenylephrine (PE) dose response was
assessed (1 � 10�9 to 3 � 10�3M). Rings were precontracted with an
EC50 concentration of PE before endothelium-dependent relaxation
was assessed using acetylcholine (Ach; 1 � 10�9 to 3 � 10�3 M). To
evaluate basal tone NO release, rings were incubated with NG-nitro-
L-arginine methyl ester (L-NAME) (50 �M) for 45 min.

Radioligand binding. In brief, crude cardiac membrane prepara-
tions were prepared as previously described (50). The total density of
expressed �-ARs in cardiac lysates was determined by saturation-
binding experiments using the nonselective �-AR antagonist (�)3-
[125I]iodocyanopindolol ([125I]CYP) as the radiolabel. Propranolol
(10 �M) was used to determine nonspecific binding. Amounts of total
and nonspecific radiolabel bound to cell membranes were calculated
from radioactive counts remaining on the glass fiber filters. From the
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plotted saturation hyperbola, �-AR density (Bmax) and affinity value
(Kd) of [125I]CYP for each sample were calculated using iterative
nonlinear regression analysis.

Histological sectioning and staining. Renal vascular hypertrophy
and perivascular fibrosis were evaluated with Sirius Red (EMS)
staining in kidney samples obtained from aged WT and GRK2-
C340S. Briefly, after deparaffinization and rehydration, sections (4–5
�m thick) were stained in equal parts Weigart’s iron hematoxylin A
and B (EMS) for 10 min at room temperature. Sections were washed
twice in distilled water for 3 min per wash. Sirius Red was added for
1 h at room temperature. Slides were washed twice in 0.01 N HCl for
3 min per wash. Sections were then dehydrated and penetrated using
ethanol and xylene, respectively. Thoracic aortas and hearts were
stained with Masson’s trichrome to distinguish media area from
adventitia and fibrosis, respectively, as previously described (58).
Briefly, after deparaffinization and rehydration, sections were incu-
bated with Bouin’s fluid for 1 h at 56°C. Sections were washed three
times in distilled water for 3 min per wash and incubated with
working hematoxylin-eosin solution for 7.5 min, followed by washing
in distilled water for 30 s. Sections were then incubated with Biebrich
Scarlet-Acid Fuchsin solution for 5 min. After being incubated with
phosphotungstic-phosphomolyhdic acid solution for 5 min, sections
were stained with Aniline Blue stain solution for 5 min. Sections were
washed in 1% acetic acid for 30 s and distilled water for 30 s. To
analyze cell cross-sectional area, heart sections were stained with
wheat germ agglutinin (WGA; ThermoFisher, 10 �g/mL in PBS) for
1 h in a humidified dark chamber, as described previously (58).
Sections were dehydrated and penetrated using ethanol and xylene,
respectively. Analysis was conducted using ImageJ software.

Histological quantifications. Cardiomyocyte cell cross-sectional
area was quantified as previously described from WGA staining (58).
To quantify cardiac fibrosis, multiple images from Masson’s
trichrome-stained hearts were taken across the left ventricle. The blue
stained area (fibrosis) was outlined and quantified. To calculate
cardiac perivascular fibrosis, the value of the fibrosis area was sub-
tracted from the value of the vessel area divided by the true area of the
vessel. To quantify vascular hypertrophy in the kidney, the value of
medial area was divided by the true area of the vessel. True area was
calculated by vessel outer perimeter squared divided by 4	. To
calculate renal perivascular fibrosis, the value of fibrosis area was
subtracted from vessel area and divided by the true area of the vessel.
A minimum of three representative vascular images was analyzed per
sample. Medial hypertrophy of thoracic aorta was quantified by
measurements of medial thickness in four randomly selected locations
per slide. A minimum of three representative vascular images was
analyzed per biological replicate.

Immunohistochemistry of cardiac sections. Subsequent to heat-
induced antigen retrieval, heart sections were immunolabeled with
primary antibodies for platelet endothelial cell adhesion molecule
(PECAM-1)/cluster of differentiation 31 (CD31) (R&D AF3628) and

-smooth muscle actin (
SMA) (Sigma-Aldrich A5228) as described
(10). Secondary fluorophore-conjugated antibodies (ThermoFisher
A21432, A21202) were then used to analyze the immunofluorescence.
Images throughout the heart were obtained with the Nikon Eclipse
Ti-E fluorescence microscope, merged using Adobe Photoshop
(Adobe), and analyzed with ImageJ. CD31 and aSMA counts were
normalized to tissue area.

Statistical analysis. All values in the text and figures are presented
as means � SE. Statistical significance between two groups was
determined by Student’s unpaired t test. Statistical significance be-
tween three or more groups with two or more variables was deter-
mined by two-way ANOVA with Tukey’s multiple comparisons test.
Probabilities of 0.05 or less were considered to be statistically signif-
icant. Statistical calculations were done in Prism 7 (GraphPad). Effect
sizes for statistically significant differences between two groups are
reported as Cohen’s d, calculated by the mean difference divided by
their pooled standard deviation.

