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Abstract

Rationale—G protein-coupled receptor (GPCR) kinases (GRKs) are dynamic regulators of 

cellular signaling. GRK5 is highly expressed within myocardium and is up-regulated in heart 

failure (HF). Although GRK5 is a critical regulator of cardiac GPCR signaling, recent data has 

uncovered non-canonical activity of GRK5 within nuclei that plays a key role in pathological 

hypertrophy. Targeted cardiac elevation of GRK5 in mice leads to exaggerated hypertrophy and 

early HF after transverse aortic constriction (TAC) due to GRK5 nuclear accumulation.

Objective—In this study we investigated the role of GRK5 in physiological, swimming induced 

hypertrophy (SIH).

Methods and Results—Cardiac-specific GRK5 transgenic mice (TgGRK5) and non-transgenic 

littermate control (NLC) mice were subjected to a 21-day high intensity swim protocol (or no 

swim sham controls). SIH and specific molecular and genetic indices of physiological hypertrophy 

were assessed including nuclear localization of GRK5 and compared to TAC.

Unlike after TAC, swim-trained TgGRK5 and NLC mice exhibited similar increases in cardiac 

growth. Mechanistically, SIH did not lead to GRK5 nuclear accumulation, which was confirmed in 

vitro as insulin-like growth factor-1, a known mediator of physiological hypertrophy, was unable 

to induce GRK5 nuclear translocation in myocytes. We found specific patterns of altered gene 

expression between TAC and SIH with GRK5 overexpression. Further, SIH in post-TAC TgGRK5 

mice was able to preserve cardiac function.

Conclusions—These data suggest that while nuclear-localized GRK5 is a pathological mediator 

after stress, this non-canonical nuclear activity of GRK5 is not induced during physiological 

hypertrophy.
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Introduction

G protein-coupled receptors (GPCRs) regulate various intracellular pathways, and are 

known to play an integral role in modulation of the cardiovascular system. GPCR's are 

regulated by GPCR kinases (GRKs) in a process termed “desensitization” leading to halting 

of the signal, receptor internalization and degradation or resensitization1, 2. GRK2 and 

GRK5 are the predominant GRKs expressed in the myocardium, and are known to be up-

regulated in human heart failure (HF) where they can shut-off over-stimulated GPCRs such 

as β-adrenergic receptors1. The role of GRK2 in HF development after myocardial injury has 

been well documented1, 3, however only recently has a critical role for GRK5 in HF 

pathogenesis begun to be elucidated.

Studying the role of increased myocardial GRK5, as seen in human HF, in a cardiac-specific 

transgenic mouse model (TgGRK5) has revealed a key role in HF pathogenesis after 

ventricular pressure-overload following transverse aortic constriction (TAC)4-6. With cardiac 

elevation of GRK5, it was found that following TAC there is exaggerated hypertrophic 

growth of the heart with accelerated maladaptation and early HF4-6. Interestingly, this 

phenotype does not depend on the canonical activity of GRK5 but rather its ability to 

localize in the nucleus of myocytes wherein it acts as a Class II histone deacetylase (HDAC) 

kinase resulting in nuclear export of HDAC5 and de-repression of cardiac hypertrophic gene 

transcription through myocyte enhancer factor 2 (MEF2)4, 5. Recently, we have discovered 

that in addition to the de-repression of MEF2 activity after TAC, GRK5 has the ability to 

bind DNA directly and in a kinase-independent manner act as a positive co-regulator of 

nuclear factor of activated T-cells (NFAT)-mediated hypertrophic gene transcription6. To 

confirm whether myocardial GRK5 is an endogenous HDAC5 kinase, mice with either 

global or cardiac myocyte specific GRK5 knockout (GRK5 KO) displayed significantly less 

hypertrophy and prevention of maladaptation after TAC with less HDAC5 exported from the 

nucleus7. These data confirm that GRK5 is a potent regulator of pathological hypertrophy; 

however, a role for this GRK in another form of hypertrophy, physiological hypertrophy, has 

yet to be elucidated.

Physiological hypertrophy occurs during pregnancy and after endurance training such as 

swimming. This form of hypertrophy is denoted by more uniform growth, with proportional 

increases in myocyte cell length and width resulting in favorable cardiac adaptations (i.e. 

anti-apoptotic, stimulation of myocyte renewal)8, 9. Most importantly, this form of 

hypertrophy does not lead to maladaptation and HF. Since TAC and other hypertrophic 

stimuli (such as the α-adrenergic agonist, phenylephrine (PE) and angiotensin II (AngII)) 

induce the nuclear localization and the above non-canonical activities of GRK5, we were 

interested in whether this also occurs within the context of physiological hypertrophy and if 

so, what mechanisms may be in play to prevent GRK5-mediated pathology. In the present 
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study, we used a high intensity swim training protocol to investigate whether increased 

myocyte GRK5 would alter the phenotype of swim induced hypertrophy (SIH) and whether 

any nuclear non-canonical actions of GRK5 are involved in this model of physiological 

hypertrophy.

Methods

Cell culture

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1 to 2 day old rats, as 

previously described10. NRVMs were infected with recombinant, replication deficient 

adenovirus (GRK5, LacZ, GFP) at a MOI of 1-10 particles per cell.

Experimental animals

All animal procedures were performed in accordance with the guidelines of the Institutional 

Animal Care and Use committee at Temple University School of Medicine.

