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ABSTRACT: 

 

HF is a condition that plagues the Western world, stripping quality of life 

and imposing excessive financial burdens on its victims, their families, and their 

medical caretakers. As a response, modern research focuses on identifying the 

causes, underlying mechanisms, and potential therapeutic strategies for 

eradicating this disease. Our lab has committed several decades to elucidating 

the role of G protein-coupled receptor kinase 2 (GRK2) in HF. GRK2 is a kinase 

involved in G-protein coupled receptor internalization and densensitization under 

hypertrophic stress. In 2014, our group published a paper identifying a nodal 

point in GRK2 at Cysteine 340, where GRK2 S-nitrosylation occurs. This 

established a co-inhibitory relationship between GRK2 and eNOS, reliant on a 

delicate balance of each molecule to retain basal function without allowing GRK2 

to reach pathological levels. My work has focused on further establishing this 

relationship, identifying mechanistic details in basal and hypertrophic conditions, 

and determining the outcomes of mice whose Cysteine 340 position of GRK2 is 

mutated to a Serine, rendering it unable to be S-nitrosylated. My findings suggest 

that these mice are more sensitive to isoproterenol-induced hypertrophy, and that 

dysfunction in this relationship may be part of the age-associated decline in heart 

function and ultimately increase in HF. Two weeks of isoproterenol-infusion 

demonstrated that mice containing the C340S point-mutated site have less ability 

to compensate after HF than their WT counterparts. We also saw that addition of 
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GSNO, a source of bioavailable NO, was unable to rescue the phenotype of the 

C340S mice after isoproterenol infusion, but was able to restore function in the 

WT mouse. In regards to aging, we found that the C340S mice maintain cardiac 

function through echocardiography up until around the 45 week timepoint, just 

short of one year of age. Additionally, we propose that Caveolins, essential 

scaffolding proteins for eNOS, may play a role in regulating the GRK2-eNOS 

complex as well and specifically phospho-caveolin 1 may be in part responsible 

for negatively modulating eNOS activity during and after hypertrophy.  
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CHAPTER ONE 

INTRODUCTION 

 

I.I Heart Failure Overview, Prevalence, and Impact  

 

Heart failure (HF) is a chronic syndrome debilitating the lives of millions of 

people in the Western world, with its impact only growing. Once HF ensures, it 

plagues the body and continues steadily on a functional decline. While the 

condition can result from a variety of primary causes, such as genetic 

predispositions, acute injury, or sustained hypertension and high fat/cholesterol 

diet, the malignant transition to HF occurs when the heart becomes incapable of 

perfusing the necessary amount of blood (and thus nutrients and oxygens) to the 

organs in demand. With a 5-year mortality rate at 50% (Braunwald, 2001), the 

public health crisis that HF has quickly become is in urgent demand of modern 

therapies and research. In addition to the health implications HF plagues among 

society, it also poses a financial burden, costing approximately $31 billion in 2012 

(Heidenreich, et. al 2013), and around $110,000 per patient (Dunlay et al, 2011).  

Despite the undeniable commitment to research across the globe 

dedicated to ending this horrid disease, current clinical therapies are limited in 

that they can treat symptoms and prolong disease progression, but remain 

unable to restore function and reverse 

damage. This opens a window of options 

for researchers to investigate the nature of 

Figure 1.1 Basic GPCR Components 
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the disease, the alterations that occur during injury, and basic science 

mechanisms to elucidate potential therapeutic targets. 

As mentioned previously, HF can arise from a multitude of different 

pathologies that all result in a reduction in left ventricular (LV) ejection fraction 

and adverse myocardial remodeling (Rengo et. al, 2012). Acute HF refers to 

rapid onset, such as that resulting from a heart attack. Chronic HF, however, is a 

slow progressive disease that festers after an original insult and manifests itself, 

preventing healthy growth and repair of the myocardium (Zannad et al. 2009). 

Current therapies center on targeting HF have demonstrated success in 

alleviating symptoms of HF, but fail to reverse the damage to the myocardium. 

Modern research aims to progress toward reversing HF related damage, 

rebuilding new pathways, restoring proper signaling pathways, and reducing scar 

tissue-all with the objective of restoring proper function to the heart.  

 

I.ii. G Protein-Coupled Receptors 

I.ii.i GPCR Structure and Function 

 

 GPCR’s maintain the conserved structure of seven transmembrane alpha 

helices seen throughout the family of seven transmembrane receptors. They are 

arguably the most important cell surface receptors regulating cardiac physiology, 

and primarily do so through regulation of cardiac contractility (Lymperopolous, 

2013). They are critical in recognizing and responding to an array of extracellular 

signaling molecules including neurotransmitters, hormones, growth factors, and 
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catecholamines and signal through hererotrimeric G proteins (Lymperopoulous et 

al., 2013). Disruption of normal GPCR function can thus be detrimental to the 

health of any organ system, especially the cardiovascular system.  

 

I.ii.ii GPCR’S in Heart Failure 

In the heart, GPCR’s regulate cardiac homeostasis, ensuring that the 

balance between contraction and relaxation, and thus the release of nutrient-

dense blood to the body, is properly maintained (Rockman et al., 2002).  Within 

the GPCR family, adrenergic receptors and cholinergic receptors are especially 

critical to maintaining this balance. These receptor subfamilies are thus often 

studied for therapeutic purposes and pharmaceutical drugs, such as β-blockers, 

have made strides in targeting HF symptoms through mechanistically interfering 

with βARs (Lefkowitz. 1998).  

 On an even smaller scale, adrenergic receptors are divided into two 

primary categories: β and α. Within the α family, nine subtypes have been cloned 

to date, but exist in limited numbers in the heart. Significantly more prominent in 

cardiac cells, outnumber α-adrenergic receptors 10:1, are β-adrenergic receptors 

(βARs), where β1-AR is the most predominant subtype (75-80% of all βARs). 