RESULTS

Aged GRK2-C340S mice exhibit cardiac dysfunction. WT
and GRK2-C340S mice were allowed to age to 2–3 mo (8–15
wk) or 12–20 mo (52–82 wk) before implementation into the
young or old study groups, respectively. Old GRK2-C340S
mice expressed GRK2 protein at endogenous levels seen in old
WT mice, corresponding with our previous study confirming
young GRK2-C340S mice also express GRK2 at endogenous
levels seen in young WT mice while activity is increased
(Supplemental Fig. S1; all supplemental material is available at
https://doi.org/10.6084/m9.figshare.11823750.v1) (27). A typ-
ical laboratory mouse lifespan is 1.3–3 yr, making our young
mice equivalent to ~20–30 human years and our old mice
equivalent to ~40–64 human years (19, 23, 65a). As GRK2-
C340S mice aged, we observed a steady decline in cardiac
function as determined by traditional echocardiography (TE) or
speckle tracking-based strain echocardiography (STE). By
�12 mo of age, GRK2-C340S mice have a significant reduc-
tion in ejection fraction (EF) detected by STE compared with
age-matched WT counterparts (d � 1.71) (Fig. 1A). GRK2-
C340S groups experienced significant declines in EF over time
(d � 1.63), but this was only trending in WT groups: young
WT � 65.3% versus old WT � 57.5% (d � 1.00) (Fig. 1A).
EFs in old GRK2-C340S males (d � 1.31) and females
(d � 2.22) were significantly declined to the same extent
(Supplemental Fig. S2, A and B). EF and FS obtained by TE
showed similar patterns between groups and within groups
over time: reduced EF (d � 1.79) and FS (d � 1.78) in old WT
versus old GRK2-C340S; decline in EF and FS in old WT
(d � 1.39; 1.32) or GRK2-C340S (d � 2.44; 2.20) mice versus
young mice (Supplemental Fig. S2, C and D). Left ventricular
internal dimensions at systole (LVIDs) (d � 2.03) and diastole
(LVIDd) (d � 1.63) were both significantly increased in old
GRK2-C340S mice compared with age-matched WT mice,
indicative of LV dilation. Internal diameters were increased in
old groups compared with young as well (dWT;s � 1.80;
dWT;d � 1.980; dC340S;s � 3.37; dC340S;d � 3.23) (Fig. 1, B and
C). Volumes at systole (d � 1.94) and diastole (d � 1.56) were
also significantly increased in old GRK2-C340S mice com-
pared with age-matched WT, which further suggests impaired
contractility in aged GRK2-C340S mice (Fig. 1, D and E). Old
WT (dV;s � 1.83; dV;d � 1.98) and GRK2-C340S (dV;s �
3.62; dV;d � 13.08) mice had increased volumes compared
with their respective young groups, as observed in all other
parameters. Additional TE parameters can be found in Supple-
mental Fig. S2, E–G. Measurement of global longitudinal
strain (GLS) through STE in aged GRK2-C340S mice revealed
that they had significantly greater LV deformation during
systole compared with aged WT (d � 1.61) (Fig. 1F). Further
analysis of regional longitudinal or radial strain within the LV
revealed similar findings that aged GRK2-C340S cardiac con-
traction was impaired (Supplemental Fig. S3, A–E). Overall,
over time GRK2-C340S experience significantly worsened
systolic function compared with age-matched WT mice. De-
clines in systolic function with aging have become more
appreciated as advances in echocardiography techniques, i.e.,
STE, improve its sensitivity (17).

As impaired diastolic function has traditionally been most
appreciated to accompany aging, we assessed diastolic func-
tion through pulsed-wave Doppler and tissue Doppler echocar-
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diography. Multiple diastolic indices trended toward impair-
ment in aged GRK2-C340S mice compared with aged WT,
including increased isovolumic relaxation time, reduced
E/A ratio, reduced E/E= ratio, and increased LV myocardial
performance index compared with age-matched WT con-
trols (Supplemental Fig. S4). Impairments in reverse longi-
tudinal (d � 1.99) and radial strain rate (d � 1.05) measure-
ments obtained via STE analysis further supported the
presence of worsened diastolic function in aged GRK2-
C340S mice compared with age-matched WT mice (Supple-
mental Fig. S3, F and G). Over time we observed declining
cardiac function, congruent with previously published stud-
ies in aging (17). Importantly, GRK2-C340S mice with
global loss of SNO-mediated GRK2 regulation have signif-
icant systolic and diastolic dysfunction that is more pro-
nounced compared with aged WT mice.