Swim protocol

A 21-day high intensity swim training protocol was utilized to induce SIH in mice, as 

previously described11 (Online Figure I-A). Subsequently, a moderate exercise protocol was 

adapted from this protocol to train pressure-overload mice (Online Figure I-B).

Transverse aortic constriction

Transverse aortic constriction (TAC) surgery was performed, as previously described4-7.

Echocardiography

Echocardiography was performed with the VisualSonics VeVo 2100 imaging system in 

anesthetized animals (2.0% isoflurane, vol/vol) to evaluate in vivo cardiac function, as 

described previously6, 7.

Cardiac myocytesize measurement

Cardiac myocyte cell diameter was determined from left ventricular sections from hearts of 

all study groups. Microphotographs of these specimens with Masson's trichrome staining 

were taken by a Nikon digital camera, and analyzed using ImageJ software. Similarly, 

NRVM cell size was evaluated in α-smooth muscle actin (SMA) stained cells.

Nuclear fraction extraction

Nuclear extracts were prepared from NRVMs using a nuclear/cytosol fractionation kit 

(BioVision Inc., Milpitas, CA, USA), as previously described6.

RNA isolation

Total RNA was isolated from tissue samples for Real-time Polymerase Chain Reaction using 

the Trizol method, as previously described7. RT-PCR was performed for Brain Natriuretic 

Peptide (BNP), Regulator of Calcineurin (RCAN), Connective Tissue Growth Factor 

(CTGF), Collagen 3 (Col3) and Osteonectin (Sparc), as previously described6. Ultra-pure 
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RNA was isolated from tissue samples for RNA deep sequencing using the Norgen Total 

RNA purification kit, as previously described12.

RNAseq data analysis

Raw sequence reads were aligned to the mouse mm10 genome using the Tophat algorithm13; 

Cufflinks algorithm was implemented to assemble transcripts and estimate their 

abundance14. Cuffdiff was used to statistically assess expression changes in quantified genes 

in different conditions15. A false discovery rate (FDR) < 0.05 was used to define differential 

expression.

Ingenuity pathway analysis (IPA)

Biological and interaction networks of candidate genes were generated using Qiagen's 

Ingenuity Pathway Analysis (IPA, Qiagen, Redwood City, CA, USA www.qiagen.com/

ingenuity). IPA explores the set of input genes to identify networks by using Ingenuity 

Pathways Knowledge Base for interactions between genes. The candidate gene list was 

uploaded into the application for biological function enrichment analysis, and networks of 

Network Eligible Molecules were then algorithmically generated based on their connectivity.

Drugs

In vitro hypertrophy was induced via either Insulin-like growth factor-1 (IGF-1, Sigma-

Aldrich, St. Louis, MO, USA) or Phenylephrine (PE, Sigma-Aldrich, St. Louis, MO, USA).

Protein-Immunoblotting

Immunoblotting was performed for GRK5, Total AKT, phospho-AKT (p-AKT), laminin 

A/C, fibrillarin, and GAPDH, as previously described4, 5.

Statistics

All the values in the text and figures are presented as mean +/- SEM. Statistical significance 

was determined by Student's t-test or ANOVA. P values of <0.05 were considered 

significant.

Results

SIH in mice with altered myocyte GRK5 levels

TgGRK5 mice with ∼30 fold overexpression of GRK5 in cardiac myocytes and non-

transgenic littermate control (NLC) mice were put through a 21-day high intensity swim 

training protocol, which yields hypertrophy similar to that observed with treadmill training11 

(Online Figure I-A). At the conclusion of this protocol, cardiac function was assessed by 

echocardiography and heart weight to body weight (HW/BW) and heart weight to tibia 

length (HW/TL) ratios were obtained to measure hypertrophy. Both TgGRK5 and NLC mice 

exhibited significant increases in the HW/BW ratio after training compared to their 

respective untrained sham controls (Figure 1A, Online Figure II). Importantly, HW/BW and 

HW/TL ratios were not statistically different between the TgGRK5 and NLC trained groups. 

To reaffirm this finding, mean cell diameter was quantified in both sham and trained 
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TgGRK5 and NLC mice, and both the NLC and TgGRK5 trained groups exhibited 

significant increases in myocyte cell diameter relative to sham controls that again were not 

different between mice with endogenous levels of GRK5 or increased myocyte levels 

(Figure 1B-C). These data suggest that overexpression of GRK5 does not alter the 

development of SIH. To address the ultimate role of GRK5 in physiological hypertrophy, 

global GRK5 KO animals were subjected to swim training. GRK5 KO mice exhibited 

significant hypertrophy after training, which was not statistically different when compared to 

control and TgGRK5 mice (Online Figure II).

Exercise is commonly associated with favorable cardiac adaptations16, 17, thus cardiac 

function was evaluated via echocardiography pre and post training in NLC and TgGRK5 

mice. Echocardiography revealed no significant changes in left ventricular (LV) ejection 

fraction % (EF%) in trained mice compared to their corresponding sham controls (Figure 

1D). In agreement with the presence of SIH, echocardiography revealed that both TgGRK5 

and NLC mice exhibited significant but identical increases in systolic posterior wall 

thickness (sPWT) post training relative to sham controls (Figure 1E). All other functional 

data has been tabulated and presented in Online Table I. To confirm effectiveness of our 

training protocol, we evaluated heart rate to stroke volume (HR/SV) ratio in trained NLC 

and TgGRK5 mice relative to sham controls (Figure 1F, Online Table I). As expected the 

HR/SV relationship was significantly reduced in both trained groups relatively to their 

respective sham controls showing the effectiveness of the training. Taken together, these data 

suggest that GRK5 does not actively play a role in SIH, which is in stark contrast to GRK5 

being critically involved in pressure-overload induced hypertrophy4-7.