βARs are critical in responding to catecholamine signaling, as well as controlling 

everyday processes such as heart rate (Rockman et al., 2002). 

Canonical GPCR signaling is activated by ligand binding to the external 

side of the receptor, which induces a conformational change in the receptor to 

bind to a G-protein and triggers downstream signaling pathways (Salazar et al., 
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2008). However, GPCR signaling can also occur independently of GPCR through 

β-arrestin signaling, discussed in more detail below and outlined in Figure 1.2.  

 

I.iii G Protein:GPCR Mechanistic Basis 

I.iii.i G Protein Independent Signaling  

 

GPCR-mediated G protein-

independent signaling is a concept 

introduced to cardiac physiology studies 

since the prominence of G protein 

coupled receptor kinases (GRKs) was established and 

novel studies were conducted to establish the role of β-

arrestins in cardiac pathological signaling (Dorn et al., 2009). β-arrestins, 

specifically β-arrestin 2 (βARR2), enhanced contractility in adult mouse 

cardiocyocytes (Violin et al., 2010).  

 

I.iii.ii G Protein-Dependent Signaling 

 

When a G protein binds to its determined receptor, it triggers a 

conformational change that will contribute to the overall effect the external stimuli 

will have. βAR exist, as previously mentioned, in three subtypes in the heart-β1, 

β2, and β3 (Lymperopoulos et al., 2013). These receptors, when bound to 

agonist G proteins, coupling with Gas proteins resulting in downstream production 

Figure 1.2. G-protein dependent and 

independent signaling  
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of cyclic AMP (cAMP) through the activation of adenylyl cyclase when bound to 

the Gas subunit. This process is critical due to the role of cAMP in cell 

communication within the heart.  This communication can facilitate an inotropic or 

chronotropic effect, which focus on the contraction of the heart muscles and 

heart rate, respectively. As one could presume, both positive inotropy and 

chronotropy and negative inotropy and chrontoropy exist, contributing to the 

delicate homeostasis required for optimal cardiac function. Thus, drugs targeting 

the mechanisms of these functions and their relation to β-adrenergic receptors 

are popular pharmaceutical therapeutics. For instance, β-blockers are commonly 

utilized drugs that aim to reverse negative sympathetic influences that depress 

heart rate (chronotropy) and contractility (inotropy) (Pitcher, et al., 1998).  

However, this therapeutic approach reaches a plateau in effectiveness due to the 

activation of cell death plays under chronic continual activation of B1-AR’s in the 

heart, posing a limit for current strategies and thus renders a need for more 

developed research in the field (Lymperopoulos et al., 2013). 

 Contrast to β1-AR’s, β2-AR’s typically couple with Gai inhibitory G 

proteins. This is especially important after hypertrophic response for the 

activation of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway through the 

release of the GΒγ subunit of the G protein (Zhu et al., 2001).  

 GPCRs are typically stabilized when bound to ligands in an active 

conformation that readily 

accept binding of G proteins 

through intracellular 

Figure 1.3 The many signaling roles of 
GPCRs 
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domains. The receptors themselves lack catalytic activity, but once an agonist is 

bound to the ligand (GPCR), it prompts the G protein to dissociate into two 

subunits and effector molecules such as adenylyl cyclases and ion channels. The 

activation of these effector molecules prompts and regulates production of 

secondary messenger molecules, which ultimately cue downstream signaling 

pathways, activating a number of processes (Molkentin et al, 2001).  

 When receptor responsiveness is depleted yet agonist stimulation 

continues, GPCR’s undergo a process known as ‘desensitization’.  This often 

begins as receptor downregulation, which results in a net loss of receptor 

production due to destabilization of receptor mRNA or an increase in 

degradation. Kinases can also contribute to receptor downregulation by 

uncoupling the receptor from its G protein through conformational changes that 

reduce affinity for the G protein to the receptor.  

 Several types of kinases can phosphorylate GPCR’s to trigger receptor 

downregulation. First, there are the protein kinase A (PKA) and protein kinase C 

(PKC) proteins that work in a nonspecific fashion by activation through cAMP and 

DAG, respectively. However, more popular in the heart, are the ‘agonist-specific’ 

downregulation mechanisms imposed by the G-PCR kinase (GRK) family (Reiter 

and Lefkowitz, 2006).  

 

 

 

 



 7 

I.iv G Protein-Coupled Receptor Kinases (GRKs) 

I.iv.i GRK Isoforms  

 

 The GRK family consists of 7 known members (GRK1-7) that are known 

to phosphorylate exclusively stimulated GPCR’s. Their discovery was based on 

their interaction with agonist-occupied βAR’s (again, the most frequently found in 

the heart), and is thus sometimes referred to as β-adrenergic kinases (βARKs). 

GRK’s are found widely across the body in almost all tissues, though GRK1 and 

7 are expressed exclusively in the retina, whereas GRK4 is only found in the 

brain and testes. While ubiquitously expressed, GRK2 and GRK5 are the most 

prominent family members found in the heart (Lefkowitz,1998).  

 

I.iv.ii GRK2: A Key Regulator of Heart Health  

 

 GRK2 is known to be required at some baseline level for normal heart 

function, but becomes pathologic in higher quantities and is seen at elevated 

levels in hypertrophic state. Involved with desensitization, GRK2 causes 

excessive internalization of βARs which in turn prevents stimulation and reduces 

the heart’s ability to contract and dispense blood properly, leading to the 

development of HF (Mayor et al, 2017).  
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I.iv.iii Discovery of GRK2 Upregulation as a Pathological Attribute in Heart Failure 

 

Due to embryonic lethality, it is established that GRK2 is required, to some 

extent, for proper development and function (Jaber et al., 1996). Thus, initially, 

GRK2 elevation observed during HF was presumed to be a protective 

mechanism in order to prevent hyperstimulation of ΒARs by catecholamines and 

maintain cardiac homeostasis. However, in 1997, it was first published that 

GRK2 upregulation plays a detrimental role in HF through uncoupling of βARs, 

resulting in desensitization and a halt of further signaling (Fehmann et al., 1991). 