GRK2-C340S mice have adrenergic abnormalities. We have
previously observed that the loss of SNO regulation on GRK2
in the hearts of GRK2-C340S mice led to overactive GRK2
and enhanced �-AR desensitization with isoproterenol chal-
lenge (27). To determine if the cause of decreased cardiac
function stemmed from cardiac �-AR abnormalities, �-AR
density was measured by radioligand binding of cardiac mem-
branes. A decrease in �-AR density was observed in young
GRK2-C340S mice compared with young WT (Fig. 1G).
However, as previously established, young WT mice do not
show cardiac dysfunction at baseline, suggesting that reduced
�-ARs alone was not sufficient to produce dysfunction. �-AR
density was reduced in both aged groups compared with young
WT mice but to the same extent (dWT � 1.70; dC340S � 2.02)
(Fig. 1G). Although young GRK2-C340S mice have reduced
�-AR expression that is maintained over time, it does not

Fig. 1. Aged GRK2-C340S mice have reduced cardiac function. A: ejection fraction (EF) from speckle tracking-based strain echocardiography (STE) in young
(8–15 wk) and old (52–82 wk) wild-type (WT) or GRK2-C340S mice. Average heart rates during STE are 514, 503, 546, and 509 beats/min (n � 8). Left
ventricular internal diameters (LVID, mm) of young or aged WT or GRK2-C340S at systole (B) and diastole (C) obtained by traditional echocardiography (TE).
End-diastolic volumes (�L) at systole (D) and diastole (E) obtained by TE (n � 8–20). Average heart rates for TE are 509, 488, 424, and 482 beats/min. F:
global longitudinal strain (GLS) obtained by STE (n � 8). G: quantification of �-adrenergic receptor (�-AR) density from radioligand binding assay in cell
membranes from young and old WT or GRK2-C340S mice (n � 3–7). Serum epinephrine (ng/mL; H) (n � 3–5) and serum norepinephrine (ng/mL; I) (n �
4–12) levels measured by ELISA in young and old WT or GRK2-C340S mice. *P 
 0.05, **P 
 0.01, ***P 
 0.001,****P 
 0.0001 as determined by two-way
ANOVA with Tukey’s post hoc analysis.
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appear to be the primary contributor to the developing cardiac
dysfunction.

Next, we looked at serum catecholamine levels because
sympathetic nervous system activation is a hallmark of CVD,
including heart failure, and accompanies �-AR desensitization
and downregulation (42). Furthermore, catecholamines have
been shown to increase over time (13). Of note, we found
significantly elevated serum levels of epinephrine in aged
GRK2-C340S mice compared with age-matched controls
(d � 1.93) (Fig. 1H). Norepinephrine was significantly ele-
vated in aged groups compared with young groups (dWT �
3.08; dC340S � 2.72) but with no apparent difference within
groups (Fig. 1I). The increased serum epinephrine is of phys-
iological significance because we have previously shown

GRK2 activity to be critically important in the release of this
catecholamine from the adrenal medulla, as increased activity
does lead to increased epinephrine levels (41).

Aged GRK2-C340S mice exhibit adverse cardiac and renal
remodeling. Changes in LV function are strongly associated
with cardiac remodeling (37, 54). Therefore, we examined the
cardiac morphology in old GRK2-C340S mice. Old GRK2-
C340S mice presented with hypertrophied hearts observed by
significantly increased heart weight-to-body weight (HW/BW)
ratios (d � 1.64) as well as heart weight-to-tibia length (HW/
TL) ratios (d � 1.13) compared with aged WT (Fig. 2, A and
B). There is also a striking increase in HW/BW and HW/TL in
young versus old GRK2-C340S (d � 1.47; d � 2.92) mice that
is significantly more pronounced than WT mice over time

Fig. 2. Aged GRK2-C340S mice exhibit cardiac hypertrophy. Measures of heart weight (HW)-to-body weight (BW) ratios (A) and HW-to-tibia length (TL) ratios
(B) between young and old wild-type (WT) or GRK2-C340S mice (n � 12–18). C: representative images of wheat germ agglutinin (WGA; red) and
4=,6-diamidino-2-phenylindole (DAPI; blue)-stained young and old WT or GRK2-C340S mouse heart sections. Scale bar, 100 �m. D: quantification of
cardiomyocyte cross-sectional area (CSA) from WGA staining in young and old WT or GRK2-C340S hearts (n � 4). Quantification of qRT-PCR data in young
and old WT or GRK2-C340S hearts showed fold change in mRNA expression of atrial natriuretic factor (ANF) (E), brain natriuretic peptide (BNP) (F) (n �
5–6), and GRK2 (n � 11) (G). *P 
 0.05, **P 
 0.01, ***P 
 0.001,****P 
 0.0001 as determined by two-way ANOVA with Tukey’s post hoc analysis.
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(d � 0.86; d � 1.51) (Fig. 2, A and B). HW/BWs in WT mice
do not appear to increase over time, but rather trend to be
lower, likely due to large increases in BW with age that masks
present physiological heart growth. Hypertrophy was due to
increased cardiomyocyte size, as measured from cardiomyo-
cyte cross-sectional area (CSA) through wheat germ agglutinin
(WGA) staining. CSA increased in both aged WT (d � 1.46)
and GRK2-C340S (d � 3.55) groups compared with their
young counterparts (Fig. 2, C and D). Aged GRK2-C340S
mice displayed more pronounced and significant hypertrophy
compared with aged WT (d � 2.40) (Fig. 2, C and D). Trend-
ing increased expression of ANF (Fig. 2E), BNP (Fig. 2F), and
GRK2 mRNA (Fig. 2G) in GRK2-C340S mice supports this
hypertrophy being pathological in nature.