Swim training is a standard method to study physiological hypertrophy within the 

cardiovascular field11, 18; however, a criticism of forced training protocols is that they have 

been reported to induce stress during training, including adrenergic stress19, 20. To address 

this question, we administered isoproterenol (ISO, 30 mg/kg/day), a chronic stress, via mini-

osmotic pumps to TgGRK5 and NLC mice. Mice were pumped with phospho-buffered 

saline (PBS) to serve as an appropriate control. ISO administration led to significant and 

identical increases in HW/BW ratios in both TgGRK5 and NLC mice relative to their 

respective PBS pumped controls (Online Figure III). In addition, the hypertrophy observed 

in both TgGRK5 and NLC mice after ISO infusion was similar to that observed with 

training, in agreement with prior findings showing that ISO pumping does not lead to more 

cardiac hypertrophy than swim-training21. Taken together, GRK5 overexpression does not 

appear to significantly influence cardiac growth induced by swim training or chronic β-

adrenergic stimulation.

Swim training does not alter nuclear GRK5 levels

Our initial findings show that manipulation of GRK5 levels in the heart (i.e. ablation or 

overexpression) produces a characteristic hypertrophic response after swimming that appears 

identical to mice with endogenous levels of GRK5. Since GRK5-mediated pathological 

hypertrophy is dependent on its nuclear localization, we wanted to determine whether 

swimming alters the localization of GRK5 within the myocyte. Accordingly, cardiac nuclear 

fractions were generated from sham and trained TgGRK5 mice along with post-TAC 
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TgGRK5 mice serving as a positive control for nuclear GRK5 accumulation (Figure 2, 

Online Figure IV-A-E). As expected, TgGRK5 mice that underwent TAC displayed 

significantly increased nuclear GRK5 levels compared to sham, however, swim-training did 

not alter nuclear localization. Moreover, GRK5 remained at the membrane of myocytes after 

exercise (Online Figure IV-F). Therefore, swim training as a physiological hypertrophic 

stimuli does not appear to induce GRK5 nuclear targeting.

Role of GRK5 on the IGF-1 hypertrophic signaling axis

Prior studies have demonstrated that SIH exerts its beneficial effects, in part via activation of 

the IGF-1/PI3K/AKT/PKB/mTOR signaling axis16. Thus, to reproduce our in vivo findings 

above in vitro, we treated NRVMs that had either endogenous or overexpressed levels of 

GRK5 after adenoviral (Ad)- mediated gene delivery (with Ad-LacZ or Ad-GFP as a 

control) with IGF-1 treatment and measured cell growth. Following IGF-1 stimulation (10 

nM/L for 24 hrs) we stained for α-SMA in NRVMs and measured mean cell area (Figure 

3A-B). IGF-1 stimulation produced significant increases in myocyte growth that was equal 

regardless of GRK5 expression levels (Figure 3A-B). In contrast, using PE to stimulate α-1 

adrenergic receptors that have been linked to pathological myocyte growth, we found that 

myocytes with elevated GRK5 expression had an enhanced response (Figure 3A-B) 

consistent with previous reports 4-6. Mechanistically, we found that consistent with elevated 

GRK5 levels not altering IGF-1 induced myocyte hypertrophy, this ligand did not promote 

nuclear accumulation of GRK5, while PE did (Figure 3C-D, Online Figure V-B-F). In 

addition, PE led to GRK5 nuclear localization in adult ventricular myocytes while IGF-1 did 

not (Online Figure V-A).

Phosphorylation leading to activation of AKT is known to occur downstream of IGF-1 

signaling, and this is believed to be a key molecule involved in the beneficial aspects of SIH. 

Therefore, we measured p-AKT at Serine 473 as a surrogate marker of the IGF-1 dependent 

SIH stimulus pathway in control and GRK5 overexpressing myocytes. As expected, IGF-1 

stimulation (10 nM/L for 10 minutes) led to significantly increased p-AKT levels, however 

an equivalent activation regardless of GRK5 expression was observed (Figure 3E-F). 

Importantly, pre-incubation with LY 294,002, a selective PI3K inhibitor (LY, 10 uM/L for 10 

minutes), significantly blunted IGF-1 induced p-AKT levels in all cells. Taken together, 

IGF-1, a ligand previously known to be associated with induction of physiological 

hypertrophy, produces its results in myocytes without an influence by GRK5 levels, which is 

consistent with our observed results found with swimming.