The first mode of action to study GRK2 upregulation was to develop a GRK2 

transgenic mouse expressing cardiomyocytes-specific GRK2 at levels 

comparable to human elevation during HF, a 3-4 fold increase.  This mouse did, 

indeed, demonstrate diminished βAR signaling and contractile reserve, 

confirming that GRK2 overexpression plays a role in uncoupling these receptors 

(Koch et. al, 1995). Additionally, angiotensin II, a vasoconstrictor used in vivo to 

simulate hypertension, halted proper contraction in GRK2 Tg mice, inferring that 

GRK2 functions beyond traditional βAR signaling pathways (Rockman et. al, 

1996).  Naturally, the next step to uncovering GRK2’s pathological role was 

studying inhibition of its function in a cardiac-specific manner through the 

development of the βARKct mouse. This mouse inhibited GΒγ-mediated 

translocation and subsequent activation of kinase GRK2, and proved to enhance 

cardiac contractility at baseline and after adrenergic stimulation (Koch et al., 

1995), and was even able to reverse the phenotype associated with GRK2 
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overexpression (Akhter, et al., 1999). From this information, it was concluded that 

levels of GRK2 in the heart correlate with the degree of HF observed, and that 

while some basal level of GRK2 is required, its upregulation in HF is detrimental. 

Therefore, targeting GRK2 inhibition became a subject of interest to promote 

positive inotropy in the failing heart and several mouse models of HF were used 

to again confirm GRK2’s maladaptive elevation, including mice with calsequestrin 

(CSQ) overexpression (Harding et al., 2001) and muscle LIM-domain protein 

(MLP) knockout mice (Rockman et al., 1998). However, some models of 

hypertrophy were resistant to rescue by βARKct administration, such as Gaq-

overexpressing transgenic mice (Dorn II, et al., 1999), rendering the need for a 

GRK2 knockout mouse. This proved difficult with GRK2 total ablation being 

embryonic-lethal, and led to the development of the GRK2 heterozygous 

knockout mice. These mice expressed approximately 50% of normal GRK2 

levels, and their cardiac performance matched that of the βARKct transgenic 

mice (Rockman et al., 1998), and were suitable for studying GRK2 inhibition until 

modern technology brought to life the reality of conditional knockouts, which led 

to the rise of cardiac-specific GRK2 KO mice. After myocardial infarction, 

cardiac-specific GRK2 KO mice prevented the progression to HF and retained 

normal βAR signaling compared to WT controls. Even when GRK2 was ablated 

10 days after MI in myocytes, pathological symptoms were reduced, LV adverse 

modeling reversed, and cardiac function improved (Raake et al., 2008). With 

years of studies examining GRK2 function and myocyte-specific deletion, enough 

collective data existed to conclude GRK2’s role in HF and the potential gene 
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therapy for βARKct to help restore proper contractility and function in this 

disease.  

 

I.iv.iv GRK2 in the Present  

 

Fast forward a decade, development in the understanding of GRK2 has 

vastly improved and further confirmed its importance in regulating cardiovascular 

function and metabolic homeostasis. Its pivotal role in determining the outcome 

of ischemic injury has proven to be a rapidly advancing area of research and a 

nodal point for therapeutic intervention. Additionally, GRK2’s role has expanded 

to metabolic health and mitochondrial function as well as insulin signaling (Vila-

Bedmar, et al., 2015).  

  GRK’s role in contributing to the imbalance in positive ionotropic and 

chronotrophic effects in the heart falls primarily in imbalancing β-adrenergic 

signaling (Lymperopoulos et al., 2011). However, recent data suggests that, 

since GRK2 acts in a synergistic manner with β-blockers (Sato et al., 2015), its 

role in pathology may extend beyond the adrenergic axis.  

Increasing understanding of GRK2 has proven to be effective in understanding 

HF as a whole as well as the role of β-blockers, angiotensin converting enzyme 

(ACE) inhibitors, and diuretics (Lymperopoulos et. al 2012). GRK2’s upregulation 

in HF is canonically 

recognized as a protective 

mechanism developed to 

Figure 1.4 GRK2 is a key regulator of several pathways in a 

multitude of diseases outside HF (Mayor, 2017). 
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desensitize βARs in order to combat toxically-high levels of catecholamine 

stimulation. However, much like excess catecholamine stimulation, elevated 

GRK2 levels have proven to be detrimental to the heart and results in uncoupling 

of the βAR (Ungerer, et. al 1993).  