Previous transaortic constriction (TAC) studies in mice with
cardiac-specific overexpression of GRK2 (TgGRK2), overex-
pression confirmed in Supplemental Fig. S5G, have shown that
TgGRK2 mice hypertrophy to the same extent as their non-
transgenic littermate controls (NLCs), despite having increased
GRK2 expression and activity (58). To determine whether
cardiac GRK2 was specifically responsible for the GRK2-
C340S phenotype, we aged TgGRK2 mice to 73 wk. Although
old TgGRK2 hearts did hypertrophy over time, it was no
different than age-matched NLCs as measured through HW/
BW, HW/TL, and CSA (Supplemental Fig. S5, A–D). Mal-
adaptive hypertrophic markers, ANF and BNP, between aged
TgGRK2 and NLC animals were unchanged (Supplemental
Fig. S5, E and F). Like aged WT controls, aged NLC animals
did not show any notable increase in ANF or BNP compared
with young counterparts. Additionally, aged TgGRK2 mice
also did not experience any declines in EF, measured through
TE, compared with age-matched WT mice (Supplemental Fig.
S2H). Overall, GRK2-C340S mice develop maladaptive car-
diac remodeling over time beyond what is physiologically
normal, likely due to noncardiomyocyte unchecked GRK2
activity because TgGRK2 do not show signs of maladaptive
remodeling or dysfunction.

As hearts age physiologically, there are changes in the
vasculature, including increased fibrosis (4). Examination of
the vasculature in aged GRK2-C340S hearts through Masson’s
Trichrome revealed significantly increased perivascular fibro-
sis compared with aged WT hearts (d � 2.03) (Fig. 3, A and B).
Additionally, perivascular fibrosis increased over time in both
WT (d � 3.47) and GRK2-C340S (d � 4.77) mice but was
more pronounced in the latter. Decreases in capillary density
with age have been previously reported predominantly in the
brain, but they have been reported in the heart and skeletal
muscle as well (25, 38, 43, 63). To examine whether there were
any changes in vascular density over time due to increased
GRK2 activity, immunohistochemistry on heart sections was
done with CD31 to mark all vessels, including capillaries, and

SMA to mark larger vessels (arteries, arterioles, veins, and
venules). We observed a trend toward decreased CD31 density
over time in WT mice and significantly in GRK2-C340S mice
(d � 2.23) (Fig. 3, C and D). Similar findings were observed in

SMA density over time (Fig. 3E).

Given that the renal system is closely linked to the cardio-
vascular system so that pathology in one organ increases the
risk of pathology in the other and vice versa, we investigated
whether the vasculature in the kidneys was also abnormal (1,
12, 40). Histological examination of the kidneys by Sirius Red

staining of aged GRK2-C340S mice revealed an increase in
vascular medial thickness shown by an increase in vascular
medial area to internal arterial area ratio in renal vessels
compared with age-matched WT mice (d � 8.15) (Fig. 4, A
and B). Moreover, we found that aged GRK2-C340S mice had
significantly more renal perivascular fibrosis compared with
aged WT mice, parallel to what was observed within the
cardiac vasculature (d � 6.36) (Fig. 4, A and C). Thus, aged
GRK2-C340S mice exhibit adverse remodeling not only in the
myocardium, but also in the kidneys that include significant
perivascular fibrosis and vascular hypertrophy. This perivas-
cular fibrosis is evident in multiple organs and highlights the
vasculature’s vulnerable nature to GRK2 activity. Pathological
signaling and remodeling due to upregulated GRK2 activity in
the vasculature may be a significant cause of the GRK2-C340S
phenotype. Overall, aged GRK2-C340S mice displayed signif-
icant multiorgan perivascular fibrosis, renal vascular hypertro-
phy, and decreased cardiac vessel density over time.

Aged GRK2-C340S mice have increased cardiac pressures.
With increased perivascular fibrosis, we next examined aged
GRK2-C340S mice hemodynamically to give insights on vas-
cular function. Young mice had no differences in blood pres-
sure (Fig. 5A). Consistent with elevated sympathetic nervous
system activity, we found that aged GRK-C340S mice had
significantly higher systolic pressures at baseline compared
with aged WT mice within the left ventricle (d � 0.94) (Fig.
5B). Aged GRK2-C340S mice continued to display signifi-
cantly elevated pressures during �-adrenergic challenge with
isoproterenol compared with aged WT mice (d0.01ng � 3.31;
d0.05ng � 3.49; d1ng � 3.71; d5ng � 3.10; d10ng � 3.32) despite
the young groups being no different (Fig. 5, C and D).

We also investigated whether peripheral blood pressures
were concomitantly elevated through two methods: 1) teleme-
ter inserted in the left carotid artery for 3 days and 2) BP2000
Blood Pressure Analyzer, representing a noninvasive tail-cuff
method. Although both methods did not reveal any statistically
significant differences in the individual parameters of systolic
and diastolic pressure, there was a trend toward narrowed pulse
pressure (P � 0.08) (Supplemental Fig. S6). This phenotype is
of interest as reduced pulse pressure has been linked to ad-
vanced HF and independently predicts mortality, a reflection
from poor cardiac function (69). Increases in pulse pressure
windows have also been associated with CVD, but more so
with mild HF (69).