Swim training after TAC slows the progression towards HF in TgGRK5 mice

Swim training is known to promote favorable cardiac outcomes including protection from 

various cardiac insults17, 22, 23. We have shown that when GRK5 is elevated in cardiac 

myocytes an early and progressive HF phenotype arises after TAC4-6. Since the above data 

demonstrates minimal involvement of GRK5 in the induction of SIH and a lack of GRK5 

nuclear targeting, which is a novel regulator of maladaptive hypertrophy and HF4-7, we 

tested whether training could alter the post-TAC phenotype of TgGRK5 mice. To 

accomplish this, we adopted a modified exercise protocol in which one week post-TAC 

TgGRK5 mice, a time period where it is well established that these GRK5 overexpressing 
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mice have an exaggerated hypertrophic response, underwent a moderate swim training 

program (TAC+EX) for one week (Online Figure I-B). Sham, un-trained TgGRK5 mice 

served as controls. TAC+EX TgGRK5 mice exhibited significantly increased HW/BW ratios 

relative to sham controls (Figure 4A); however, HW/BW ratios were not statistically 

different between TAC+EX and TAC TgGRK5 mice. Mean myocyte diameter was also 

evaluated via Mason's Trichrome stained heart sections from these mice, and in agreement 

with our previous findings, post-TAC TgGRK5 mice exhibited significantly increased cell 

diameter relative to sham controls that was not further altered by swimming (Figure 4C). 

Interestingly, although these data suggest that swimming has no effect on the cardiac growth 

observed post-TAC, we found that swim-training significantly ameliorated the accelerated 

maladaptation and ventricular dysfunction after TAC due to GRK5 overexpression (Figure 

4). As shown in Figure 4D, LV EF% as determined by echocardiography was significantly 

decreased 2 weeks after TAC in TgGRK5 mice, but significantly rescued by one week of 

swimming. The beneficial effect of swimming on GRK5-mediated cardiac dysfunction post-

TAC was also maintained for up to 3 weeks (data not shown). Additional functional data 

have been tabulated and are presented in Online Figure II.

Mechanistically, we examined the nuclear translocation of GRK5 in myocytes after PE to 

stimulate TAC-induced hypertrophy followed by IGF-1 treatment to mimic molecular 

induction of SIH. Importantly after IGF-1 treatment, there were similar levels of GRK5 in 

the nucleus downstream of PE stimulation (Figure 4E-F, Online Figure VI-A). Similar data 

were found in vivo (Online Figure VI-B). Taken together, these findings suggest that swim 

training after TAC leads to hypertrophy similar to that observed with TAC alone, but can 

slow the deterioration of cardiac performance in TgGRK5 mice post-TAC. Further, 

inhibition of GRK5 nuclear accumulation does not appear to be the mechanism by which 

this protection occurs.

GRK5-dependent transcriptome analysis following exercise and pressure-overload

It is well known that physiological and pathological hypertrophy differentially activate 

various signaling pathways, leading to distinct gene regulation programs8, 24. However, since 

GRK5 itself can induce hypertrophic gene regulation, at least in part through NFAT 

activation6, we used RNA Seq technology to assess transcripts expressed in mouse hearts 

after TAC, and also after swim training when GRK5 is elevated. In Figure 5A, a heat map is 

displayed that illustrates 43 genes up-regulated (red) and 10 mRNAs downregulated (green) 

in post-TAC (2 weeks) TgGRK5 mouse hearts relative to sham controls. The genes 

upregulated within this group are predominated by known regulators of cardiac apoptosis 

and fibrosis associated with HF25. Conversely, Figure 5B illustrates and lists the 37 gene 

transcripts that are elevated (green) with SIH when GRK5 is elevated in myocytes as well as 

20 mRNAs down-regulated (red) with exercise relative to sham controls. Interestingly, these 

transcripts are from genes largely associated with metabolism. We next directly compared 

genes selectively regulated by TAC versus swim (Figure 5C-D). This analysis revealed that 

59 gene transcripts are increased (red) in trained TgGRK5 mice compared to post-TAC 

TgGRK5 mice, and these are primarily genes associated with metabolism and cell 

maintenance (Figure 5C). Conversely, 84 genes are upregulated (green) after TAC in 

TgGRK5 mice compared to swim training (Figure 5D-E). These upregulated genes are 
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known regulators of inflammation, fibrosis, and apoptosis; all of which play prominent roles 

in the transition of the myocardium to a diseased state and presumably are active post-TAC 

when GRK5 is overexpressed. Subsequently, Ingenuity network analysis26 illustrates genes 

upregulated (red) and downregulated (green) Post-TAC relative to Post-Swim in TgGRK5 

mice with an emphasis on (Figure 6A) Connective Tissue Disorders, Organismal Injury and 

Abnormalities, Dermatological Diseases and Conditions, and (Figure 6B) Organismal Injury 

and Abnormalities, Cellular Development, Connective Tissue Development and Function. 

These genes are known to be involved in cardiac hypertrophic signaling, interferon 

signaling, and also regulation of cardiac hypertrophy by NFAT. These findings suggest that 

the maladaptive hypertrophy mediated through GRK5 overexpression after TAC is due 

primarily to activation of various interaction networks leading to cell death. Since GRK5 

overexpression doesn't alter SIH, the gene regulation imparted by GRK5 overexpression is 

likely minimal. However both sets of gene expression data are unique, thereby linking 

GRK5 to its canonical and non-canonical actions in swimming and TAC, respectively. A 

complete list of these transcriptomes are included in Online Tables III-VIII.

Several transcripts from the RNA Seq data were confirmed by RT-PCR and transcripts 

upregulated in TgGRK5 post TAC hearts, but not swim and vice versa were indeed 

confirmed. Some of these are shown in Online Figure VII.