 With knowledge that GRK2 overexpression correlates with ischemic injury, 

GRK2 is presently studied in a variety of different pathways and cellular 

mechanisms contributing to overall pathology, including insulin signaling (also 

prominent within diabetic studies)(Ciccarelli et al., 2011), obesity linkages (Lucas 

et al., 2016), PI3K/Akt pathway (Hata et al., 2003), inhibition by canonical 

antidepressant paroxetine (Schumacher et al., 2015), additional GPCR 

desensitization, such as in the case of adrenal receptors (McCrink et al., 2015), 

and cardiac substrate metabolism and mitochondrial function (Fusco et al, 2012), 

as shown in Figure 4 (Mayor et al., 2017). Uncovering novel roles of GRK2 in the 

heart has also led to studies of GRK2 in other cell types and diseases. As 

aforementioned, GRK2 is now known to play a role in endothelial dysfunction as 

well as adrenal gland catecholamine regulation, as well as in fibroblast 

proliferation. This collaborative data has rendered GRK2 elevation as a 

biomarker for cardiac pathology, and is currently being studied for its role in 

immune cell migration (Mayor et al., 2017). Recent data even shows GRK2 as a 

target in breast cancer, extending its potential and influence on disease even 

further (Nogues et al., 2016; Nogues et al., 2017)! 
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I.iv.v βARR2 and GRK2 

 

At rest, βARR2 resides inactive in the cytosol until receptor 

phosphorylation by GRK2 renders it active (Bouvier et al., 1988; Lohse et al., 

1990). From here, it primarily functions to regulate endocytosis (Kelly et al., 

2008) and lead to further receptor desensitization (Wataru et al., 2014) through 

binding of βARR2 at several regions of the GPCR cytoplasmic tail domain 

(Ferguson et al., 1995). Interaction with βARR2 provides a G-protein 

independent mechanism of action for GRK2, and thereby offers additional insight 

into how GRK2 is involved in maintaining cardiac homeostasis (Thal et al., 2011).  

 In normal conditions, βARR2 is required for G-protein-independent-

signaling, but GRK2 is not, and that βARR2 is involved in regulation signaling in 

the aorta and thus prevalent in endothelial dysfunction (Taguchi et al., 2012; 

Lefkowitz et al., 2004). More specifically, β-arrestin translocates from its 

quiescent cytosolic residency to the membrane in healthy aortic sections treated 

with insulin, coincidentally a condition where GRK2 is also active. However, in 

diabetic aortas, GRK2 also translocates to the membrane but βARR2 is not 

detected after insulin sitmulation, thereby concluding that GRK2 antagonizes 

βARR2 signaling independent of G-protein-mediated processes (DeWire et al., 

2007; Schmid et al., 2009; Luttrell et al., 2010). Therefore, βARR2 receptor 

desensitization could be beneficial whereas GRK2 could be potentially be 

harmful. To further support this claim, the Stamler lab has developed a mouse 

that is mutated at the S-nitrosylation point Cysteine 253 in cardiac βARR2, 
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thereby inhibiting its activity. This mouse model experienced increased 

hypertrophy and worsened HF after transverse aortic constriction (TAC), thereby 

implying that proper ΒARR2 function is required to combat homeostasis, as well 

as establishing a potential link between endothelial nitric oxide synthase (eNOS) 

and ΒARR2 that could further be associated with GRK2 function (Stamler 

unpublished data, 2017).   

 

I.v Role and Production of Nitric Oxide 

I.v.i NO Production-NOS Isoforms 

 

Nitric oxide (NO) signaling in HF is a vastly important therapeutic 

approach in modern day treatment of heart disease. In the heart, it is primarily 

recognized of importance for being a vasodilator, but its biological functions have 

proven to extend far beyond that, as it is produced by multiple different synthases 

and present in nearly every tissue in the body, in both physiological and 

pathological conditions. 

The three different synthases responsible for NO production are neural 

nitric oxide synthase (nNOS), inducible nitric oxide synthase (iNOS), and 

endothelial nitric oxide synthase (eNOS). These synthases are each expressed 

mainly in the neural tissue, activated macrophage, and eNOS, respectively. 

eNOS plays an especially imperative role in cardiac function as its endothelial 

expression is a key regulator in maintaining vascular tone (Lee et al., 2016).  
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I.v.ii NO Production and the Endothelium  

 

 The endothelium forms a barrier between the bloodstream and 

surrounding tissues, and is comprised of approximately 2 trillion endothelial cells 

in the average adult. Insults that impair endothelial function contribute to impaired 

coronary and systemic perfusion, and thereby contribute to overall HF. In 

addition, impaired eNOS enzymatic activity naturally results in decreased 

production of NO, which leads to a shift in the abundance of pathological reactive 

oxygen species (ROS). Generation of ROS and decrease in NO production both 

contribute to the progression of HF (Lee et al., 2016).  

 In regards to myocardial infarction, all three NOS isoforms exhibit 

importance, though mechanisms remain to be elucidated. However, it has been 

shown that 55% mice null for all isoforms demonstrated spontaneous myocardial 

infarction resulting in death, providing sufficient evidence for the critical role of 

NO in regulating baseline and post-MI response (Nakata et al., 2008; de Waard 

et al., 2009).  

 Each NOS isoform contributes differently to HF progression. eNOS and 

nNOS activity are elevated after parasympathetic stimulation with intention to 

combat ROS generation post-MI (Couto et al., 2015), whereas iNOS is absent 

basally but induced, as the name suggests, by inflammation or ischemic stress 

(Takimoto et al., 2002). Modern β-blockers subsequently act by regulating the 

various forms of NOS after MI in the acute and sub-acute phases (Mecanoglu et 

al., 2015). 
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 After ischemic injury, endothelial function becomes compromised and NO 

production is reduced in response to oxidative stress, resulting in arterial stiffness 

and decreased vasodilation. This conclusion is validated through overexpression 

of eNOS ameliorating cardiac health after I/R injury that can be countered by 

NOS-inhibitor L-NAME (Jones et al., 2004) and further corroborated by eNOS-

null mice experiencing exacerbated injury compared to their wild-type 

counterparts (Jones et al., 1999).    

  HF typically results after sustained NO/ROS imbalance, and LV function 

steadily declines with the decline of bioavailable NO (Mohri et al., 1997). Patients 

with HF present endothelial dysfunction, including reduced eNOS expression 

from the impaired blood flow function reducing the shear stress required for 

stimulation of eNOS (Drexler et al., 1998). Additionally, linkage to the renin-

angiotensin system (RAS) has been established in NO downstream signaling, 

making drugs that inhibit RAS of interest in HF. Angiotensin-converting enzyme 

(ACE) inhibitors have been shown to upregulate eNOS in HF conditions and thus 

promote normalized vasodilation properties (Shantsila et al., 2012).  