Aged GRK2-C340S mice exhibit abnormal aortic morphology.
Given that aged GRK2-C340S mice had increased LV pres-
sures and significant multiorgan perivascular fibrosis, we took
a closer look at the aortic morphology within these mice. This
is especially important because the eNOS machinery is prev-
alent in vessels, and the unchecked GRK2 activity via the loss
of SNO regulation will lead to a loss of eNOS activity as we
have previously shown (27). We examined aortic sections with
Masson’s trichrome staining from young and old WT and
GRK2-C340S mice. Aged KI mice had significantly reduced
medial thickness compared with aged WT aortas (d � 3.06),
seemingly through a reduction in vascular smooth muscle cells
(VSMC) (Fig. 6, A and B). Surprisingly, young GRK2-C340S
mice presented with the same phenotype of reduced medial
thickness (d � 2.70). Although aortic abnormalities are ob-
served at early time points, they do not produce any func-
tional consequences until seemingly at later time points.
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Additionally, they could be a driving force further support-
ing a potential vasculature origin of GRK2-mediated CV
dysfunction. These morphological changes begin at an early
age and could result in pressure gradients that could induce
the hypertrophic and fibrotic changes we found in the hearts
of aged GRK2-C340S mice above. These data suggest that
aged GRK2-C340S aortas are overall smaller or narrower
than their WT counterparts. Thus, the loss of cardiac func-
tion observed in aged GRK2-C340S likely was a result of
global, likely cardiac independent, differences in GRK2
activity through loss of S-nitrosylation that originated in the
vasculature, which resulted in reduced vascular media and
smaller aortic dimensions.

Aged GRK2-C340S mice have impaired aortic contractile
function. Given that aged GRK2-C340s mice have reduced
VSMCs within their media and significant perivascular fibro-
sis, we examined whether this caused any changes in aortic
contractile properties. Aortic rings were isolated from young or
old WT, and GRK2-C340S mice were then placed in tissue
baths. Upon 100 mM KCl incubation, aortic rings from young
WT and GRK2-C340S mice responded with the same force of
contraction (Fig. 7A). However, aged GRK2-C340S aortas
displayed significantly reduced contraction compared with
aged WT (d � 1.51) (Fig. 7B). Similar impaired contraction
responses were seen with the 
-AR agonist phenylephrine
(PE), as contraction was similar in young WT and GRK2-

Fig. 3. Aged GRK2-C340S mice exhibit cardiac vascular abnormalities. A: representative images of Masson’s trichrome-stained aged wild-type (WT) or
GRK2-C340S mouse heart sections. Scale bar, 100 �m. B: quantification of perivascular fibrotic area in young or aged WT and GRK2-C340S hearts (n � 4).
C: representative images of young and old WT or GRK2-C340S cardiac sections immunolabeled with cluster of differentiation 31 (CD31) (red). Nuclei (blue)
were stained with 4=,6-diamidino-2-phenylindole (DAPI). Scale bar, 50 �m. D: quantification of CD31 density expressed as a percentage of CD31 positive
vessels per tissue area (n � 4). E: quantification of 
-smooth muscle actin (
SMA) density expressed as a percentage of 
SMA positive vessels per tissue area
(n � 4). *P 
 0.05, **P 
 0.01, ****P 
 0.0001 as determined by two-way ANOVA with Tukey’s post hoc analysis.
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C340S aortas but significantly reduced in aged GRK2-C340S
mouse aortas (d10

�7
M � 0.86; d10

�6.5
M � 0.92; d10

�6
M �

0.97; d10
�5.5

M � 1.08) (Fig. 7, C and D). Relaxation responses
in precontracted rings to acetylcholine were identical in WT
and GRK2-C340S mice regardless of age (Fig. 7, E and F). As
strong evidence for the loss of SNO-mediated GRK2 regula-
tion responsible for these vascular contractile changes, we
challenged rings with the eNOS inhibitor L-NAME to induce
loss of NO. Aortic rings from young WT and GRK2-C340S
mice had similar contractile responses due to the loss of the

vasorelaxant NO (Fig. 7G). However, aortas from aged GRK2-
C340S mice had significantly impaired responses to L-NAME
compared with age-matched WT mice (d � 0.80), demonstrat-
ing the importance of SNO-mediated GRK2 inhibition in the
vascular contractile response (Fig. 7H).

DISCUSSION

GRK2 has been studied for decades and been established as
a critical pathological kinase in CVD. We see that in animal

Fig. 4. Aged GRK2-C340S mice develop renal vascular hypertrophy and fibrosis. A: representative higher magnification (�100) images of Sirius Red stained
aged kidneys from wild-type (WT) and GRK2-C340S mice demonstrating perivascular fibrosis. Scale bar, 100 �m. B: quantification of vascular medial
area-to-internal arterial area ratio as a measure showing increased medial hypertrophy in aged GRK2-C340S mice compared with WT. C: quantification of
perivascular fibrosis-to-vascular area ratio from Sirius Red staining in aged WT and GRK2-C340S mice (n � 4–6). ����P 
 0.0001 as determined by Student’s
t test.