Discussion

The present study presents evidence that GRK5, via its non-canonical localization and 

activity, is a critical regulator of pathological hypertrophy with no apparent role in 

physiological hypertrophy as a result of swim training. Training of both TgGRK5 (cardiac 

specific GRK5 overexpressors) and NLC mice led to similar increases in cardiac 

hypertrophy, which could be recapitulated in vitro via IGF-1 stimulation of cardiac 

myocytes. GRK5 nuclear localization, which is the triggering mechanism for pathological 

hypertrophy induced by GRK5 after pressure-overload, was unaltered in SIH. 

Overexpression of GRK5 is relevant to cardiac growth since it has been found to be up-

regulated in compromised hearts including failing myocardium27. Interestingly, although 

exercise did not alter hypertrophic growth in post-TAC TgGRK5 mice, it did slow the 

progression to maladaptation and ventricular dysfunction, which provides evidence that 

GRK5-mediated pathology can be potentially deterred even when GRK5 is significantly up-

regulated.

Cardiac hypertrophy is an example of a compensatory adaptation that can occur in the heart 

with increased demand and can be either ultimately irreversible and pathological or 

reversible and physiological in nature8. Physiological hypertrophy occurs with exercise or 

pregnancy and is associated with favorable cardiac adaptation8, 24. Conversely, pathological 

hypertrophy can ultimately lead to decreased cardiac function, cell death and HF8, 24. We 

have previously found that GRK5, a kinase shown to be upregulated in the diseased heart27, 

is a facilitator of maladaptive or pathological hypertrophy4-7. Pathological hypertrophic 

stimuli that act through the activation of Gq-coupled receptors (e.g. TAC, α-1 adrenergic 

agonists, or AngII) can induce GRK5's negative effects on cardiac growth via first its 

Calcium (Ca2+) -calmodulin-dependent translocation to the nucleus followed by novel, non-
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canonical actions of this kinase that involve its catalytic activity as well as kinase-

independent DNA binding. In the nucleus of myocytes GRK5 can act as a HDAC5 kinase, 

which leads to induction of MEF2-mediated hypertrophic gene transcription4, 5, 7. In 

addition, we have recently found that in a kinase-independent manner, GRK5 in the nucleus 

can be a robust modulator of NFAT-mediated hypertrophic gene transcription6. Thus, there 

are multiple mechanistic signaling pathways involved in GRK5's role in pathological 

hypertrophy. In fact, nuclear targeting of GRK5 is the sole determinant of its pathological 

effects as mice with cardiac-specific overexpression of a mutant GRK5 that cannot localize 

to the nucleus are devoid of any negative effects after pressure-overload4. Since GRK5 is up-

regulated in diseased myocardium, it was important in this study to determine if it also has a 

negative role in swim-induced cardiac growth since GRK5 appears to be a potential 

therapeutic target in maladaptive hypertrophic conditions. Therefore, our present study is 

promising since we have shown that GRK5 plays a minimal role in SIH suggesting that 

inhibition of GRK5 in the nucleus would not have an influence on this favorable myocyte 

growth condition.

Physiological hypertrophy has been induced in murine models via various exercise training 

models ranging from forced/voluntary treadmill training to forced swim training18. The fact 

that our modest training model induced similar cardiac growth and functional changes 

regardless of GRK5 expression levels also supports the findings that NFAT is not involved in 

SIH11 since GRK5 appears to be an important cofactor6. This conclusion is most supported 

by our data that SIH does not induce the nuclear translocation and accumulation of GRK5, 

which prevents it from interacting with NFAT and its DNA binding targets. That is, GRK5 

nuclear levels are similar between sham and SIH TgGRK5 mice. The lack of nuclear 

targeting of GRK5 post-swim suggests that the signaling pathways responsible for induction 

of SIH do not involve the Gq-mediated signals that key the Ca2+-calmodulin dependent 

mechanisms responsible for GRK5 nuclear translocation5. A recent study has suggested that 

ISO induced cardiac hypertrophy leads to similar levels of hypertrophy to that observed with 

swim training, due to an Inositol trisphosphate (IP3) receptor augmented Ca2+ release 

activated by a concomitant catecholamine release21. Our data reaffirms this finding, and 

present further evidence that the detrimental effects of GRK5 are not reliant on β-adrenergic 

receptor stimulation, consistent with a lack of GRK5 nuclear accumulation after chronic ISO 

admistration5.

Importantly, in vitro experiments in adult mouse and neonatal rat myocytes stimulated with 

IGF-1, a ligand known to induce SIH16, reaffirmed our in vivo findings such that unlike PE 

and Gq activation, IGF-1 does not lead to appreciable nuclear GRK5 accumulation nor did 

GRK5 overexpression alter AKT activation downstream of IGF-1 treatment in NRVMs. It 

has been demonstrated that chronic training in an ischemic rat HF model leads to reduced 

responsiveness to α-1 adrenergic stimuli28. Clinically, this has been supported by the 

observation that walking training in chronic human HF patients leads to a significant 

reduction in AngII levels29. Further in myocytes, IGF-1 stimulation has been shown to 

increase both cytosolic and nuclear levels of [Ca2+]i in an IP3 dependent manner30. 