 In any pathological circumstance, NO plays a key role in regulating 

cardiac function and promoting adequate vasodilation. However, its activation 

through shear stress is diminished when blood flow supply is compensated, as 

observed in HF, leading to disrupted NO production and inversely paralleled 

arterial stiffness-both properties contributing to the progression of HF, and 

demanding further research involving deeper mechanistic studies, relationships 



 16 

with other HF corollary molecules, such as GRK2, and potential therapeutic 

intervention strategies.  

 

I.iv.iii GRK2 and Nitric Oxide  

 

NO serves as a gaso-transmitter important in regulating many 

physiological processes (4). In the heart specifically, NO regulates vascular 

endothelial cells and cardiomyocytes (5). Recent research has established 

linkages between NO and GPCR β-adrenergic receptors and consequently 

discovered that dysregulation of βAR signaling negatively influences NO 

generation, deterring its cardioprotective effects and attributing to cardiac 

myopathy (8,16-19). Beyond general βAR signaling, GRK2 has proven to be a 

key nodal point in NO regulation, further discussed in Chapter 2.   

 

IV. Cardiovascular Disease and Aging 

 

As science and medicine continue to grow and develop novel treatments 

to combat disease, the average lifespan increases in a parallel fashion. Not 

surprisingly, this presents new challenges to doctors and scientists to keep pace 

with these advancements, especially in the field of cardiovascular research, 

where age is the single most important determinant of cardiac health. It is 

predicted that by 2030, around one-fifth of the population will reside in the 65 and 

older age bracket, where within that group 40% of deaths will be CVD-related. 
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This increase is accompanied by an anticipated tripling of cost to treat CVD 

during the same time period (Fleg et al., 2011). Despite the evident need for 

research to understand the mechanism behind the shift in cardiovascular health 

with aging, only within recent years have studies with aged models begun to take 

place. Thankfully, many of these studies have already led to conclusions on 

changes in left ventricle structure and signaling pathways that have helped 

uncover a better understanding of the aging paradigm, though there is 

undoubtedly significant room for advancement (North et al., 2012). 

 The decline in cardiac function seen in aging leads to a plethora of 

cardiac-related abnormalities 

in aged patients, including 

hypertension, atherosclerosis, 

myocardial infarction, and 

stroke (Lakatta, et al., 2003), 

which are further 

characterized by pathological 

hallmarks including 

hypertrophy and impaired 

endothelial function (Fig. 1.5) (North et al., 2012) (Lakatta et al., 2003; Lakatta et 

al., 2003). In the early phases of aging, slow declines in cardiac activity can be 

disguised by compensatory mechanisms to retain proper ejection fraction (Fleg 

et al., 1995; Schulman et al., 1992) and thus supply adequate amounts of blood 

to the body. However, as aging progresses, the decline in function follows in an 

Figure 1.5 Cardiac dysfunction increases in several aspects with aging  
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inverse manner and the decrease in heart rate and LV contractility take 

precedence over  

compensatory mechanisms, resulting in a decrease in β-adrenergic  

receptor activation (Lakatta et al., 2003). This leads to a second attempt at 

compensations, where the heart stimulates the myocardium to increase muscle 

mass, though this increase in cardiomyocyte size ultimately leads to hypertrophy 

after a brief period of compensation.  

 Though the heart is naturally the primary location of hypertrophy studies, 

aging cardiac systems are also associated with a dysfunctional endothelium, 

which presents pathologically as increase systolic pressure and thus 

hypertension, stroke, macular degeneration, and stroke (Lakatta et al., 2003). 

One molecular hallmark of aging endothelial cells is the inability to produce 

sufficient amounts of eNOS and thus NO (Collins et al., 2011). As 

aforementioned, eNOS plays a critical role in producing vasodilator molecule NO 

for the heart in order to regulate vascular tone (Heffernan, et al., 2010). In 

addition to regulating tone, NO is involved with inhibiting vascular inflammation 

as well as prohibiting endothelial cells from entering senescence, where they will 

ultimately die (Vasa et al., 2000).  One of the most influential processes in 

regulating eNOS production is shear stress induced by hemodynamic flow 

(Collins et al., 2011). With a decline in cardiac function, especially in aging, blood 

is perfused with less force than a healthy heart, which creates less friction, thus 

less hemodynamic stress, and less stimulation of eNOS production, which 

ultimately reduces the production of NO leading to the pathological 
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consequences of lower protective NO levels and decreased vasodilation (Kang et 

al., 2009). This makes examining arteries of the cardiac system involved with NO 

production, especially the aorta, of interest to study. 
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CHAPTER TWO 

LITERATURE REVIEW ON C340S MICE-THE FOUNDATION OF MY 

PROJECT 

“CONVERGENCE OF G PROTEIN-COUPLED RECEPTOR AND NITRIC 

OXIDE PATHWAYS DETERMINE THE OUTCOME TO CARDIAC ISCHEMIC 

INJURY” 

 Z. MAGGIE HUANG, ERHE GAO, FABIO FOSECA, HIROKI HAYASHI, 

XIYING SHANG, NICHOLAS E. HOFFMAN, J. KURT CHUPRUN, XUFAN TIAN, 

DOUG G. TILLEY, MUNISWAMY MADESH, DAVID J. LEFER, JONATHAN S. 