Fig. 5. Aged GRK2-C340S mice exhibit increased
blood pressures. Invasive hemodynamic analysis of
wild-type (WT) or GRK2-C340S mice within the left
ventricle: systolic pressure (mmHg) at baseline in
young (A) and old (B) mice; systolic blood pressure
(mmHg) in young (C) and old (D) mice in response to
isoproterenol (0–10 ng) (n � 11) �P 
 0.05, as deter-
mined by Student’s unpaired t test between WT com-
pared with GRK2-C340S.
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models subject to cardiac injury [MI, I/R, and transaortic
constriction (TAC)] GRK2 expression and/or activity increase
and contribute to cardiac dysfunction and myopathy (39). How
GRK2 initiates maladaptive signaling pathways in the heart
and related tissues or contributes to the changing molecular
landscape over time remain pertinent research questions as we
continue to understand GRK2’s functions. In this study, we
allowed GRK2-C340S mice that lack dynamic SNO-GRK2
regulation, an endogenous mechanism for attenuating GRK2
activity, to age at least 12 mo before enrollment. This unique
mechanism of GRK2 activation in GRK2-C340S mice plus
aging allowed us to investigate the consequences of global
GRK2 overactivity that may not be observed using other
GRK2 mouse models. The use of mice ranging from 12–20 mo
may not be old enough to significantly recapitulate all hall-
marks of aging compared with 24- to 36-mo-old mice used in
traditional aging studies (14, 71), but we are primarily con-
cerned with the effects of long-term GRK2 overactivity on the
cardiovascular system. For example, we see significant in-
creases in LV hypertrophy and activation of neurohormonal
signaling but only trends in declining diastolic function. Over-
all, we report that chronic GRK2 overactivity is sufficient in
causing significantly worsened cardiovascular parameters com-
pared with WT mice, which can provide insights into how
GRK2 participates in CVD development, including during
intrinsic aging. A summary of our findings in the GRK2-
C340S mouse is reviewed in Fig. 8.

It is debated whether GRK2 has a direct mechanistic role in
inducing cardiomyocyte hypertrophy in mice (39). Multiple in
vitro studies have shown overexpressing GRK2 is sufficient to
upregulate hypertrophic gene markers (i.e., ANF, BNP, �-my-
osin heavy chain) or hypertrophic genes (i.e., nuclear factor of
activated T cells and nuclear factor �-light-chain-enhancer of
activated B cells) and increase cell size in cardiac cell lines (57,
65). However, animal models with GRK2 manipulation largely
have not translated these findings. For example, we have
previously shown cardiac-specific GRK2 overexpressing trans-
genic (TgGRK2) mice do not experience any changes in

cardiac mass after TAC surgery compared with NLCs (58). Of
note, these studies enrolled TgGRK2 animals at 8–10 wk of
age, which would not take into account changes in the molec-
ular landscape over time. Studies involving GRK2 inhibition in
cardiac hypertrophy animal models present with conflicting
results, making it difficult to conclude whether cardiac GRK2
can primarily cause hypertrophy (39). Furthermore, transgenic
mice with cardiac-specific expression of the �ARKct, a GRK2
peptide inhibitor, underwent TAC and hypertrophied to the
same degree as NLC mice (8, 58). Kamal et al. (31) reported
that inhibition of GRK2 through gallein was able to ameliorate
hypertrophy in TAC-operated mice compared with sham. Gal-
lein being a small molecule delivered systemically would make
it difficult to differentiate whether its effect was from inhibition
of cardiac myocyte GRK2 or from other cell types. Gallein’s
highly homologous structural analog, M119, was also able to
inhibit phospholipase C activation, which could be another
mechanism to explain hypertrophic protection from gallein (5).
In the present study, we demonstrated that 73-wk-old cardiac
TgGRK2 animals still do not experience hypertrophy any
differently than NLCs over time. Unchanged cardiac hypertro-
phy in aged TgGRK2 was represented by unchanged HW/TL
ratios, hypertrophic gene expression, and cardiomyocyte cross-
sectional area compared with NLC. However, the GRK2-
C340S KI mouse with global overactivation of GRK2 did
present with cardiac hypertrophy over time. This supports the
idea that cardiomyocyte pools of GRK2 may not be directly
responsible or sufficient to elicit cardiac hypertrophy in vivo,
which agrees with our previous studies demonstrating young
TgGRK2 and �ARKct mice hypertrophy to the same extent as
NLC mice after TAC (29, 58). Currently, there have been no
studies investigating the effect of TAC on aged TgGRK2 or
Tg�ARKct mice, but this is something worth future study.
However, TAC has been performed on aged WT rodents to
investigate the effects of aging on cardiac stress responses. Old
age during TAC has been reported to augment pressure over-
load adaptations in a number of ways, but hypertrophic re-
sponses across studies were minimal, if present at all, likely