Although [Ca2+]i and thus, Ca2+-calmodulin association increase with IGF-1 stimulation, it 

is likely that the Ca2+ pool from this stimulation and hence exercise, does not appear to 

interact with GRK5. Accordingly, we speculate that pathological hypertrophic stimuli (i.e. 
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Gq activation, PE), activate a pool of Ca2+ unique from that activated in physiological 

hypertrophy, ultimately leading to GRK5 nuclear translocation and its subsequent 

deleterious nuclear signaling paradigm.

Several previous studies in the literature have been performed in non-transgenic rodents to 

demonstrate the beneficial effects of exercise either prior to or after cardiac insult22, 31-33. 

Thus, we didn't study non-transgenic animals alone for swimming since our goal was to 

specifically address whether exercise in the face of cardiac-specific overexpression of GRK5 

led to pathological changes and if swimming caused the nuclear localization of GRK5. 

Although swimming post-TAC TgGRK5 mice one week after TAC led to similar degrees of 

cardiac hypertrophy to those observed in untrained post-TAC TgGRK5 mice, swim trained 

mice had less ventricular dysfunction. A one week recovery period post-TAC prior to 

starting exercise was instituted due to the high mortality associated with pressure-overload 

surgery34, 35, and the fact that cardiac-specific GRK5 overexpression accelerates HF 

development 4-7. Our finding showing that swimming ameliorated cardiac dysfunction, but 

not cardiac growth was consistent with our mechanistic studies in vivo and in vitro which 

demonstrated that physiological stimulus did not alter GRK5 nuclear accumulation in 

myocytes. Thus, the beneficial effects seen in trained post-TAC GRK5 overexpressing mice 

must be due to a non-GRK5 event, much like the overall swimming phenotype presented in 

present study. Further, these findings agree with recent clinical findings which suggest 

moderate exercise shortly after cardiac insult can improve cardiac function and ultimately 

lifespan in humans36. The mechanism by which cardiac function is preserved in trained TAC 

TgGRK5 mice remains to be elucidated.

A novel data set revealed by our study using RNA Seq technology was the swim training 

transcriptome versus the post-TAC transcriptome with elevated myocyte GRK5 expression. 

It is well known that physiological and pathological hypertrophy differentially activate 

various signaling pathways, leading to distinct gene regulation programs8, 24. However to 

date, no study has compared the differences in gene regulation in TgGRK5 mice during both 

pathological and physiological hypertrophy. A recent study utilized deep RNA-sequencing 

to characterize gene regulation in TgGRK5 mice with specific focus on modified gene 

expression that was dependent on Gq-mediated signaling as it pertains to pathological 

hypertrophy and the post-TAC micro-enviroment37. Accordingly, we utilized this approach 

to screen differences in gene regulation between trained and TAC TgGRK5 mice. This data 

revealed that the genes upregulated with training in TgGRK5 mice were primarily related to 

cell maintenance, metabolism and growth. Conversely, TAC induced up-regulation of 

various detrimental genes associated with cell death, inflammation, fibrosis, and cardiac 

remodeling. Importantly, a role for nuclear GRK5 actions in maladaptive hypertrophy and 

not physiological hypertrophy were largely confirmed in this gene expression data set such 

that genes upregulated in TgGRK5 mice post-TAC have been identified previously with 

pressure-overload37. However, several genes were significantly more induced with GRK5 

overexpression. Conversely, we checked several genes in TgGRK5 mice after swim training, 

and SIH leads to no observed changes relative to untrained mice suggesting a negligible role 

of GRK5 in this form of adaptive cardiac hypertrophy.
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Due to this non-canonical action of GRK5 in the nucleus of myocytes and the fact that this 

kinase is up-regulated in diseased myocardium it has been suggested that it could be a target 

for inhibition in HF. Accordingly, screens have been conducted to evaluate potential GRK5 

inhibitors, and a recent study demonstrated that a small molecule, amlexanox, was able to 

inhibit GRK5 thus blocking myocyte MEF2 activation after PE stimulation, which is 

consistent with an involvement of GRK5 in this aspect of pathological hypertrophy38. 

Further studies are needed to evaluate in vivo if compounds such as amlexanox are able to 

reverse the deleterious effects associated with TAC in TgGRK5 mice.

In summary, the present study presents evidence that GRK5 acts as a hypertrophic facilitator 

only under pathological conditions and does not affect physiological growth of the heart 

even when robustly overexpressed. This appears to be due to the fact that mediators of SIH, 

including IGF-1, do not induce the nuclear localization and accumulation of GRK5, which is 

needed for its pathological effects. The differences between GRK5's role in both of these 

hypertrophic conditions are summarized in Figure 7. Further studies will continue to assess 

genes specifically regulated by nuclear GRK5 levels and their association with either 

maladaptive or physiological cardiac hypertrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

Ad Adenoviral

AngII Angiotensin II

BNP Brain Natriuretic Peptide

Ca2+ Calcium
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Col3 Collagen 3