STAMLER, AND WALTER J. KOCH  

 

II.i Introduction 

 It is widely known that NO and NO therapies are a main strategy in 

treating HF, despite the gap in knowledge in its role outside vasodilation and 

specifically in protecting the heart after ischemic injury. S-nitrosothiols, 

compounds that contain a functional nitroso group attached to a sulfur atom and 

donate NO, have recently begun being investigated for their potential role in 

ischemic cardioprotection, however their mechanism and targets remain to be 

elucidated.  

GRK2 is a known effector of cardiac hypertrophy. GPCR’s and their 

downstream effectors, like GRK2, are typically viewed independently. However, 

the lynchpin of HF treatment, β-blockers, demonstrates that the inhibition of 

GRK2 through NO would likely restore βAR resensitization. The means of this 
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study was to determine whether GRK2 could serve as a convergence point for 

the progression of HF by typical GPCR-based signaling and the cardioprotection 

offered by NO pathways.   

The C340S mouse was a mouse designed to demonstrate the co-

regulation eNOS and GRK2 exhibit on each other by mutating the Cysteine site 

at position 340 on GRK2, where S-nitrosylation by eNOS occurs, to a Serine 

thereby preventing S-nitrosylation and thus inhibition of GRK2 by eNOS. The 

mouse was successfully generated with a point mutation in exon 12 of GRK2 

replacing Cys340 with a Serine residue. This mutation was confirmed through 

PCR analysis. 

 

II.ii Results  

To ensue hypertrophy, the lab chose the Ischemia/Reperfusion (I/R) injury 

model. Mice of age 8-10 weeks (both Sham and C340S) were anesthesized and 

the heart exposed through a left thoracotomy, and a slipknot was placed around 

the left anterior descending coronary artery. The heart was immediately returned 

to the intrathoracic space and the animal sutured, then left under ischemia for 30 

minutes. Following this, the slipknot was untied and the myocardium could 

perfuse for 3 hours or 24 hours to study apoptosis or infarct size, respectively. To 

study whether S-nitrosoglutathione (GSNO), a source of bioavailable NO, could 

combat the effects of I/R, micro-osmotic pumps containing either GSNO 

(10mg/kg/day) or phospho-buffered saline (PBS) were implanted for either 24 
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hours of 7 days prior to I/R. For some experiments, L-NAME, a NOS inhibitor, 

was injected 10 minutes prior to I/R at 50nmol/g.  

 

II.ii.i Confirmation of eNOS/NO as a Cardioprotective Agent  

 

The first aim of this paper was to confirm the ability of cardiac eNOS to 

protect the heart from injury associated with GRK2 activation. To do so, the lab 

bred eNOS transgenic mice with GRK2 transgenic mice to create prodigy 

overexpressing both GRK2 and eNOS in proportional quantities to their breeder 

lines. The overexpression of both genes would give insight to the interaction the 

two may have. Like previous reports, GRK2 overexpressing mice showed 

increased infarct size compared to WT and eNOS Tg counterparts (Fig. 2.1, A 

and B) but GRK2/eNOS double transgenic mice showed a 20% reduction of 

infarct size, with no significant difference from control mice. This demonstrated 

that eNOS and GRK2 do converge at some point to control injury outcome after 

ischemia and that eNOS could offer cardioprotection to a significant degree. 

Additionally, functional analysis showed that overexpression of eNOS attenuated 

left ventricular (LV) ejection fraction (EF%) (Fig. 2.1C)and fractional shortening 

(FS%) by echocardiography 24 hours after reperfusion. To confirm the 

relationship with GRK2 and eNOS, GRK2 Tg mice were bred with eNOSnull mice, 

whose progeny experienced exacerbated hypertrophy following I/R, with larger 

infarcts (Fig. 2.1D). These effects were also combated by the inhibition of GRK2 

through inhibitor peptide ΒARKct, even with eNOS deletion (Fig. 2.1E).  
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II.ii.ii Establishment of GRK2 and eNOS Interaction  

 

 To biochemically assess the interaction between eNOS and GRK2, eNOS 

and GRK2 were co-immunoprecipitated from cardiac lysates, showing both basal 

interaction (Fig. 2.2A) increased interaction after I/R (Fig. 2.2, B and C). Neonatal 

rat ventricular myocytes (NRVM), with eNOS overexpression and with or without 

GRK2 co-expression were exposed to 30 mintes of H2O2 to mirror the oxidative 

stress seen in I/R injury. Indeed, it was found that H2O2 treatment activated 

eNOS (phosphorylation at Ser1177) in a compensatory response, with less 

activation in GRK2 co-expressing cells (Fig. 2.2, D and E). This correlates with in 

vivo data demonstrating that GRK2 upregulation diminishes NO concentrations 

after ischemia and that activation of eNOS through Akt phosphorylation at Serine 

1177 is lowered.  

 

II.ii.iii GRK2 S-Nitrosylation is Indicative of Ischemic Injury Outcome  

 

Previous literature suggested that GRK2 S-nitrosylation is inhibitory, so 

the S-nitrosylation state of GRK2 after I/R was examined with the knowledge that 

GRK2 is inhibited in part with eNOS expression. Theoretically, this relationship 

posed that the amount of S-nitrosylated GRK2 should inversely correlate with the 

degree of injury, i.e. that more S-nitrosylated GRK2 means more GRK2 

inhibition, more activation of eNOS, and less overall injury, whereas decreased 
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GRK2 S-nitrosylation should be indicative of more injury as a result of less GRK2 

inhibition. A Cys-NO specific antibody was utilized to determine the amount of 

SNO-GRK2, and showed that SNO-GRK2 ratios compared to total GRK2 levels 

were significantly decreased in post-I/R cardiac lysates after co-

immunoprecipitation of GRK2 and eNOS (Fig. 2.2, F and G). This data confirms 

that overexpression of eNOS can attenuate GRK2-mediated inhibition of eNOS 

and, to an extent, attenuate the injury associated with I/R.  