Fig. 6. Aortic size is reduced in aged GRK2-C340S mice A: representative images of Masson trichome-stained aged aortas from wild-type (WT) and
GRK2-C340S mice demonstrating reduced medial thickness in GRK2-C340S mice. Scale bar, 100 �m. B: quantification of medial thickness from Masson
trichrome staining in young and old WT and GRK2-C340S mouse aortas (n � 3–4). *P 
 0.05, **P 
 0.01 as determined by two-way ANOVA with Tukey’s
post hoc analysis.
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due to reduced overall protein production (24, 30, 64). It is
clear that aging changes the molecular landscape so that
cardiac stress responses will be different compared with young
subjects. It is difficult to hypothesize how aged TgGRK2 or
�ARKct will respond to TAC given these distinctions, but
GRK2 activity is likely to have no effect on hypertrophy while
still worsening cardiac function. Despite increased GRK2 ac-
tivity being detrimental to cardiac function during stress (i.e.,
isoproterenol challenge, TAC surgery), TgGRK2 mice do not
experience declines in EF over time like the GRK2-C340S
mice, likely due to the eNOS pathway being intact in TgGRK2
animals.

Noncardiomyocyte pools of GRK2 may be more likely the
cause for our hypertrophic phenotype observed. Our data
suggest GRK2 activity in adrenal glands and vasculature is the
culprit for initiating maladaptive hypertrophic signaling in the
heart. Indeed, other animal models with elevated serum cate-
cholamine levels from non-GRK2 manipulations or chronic
�-AR stimulation develop cardiac hypertrophy over time (29,
44). Increased serum epinephrine trending in young knockin
mice and significantly elevated in old KI mice is consistent
with increased GRK2 activity in the adrenal medulla where
desensitization of 
2-ARs have been observed (41). Increased
GRK2 activity seems to play a role in perivascular collagen

Fig. 7. Aged GRK2-C340S mice exhibit aortic con-
traction dysfunction. There were 2–4 aortic sections
analyzed from each mouse to obtain isometric con-
tractility from baseline of aortic rings with 100 mM
KCl incubation from young (n � 5) (A) and aged
(n � 8) (B) wild-type (WT) (white circles) or C340S
mice (black squares). Contractile dose response
curves to phenylephrine (PE) in young (n � 5) (C)
and old (n � 8) (D) WT or C340S aortic rings.
Relaxation dose-response curves to acetylcholine in
young (n � 5) (E) and old (n � 8) (F) WT or C340S
aortic rings. Contractility from baseline of aortic
rings with 50 �M NG-nitro-L-arginine methyl ester
(L-NAME) incubation from young (n � 5) (G) and
aged (n � 4–5) (H) WT (white circles) or C340S
mice (black squares). �P 
 0.05, ��P 
 0.01, ���P 

0.001, ����P 
 0.0001 as determined by Student’s
unpaired t test between WT and GRK2-C340S.
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deposition and hypertension. In addition to fibroblasts, multiple
cell types have been implicated in perivascular fibrosis devel-
opment, including smooth muscle cells, endothelial cells, peri-
cytes, and immune cells (70). The ability of the heart to deliver
oxygen-rich and nutrient-rich blood is subject to cardiac vessel
compliance, which perivascular fibrosis greatly impairs (15).
Of note, fibrosis during hypertension begins in the perivascular
space (70). Vascular stiffness itself increases the risk of stroke
and myocardial infarction (45, 55). Both aging and hyperten-
sion are known risk factors of vascular stiffness, and indeed
our aged GRK2-C340S mice presented with higher systolic
blood pressures in the left ventricle compared with aged-
matched controls at baseline and during �-AR stimulation.
Roles for GRK2 in endothelial and vascular smooth muscle
cell physiology have been previously identified. Loss of GRK2
in endothelial cells impaired vasorelaxation, increased macro-
phage infiltration, and increased collagen degradation from
increased matrix metallopeptidase 2 and 9 expression (9).
Interestingly, antagonizing GRK2 through systemic adminis-
tration of M119 in an ISO model of HF reduced perivascular
fibrosis compared with ISO treatment alone (7). Vascular
smooth muscle (VSM) specific overexpression of GRK2 in
mice (TgSM22
-GRK2), 2- to 4-mo-old, presented with sig-
nificant increases in peripheral blood pressures compared with
this study (21). TgSM22
-GRK2 have ~80% increase in
GRK2 expression compared with NLC and aortic primary
smooth muscle cells derived from these mice have ~300%
increase, both leading to increased GRK2 activity as well (21).
Although GRK2-C340S mice do have increased global GRK2
activity including the VSM, we may not see such dramatic
increases in peripheral blood pressure due to lack of transgenic
overexpression and the existence of other GRK2 regulatory

pathways beyond S-nitrosylation. It is likely that the increase in
GRK2 activity observed in GRK2-C340S mice is far less than
in TgSM22
-GRK2. Eckhart et al. (21) did not report on
whether there were any changes in perivascular fibrosis or
vascular density in TgSM22
-GRK2 mice, but VSM-specific
GRK2 overexpression was sufficient in inducing myocardial
hypertrophy measured by increased HW/BW ratio. Mice with
VSM-specific knockout of GRK2 did not observe any changes
in heart size at baseline compared with controls and hypertro-
phied to the same extend as controls in a renal stenosis model
of hypertension (11). The impact of GRK2 on vessel density
remains a gap in knowledge, but it has been reported that
hypertrophic cardiomyopathy patients have reduced arteriolar
density (61). Overall, it is evident that GRK2 plays an impor-
tant role in vascular and adrenal physiology and has a mech-
anistic role in producing the cardiovascular effects observed in
the aged GRK2-C340S mice.