CTGF Connective Tissue Growth Factor

EF% Ejection Fraction %

FDR False Discovery Rate

GPCR G protein-coupled receptor

GRK G protein-coupled receptor kinase

GRK5 KO GRK5 knockout

HDAC Histone deacetylase

HF Heart failure

HR/SV Heart rate/Stroke volume Ratio

HW/BW Heart weight/Body weight Ratio

HW/TL Heart weight/Tibia length Ratio

IGF-1 Insulin-like growth factor 1

IPA Ingenuity Pathway Analysis

IP3 Inositol trisphosphate

ISO Isoproterenol

LV Left ventricular

LY LY 294,002

MEF2 Myocyte enhancer factor 2

NFAT Nuclear factor of activated T cells

NLC Non transgenic littermate control

NS Non-significant

NRVMs Neonatal rat ventricular myocytes

p-AKT Phosphorylated AKT (Serine 473)

PBS Phospho buffered saline

PE Phenylephrine

RCAN Regulator of calcineurin

SIH Swim induced hypertrophy

SMA α-Smooth muscle actin

Sparc Osteonectin

sPWT Systolic posterior wall thickness

TAC Transverse aortic constriction
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TAC+EX Trans aortic constriction followed by exercise

TgGRK5 Transgenic GRK5

Unt Untreated
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Novelty and Significance

What Is Known?

• G protein-coupled receptor kinase 5 (GRK5) is upregulated in models of heart 

failure (HF), as well as in the failing human heart.

• GRK5 translocates from the membrane to the nucleus via a functional nuclear 

localization sequence, where it has non-canonical GRK functions involved in 

pathological hypertrophy including being a histone deacteylase 5 (HDAC5) 

kinase and acting as a co-factor of nuclear factor of activated T-cells (NFAT) at 

the level of DNA.

• Increased nuclear GRK5 in the setting of pressure-overload and specific 

hypertrophic agonists is pathological.

What New Information Does This Article Present?

• Physiological hypertrophy, induced by exercise (swim training) leads to similar 

levels of cardiac growth regardless of the level of GRK5 expression (i.e. 

ablation, overexpression)

• Nuclear accumulation of GRK5, a hallmark of its role in pathological 

hypertrophy, is not induced during physiological hypertrophy.

• Swim training before pressure-overload can preserve cardiac function in mice 

with cardiac-specific overexpression of GRK5

During maladaptive hypertrophy, GRK5 in cardiac myocytes becomes localized to the 

nucleus, leading to increased transcription of various hypertrophic genes via its ability to 

act as a HDAC5 kinase and due to its association with DNA in concert with NFAT. 

Previous studies have shown that GRK5 ablation reduces pathological hypertrophy. 

However, a role for this GRK in physiological hypertrophy, has yet to be elucidated. To 

study this, we used a high intensity swim training protocol to induce physiological 

hypertrophy. Unlike pressure-overload, swim training in cardiac-specific GRK5 

overexpressing mice led to similar increases in cardiac growth relative to control mice, 

and training did not lead to nuclear accumulation of GRK5. Swim training in GRK5 

overexpressing mice under conditions of pressure-overload delayed the onset of early HF. 

Moreover, during pathological and physiological hypertrophy GRK5 overexpressing mice 

show different patterns of changes in gene expression. These findings suggest that GRK5 

acts as a hypertrophic facilitator only under pathological conditions and does not affect 

physiological cardiac growth even when robustly overexpressed.
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Figure 1. Swim-induced hypertrophy (SIH) is similar in Non-Transgenic Littermate Control 
(NLC) mice, and cardiac-specific transgenic GRK5 (TgGRK5) mice after swimming
(A) Heart weight to body weight (HW/BW) ratios in NLC and TgGRK5 mice after swim 

training*, p<0.05 vs. sham, (ANOVA, n = 11-26 mice/group). (B) Representative images of 

H&E stained cardiac sections from NLC and TgGRK5 mice after swim training. Shown in 

the inset are 400× Magnification images showing myocyte diameter. (C) Quantification of 

Mean Cell Diameter from H&E stained cardiac sections from NLC and TgGRK5 after swim 

training *, p<0.05 vs. sham, (ANOVA, n = 6-15 mice/group). (D) Cardiac function evaluated 

by LV EF% measured by echocardiography in the mice shown in A, Data statistically non-

significant (NS), (ANOVA, n=6-26 mice/group). (E) Systolic posterior wall thickness 

(sPWT) as measured by echocardiography in the mice shown in A, *, p<0.05 vs. sham, 

(ANOVA, n=6-26 mice/group). (F) Stroke volume (SV)/Heart Rate (HR) as measured by 

echocardiography in the mice shown in A, *, p<0.05 vs. sham, (ANOVA, n=6-26 mice/

group).
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Figure 2. Swim training does not alter nuclear levels of GRK5
(A) Representative Western blot of nuclear GRK5 accumulation after swim training or TAC 

(bottom panel) normalized to the nuclear marker, Laminin A/C (top panel). (B) 

Quantification of nuclear accumulation in TgGRK5 mice after swim training or trans-aortic 

constriction (TAC) surgery *, p<0.05 TAC relative to swim or sham, (ANOVA, n = 6-8 mice/

group).
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Figure 3. In vitro Swim-induced myocyte hypertrophy when GRK5 is overexpressed
(A) Representative images of SMA after treatment with insulin-like growth factor-1 (IGF-1, 

10 nM/L) or phenylephrine (PE, 50 μM/L) compared to untreated (Unt). (B) Quantification 

of Mean Cell Size of SMA stained Ad-LacZ or Ad-GRK5 treated NRVMs under three 

conditions: Unt, IGF-1 treatment or PE stimulation *, p<0.05 PE vs. Unt, **, p<0.05 IGF-1 

vs. Unt, *,#, p<0.05 Ad-GRK5 PE vs. Ad-LacZ PE, (ANOVA, n = 101-150 cells/group). (C) 