 

II.ii.iv Development of GRK2-C340S Mouse 

 

In order to further elucidate the consequences of inhibiting NO regulation 

of GRK2, a knock-in mouse model with a point mutation CysteineSerine at 

position 340 of GRK2 (C340S) was generated. GRK2 levels in this mouse 

remained unchanged in all major organs compared to wild-type control mice (Fig. 

2.3A). Additionally, no major changes in any βAR signaling pathways, and no 

baseline cardiac functional changes were observed Fig. S2.2, S2.3). To test the 

C340S mouse S-nitrosylation, the SNO-RAC assay was performed and found 

that S-nitrosylated GRK2 was increased in wild-type mouse hearts after 

isoproterenol infusion but not in GRK2-C340S mice (Fig. 2.3, B and C). To 

confirm this regulation could be simulated by both endogenous and exogenous 

sources of NO/nitrosothiol (SNO), S-nitrosoglutathione (GSNO) was infused for 7 

days and also increased S-nitrosylation of GRK2 in wild-type mice but again, not 

GRK2-C340S mice (Fig. S2.4, A and B).  
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II.ii.v GRK2-C340S Mouse and β Adrenergic Receptor Desensitization  

 

Two main components contribute to the establishment of chronic ischemic 

HF: myocyte injury and βAR desensitization. To determine βAR desensitization in 

the GRK2-C340S mice, an in vivo model which administers maintained levels of 

isoproterenol and mimics decreasing cardiac pressure showed that GRK2-

C340S mice has a greater loss of contractility than their wild-type controls (Fig. 

3D), which correlates with higher GRK2 activity. When NOS inhibitor L-NG-

nitroarginine methyl ester (L-NAME), was administered, GRK2-C340S saw 

minimal to no changes (Fig. S2.5 B) and wild-type animals saw increased βAR 

desensitization Fig. S2.5 A), insinuating that most NOS activity in the GRK2-

C340S mice was already inhibited by the mutation and further confirming the 

importance of Cys340 in GRK2-NO interaction and activity. It thereby concludes 

that the decreased NO bioactivity prompted by reduced S-nitrosylation of GRK2 

in the heart results in βAR uncoupling from agonist stimulation.  
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II.ii.v Effects of Ischemia/Reperfusion on GRK2-C340S Mice 

 

Finally, it was important to analyze the effects of I/R injury on the GRK2-

C340S mice to confirm whether they experienced increased hypertrophy and 

injury as a result of the lack of NO-induced cardioprotection. Indeed, the GRK2-

C340S mice experienced increased infarct size after I/R despite similar areas at 

risk to their wild-type counterparts (Fig. 2.4, A and B), suggesting the knock-in 

mice had higher levels of GRK2 activity. When administered L-NAME, wild-type 

mice saw increased ischemic injury but GRK2-C340S mice saw no difference 

compared to ischemic injury alone, as measured by functional assessment and 

infarct size (Fig. S2.6 D). Similarly, GSNO infusion protected function in wild-type 

and GRK2 transgenic mice, but was of no help to GRK2-C340S mice (Fig. 2.4, C 

and D). Additionally, eNOS overexpressing mice that also were mutated at 

Cys340 of GRK2 were not protected after ischemia (Fi. S2.7, A and B), 

confirming that GRK2 S-nitrosylation is mediated by both exogenous and 

endogenous NO availability. While this is certainly not limiting NO’s protective 

benefits to its interaction with GRK2 or contribute to its ability to inhibit apoptosis, 

it is indicative that this interaction is a key modulator in determining cardiac 

outcome after injury.  
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II.ii.vi GRK2-C340S Mice Experience Altered Survival Signaling  

 

To expand beyond GRK2 as a nodal point for NO mechanism of action, 

C340S mice were subjected to tests related to altered survival signaling. Akt, a 

protein involved in multiple cellular processes, is activated when phosphorylated 

and promotes pro-survival pathways. Western blot analysis showed that 

activated Akt in the I/R injured hearts was robustly increased, but to a lesser 

extent in the GRK2-C340S mice than their wild-type controls, correlating with 

their worsened phenotype (Fig. 2.4F). TUNEL staining revealed more apoptotic 

myocytes in the border zone of GRK2-C340S hearts than in wild-type hearts (Fig. 

2.4, G and I). No differences in EGFR, a transmembrance receptor for the EGF 

family, were noted between the two mouse groups after isoproterenol stimulation 

(Fig. S8, A and B), eliminating the involvement of GRK5/GRK6 in the 

cardioprotection seen through GRK2 S-nitrosylation. Therefore, injury seen in 

cardiomyocytes is likely due to both pro-death effects with decreased NO 

bioavailability and loss of GRK2 inhibition by eNOS. 

 

II.iii Discussion and Future Directions  

 

 These results provide novel insight to the role of GRK2 and its regulation 

through establishing a nodal point between in the heart between GRK2 and 

eNOS that can determine, in part, the extent of infarct after ischemic injury. 

Imbalance between GRK2 and eNOS, whether by increased GRK2 levels or 
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decreased eNOS levels, result in βAR desensitization, a large component of HF. 

This regulatory system is dependent on the inactivation of GRK2 by eNOS in 

order to retain βAR signaling and function and thus maintain optimal cardiac 

function. The imbalance observed after I/R injury shifts towards elevated GRK2 

levels by which eNOS is unable to compensate and thus its protective effects 

diminish. Nitrates, sources of bioavailable NO, and β-blockers, drugs that inhibit 

GRK2 activity, attempt to bypass typical eNOS activity and combat the each 

aspect of the disequilibrium independently, but these results demonstrated that 

the convergence of GRK2 and eNOS could pose a nodal point on which these 

therapeutic strategies interact and thus pose the opportunity for more interactive 

and advanced therapeutic approaches. Additionally, previous data demonstrates 

that Akt directly binds GRK2, which may infer that Akt is a part of this newly 

established signaling complex. 