Over the course of a lifetime, there is progressively increas-
ing disorder molecularly, structurally, and functionally due to
age that is ironically exacerbated by the body’s compensatory
mechanisms to preserve function (34, 35). Therefore, the
impact of age-related changes on the CV landscape cannot be
underestimated when it comes to studying CVD therapies and
mechanisms, especially when prevalence and risk of CVD
continue to increase after adult onset (�20 yr) (3). GRK2’s
role in aging is another area of research that remains obscure
within the CV system, but one that demands more research
considering CVD is marked with GRK2 activity and patients
are predominantly elderly. The few existent studies suggest
GRK2 is increased in expression and activity in the aging rat
aorta and carotid artery but not in lymphocytes (36, 60). This
may not be surprising considering normal physiological aging

Fig. 8. Summary of aged GRK2-C340S phenotype. Illus-
tration summarizing the age-dependent cardiovascular
changes as a result of hyperactive GRK2 from loss of
dynamic S-nitrosylation negative regulation in the GRK2-
C340S mouse. At young ages, wild-type (WT) and GRK2-
C340S cardiovascular function and structure are indistin-
guishable, save for reduced aortic medial thickness in
GRK2-C340S mice that is maintained. Over time, increased
GRK2 activity causes cardiovascular pathology beyond
what is observed in normal physiological aging in WT
mice. Aged GRK2-C340S mice present with increased
cardiac hypertrophy, cardiac and renal perivascular fibrosis,
serum catecholamines, and systolic pressure. Cardiac and
aortic function decline in aged GRK2-C340S mice com-
pared with aged WT. GRK2 overactivity in the vasculature
and adrenals is likely to play an important role in the overall
cardiovascular phenotype observed. Modified from images
from Servier Medical Art (http://smart.servier.com/), li-
censed under a Creative Common Attribution 3.0 Generic
License.
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is characterized by �-AR system alterations, such as including
increased circulating catecholamines, reduced �-AR density,
increased �-AR desensitization, increased Gi
 protein and
signaling, and decreased contractility (13, 22). GRK2 has been
established to directly cause all of the above during CVD via
phosphorylating �-ARs (16). Increased GRK2 expression has
also been reported in aged rat livers and aged human brains
(48, 62). As GRK2 levels increase over time and are elevated
in CVD, the GRK2-C340S mouse presents with a chronic
disease phenotype that considers CVD and age, which can be
a valuable tool. GRK2’s role in aging demands more research
in the future to comprehensively understand its contribution.
GRK2 remains an attractive therapeutic target, and multiple
efforts have been made to inhibit its activity, including phar-
macologically (31, 59), virally (51, 53, 67), and genetically
(32, 52). Anti-GRK2 therapy may be beneficial not only during
CVD, but perhaps as a cardiac preventative measure as well.

Limitations. Besides the limited current research available
for GRK2 in aging, this present study has other limitations. The
phenotype of reduced medial thickness, seemingly from re-
duced smooth muscle content, in our GRK2-C340S mice was
unexpected and incongruent with phenotypes in aging models
and humans. Aging does cause vascular structural remodeling,
but it comprises collagen accumulation, decreased elastin, and
VSMC proliferation within the media (68). The mechanism
resulting in this unique phenotype would require further inves-
tigation. The seemingly smaller aortas may be the cause of
reduced pulse pressure. Reduced pulse pressure can be ob-
served in settings of aortic narrowing, like aortic stenosis or
aortic coarctation, although there can be high heterogeneity
between patients and dependence on severity (2, 26). Our
aortic phenotype remains histologically different compared
with aortic stenosis or coarctation, but we do observe parallels
within our present data, i.e., high pressures above the aorta and
lower pressures below the aorta (18, 47). Although the origin
of reduced medial thickness lies within our manipulation of
GRK2, the subsequent mechanisms of our unique aortic phe-
notype are currently unknown.

The mechanisms of increased GRK2 activity seen in the
TgGRK2 and GRK2-C340S mouse are brought on differently.
One is through transgenic overexpression, and the other is
through loss of a negative regulatory mechanism, respectively.
At this point, it is unknown whether SNO-GRK2 changes
GRK2’s interactome or whether it is gaining or losing inter-
acting partners, aside from preventing �-arrestin recruitment.
Therefore, it is debatable whether the loss of SNO-GRK2 may
impact other protein functions that are relevant to CVD.
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