Nuclear GRK5 levels (top panel) visualized via Western blots of NRVM nuclear fractions 

following IGF-1 or PE treatment relative to Unt with Fibrillarin (bottom panel) serving as 

the nuclear marker. (D) Fold Change of nuclear accumulation in GRK5 infected NRVMs 

after IGF-1 or PE stimulation *, p<0.05 PE vs. Unt or IGF-1 treated, (ANOVA, n = 9-16 cell 

lysates/group). (E) IGF-1 stimulation increases p-AKT to similar levels in Ad-GFP and Ad-

GRK5 treated NRVMs. Shown is a representative Western blot of Ad-GFP (Lanes 1-6) and 

Ad-GRK5 (Lanes 7-12) treated NRVMs stimulated with IGF-1 or IGF1 in combination with 

PI3K inhibitor (LY, 10 μM/L). Odd numbered lanes were Unt. Lanes 2 and 8 were 

stimulated with IGF-1, while Lanes 4, 6, 10, and 12 were treated with IGF-1 ± LY. (F) 

Quantification of p-AKT in Ad-GFP and Ad-GRK5 treated NRVMS after IGF-1 stimulation 

or IGF-1 + LY *, p<0.05 IGF-1 vs. Unt, **, p<0.05 IGF-1 vs. IGF-1 + LY, (ANOVA, n = 

3-10 per group). M=molecular weight marker
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Figure 4. Swim training delays the onset of post-TAC heart failure in TgGRK5 mice
(A) HW/BW ratios in sham TgGRK5, TAC TgGRK5 and TAC/swim TgGRK5 mice*, 

p<0.05 vs. sham, (ANOVA, n = 5-15 mice/group). (B) Representative images of H&E 

stained cardiac sections from mice in A. Shown in the inset are 400× Magnification images 

showing myocyte diameter. (C) Quantification of Mean Cell Diameter from H&E stained 

cardiac sections from mice in A *, p<0.05 vs. sham, (ANOVA, n = 4-5 hearts/group). (D) 

Cardiac function (LV EF%) measured by echocardiography in the mice shown in A*, p<0.05 

Pre-TAC vs. Post-TAC, (ANOVA, n = 4-13 mice/group). (E) IGF-1 stimulation after PE 

administration does not prevent GRK5 nuclear accumulation in myocytes. Shown is a 

Representative Western blot of nuclear GRK5 accumulation after IGF-1, PE, or IGF-1+ PE 

treatment (top panel) normalized to the nuclear marker, Fibrillarin (bottom panel). (F) Fold 

Change of nuclear accumulation in Ad-GRK5 treated NRVMs after IGF-1, PE, or IGF-1+ 

PE treatment *, p<0.05 PE vs. Unt, **, p<0.05 PE + IGF-1 vs. IGF-1, NS, PE vs. PE + 

IGF-1, (ANOVA, n = 9-16 cell lysates/group).
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Figure 5. RNA sequencing data illustrating the effects of pathological hypertrophy and swim-
induced physiological hypertrophy on transcript expression in TgGRK5 mice
(A) Heat map illustrating 43 genes upregulated (red) and 10 genes downregulated (green) in 

Post-TAC TgGRK5 mice relative to sham. (B) Heat map illustrating 37 genes upregulated 

(red) and 20 genes downregulated (green) in Swim TgGRK5 mice relative to sham. (C) Heat 

map illustrating 59 genes upregulated (red) in swim TgGRK5 mice relative to Post-TAC 

TgGRK5 mice. (D-E) Heat map illustrating 84 genes upregulated (green) in Post-TAC 

TgGRK5 mice relative to Swim TgGRK5 mice. Data are plotted using a log2 scale. n=2 

hearts per group.
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Figure 6. Swim-induced physiological hypertrophy and pathological hypertrophy post-TAC 
differentially regulate various pathways in TgGRK5 mice
(A) Ingenuity Pathway Analysis (IPA) illustrating genes upregulated (red) and 

downregulated (green) Post-TAC relative to Post-Swim in TgGRK5 mice with an emphasis 

on Connective Tissue Disorders, Organismal Injury and Abnormalities, Dermatological 

Diseases and Conditions. (B) IPA illustrating genes upregulated (red) and downregulated 

(green) Post-TAC relative to Post-Swim in TgGRK5 mice with an emphasis on Organismal 

Injury and Abnormalities, Cellular Development, Connective Tissue Development and 

Function. Lines with solid arrowheads represent direct interaction of molecules in signaling 

cascade. Lines with clear arrowheads represent auto-regulation in signaling cascade.
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Figure 7. Summary schematic illustrating the differences between GRK5's role in physiological 
and pathological cardiac hypertrophy
(A) With pathological stimuli (PE, TAC), GRK5 associates with Ca2+-calmodulin leading to 

translocation to the nucleus, wherein it promotes maladaptive cardiac hypertrophy via 

association with HDAC5 and NFAT. (B) Conversely, the physiological hypertrophic stimulus 

of exercise does not lead to translocation of GRK5 or NFAT to the nucleus, resulting in a 

normal adaptive hypertrophic response with GRK5 overexpression.
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