 While thousands of S-nitrosylated proteins have been identified in the 

heart, this individual residue on a single protein is of peak interest for its severe 

impact on outcome of disease, establishing GRK2 Cys340 as a primary locus for 

cardioprotection. This knowledge opens many doors and therapeutic avenues for 

advancements in the treatment of acute ischemia and NO signaling. Additionally, 

metabolism effectors may be involved as a result of GRK2 translocation to the 

mitochondria post-I/R, which broadens even further the potential avenues for 

treatment. Outside of ischemia, these results help further understand GPCR 

signaling, β-blocker and nitrate therapies, and possess the potential to extend to 
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other acute syndromes, including myocardial infarction as well as persistent heart 

failure. 

 

 

 

 

 

 



 30 

II.iv Chapter 2 Relevant Figures 

 

 

 

 Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure S2.1 

Figure S2.2 

Figure S2.3 
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Figure S2.4 

Figure S2.6 

Figure S2.5 

Supplementary Figure 5. Decline in the in vivo LV contractility of 
wild-type and GRK2-C340S mice during isoproterenol infusion. LV 

contractility, as assessed by the change in LV peak dP/dtmax, was 

determined in wild-type and GRK2-C340S mice during an infusion of 

ISO maintained over 30 min, with or without L-NAME pretreatment. A, 
Decline of contractility in wild-type mice with and without L- NAME 

pretreatment. *, P<0.05, #, P<0.01 WT with L-NAME curve vs WT with 

PBS (two way ANOVA, n=7 mice/group). B, Decline of contractility in 
GRK2-C340S knock-in mice with and without L-NAME pretreatment 

(two way ANOVA, n=7 mice/group). 
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Figure S2.7 

Figure S2.8 
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II.v Summary and Objectives 

 

 The development of the GRK2-C340S mice and resulting data 

demonstrating severe cardiac impairment after I/R injury offered us a model with 

insight into one of the most imperative sites in regulating cardiac physiology. If 

one mutation in one protein can be identified as critical to determining the 

outcome of injury, it presents a vast range of therapeutic potential including small 

molecule gene therapy. However, one model of injury is insufficient to truly deem 

this site’s proper function as fundamental, and thus different modes of 

hypertrophy must be explored. The first mode we chose to examine was the 

isoproterenol method, a model of hypertrophy used to simulate chronic HF. We 

hoped to see the same pattern of increased hypertrophy in our GRK2-C340S 

mice to further confirm the necessity of Cys340 S-nitrosylation in GRK2 in either 

protection or treatment of injury. Additionally, we wanted to further explore what 

other scenarios and components of the cardiovascular system this mutation 

could play a role in. Due to the amount of endothelial cells in the aorta and 

knowledge that eNOS is the NOS isoform involved with S-nitrosylating Cys340, 

we wanted to explore aortic function, as well as heart and aortic function in aging. 

Based on these experiments, we can then establish a plethora of future 

directions for this mouse and uncover more about the importance of NO 

regulation of GRK2, as well as how to combat its defect in hypertrophy.  
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CHAPTER THREE 

METHODOLOGY 

 

III.i Aging Studies 

 

Wild-type and GRK2-C340S mice were fed a normal chow diet to 

designated age points. Transthoracic echocardiography (ECHO) was performed 

at designated timepoints to elucidate transitional points for cardiac function 

aging.  

 

III.ii Aortic Ring Studies 

 

Mice were euthanized by overdose of pentoβARbital and thoracic aortas 

were removed and placed in ice-cold PBS with calcium and magnesium. The 

aorta was cleaned of fat and connective tissue and then cut into four 2.5-mm 

rings using a sharp surgical blade. 40 μm diameter stainless steel wires were 

threaded through the rings and then mounted on the support brackets within the 

tissue organ bath of a Radnoti Wire Myograph System (Radnoti LLC) containing 

5 mL of Krebs-Henseleit (KH) buffer in (mM): 118 NaCl, 4.75 KCl, 1.19 KH2PO4, 

1.19 Mg2SO4, 2.54 CaCl2,12.5 NaHCO3, 10.0 glucose, at 37 °C and 

oxygenated with 95 % O2 and 5 % CO2. The rings were stretched to a tension of 

0.5 g to simulate normal transmural pressure. Rings were maintained at this 

tension as they equilibrated for 90 min. To test ring viability, 100 mM KCl was 
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added to the baths. After contractions reached a plateau, rings were washed with 

KH until reaching a 0.5-g base-line tension.  Rings were then challenged with 

phenylephrine (PE) (1 nM - 3μM) and washed with KH back to base-line 

tension.  EC50s of PE were added to all rings and endothelial-dependent 

relaxation was tested with increasing doses of acetylcholine (ACh) (1 nM - 3 

μM).  Rings were again washed with KH back to 0.5 g of tension.  Lastly, after 

precontraction with PE EC50s, endothelium-independent relaxation was tested 

with increasing doses of the NO donor, sodium nitroprusside (SNP) (0.1 nM - 10 

μM). 

 

In a second set of experiments, KCl was added to the baths and thoroughly 

washed with KH after the contractions reached a plateau. Next, 50 μM of the 

eNOS inhibitor, L-NAME, was added to each bath and rings were left to sit for 45 

minutes before responses were recorded. 

 

III.iii Isoproterenol Study 

 

Surgical procedures were carried out according to National Institutes of 

Health Guildelines on the Use of Laboratory Animals and all procedures were 

approved by the Animal Care Committee at Temple University. Azlet (Azlet, 

Cupertrino, CA) osmotic micro pumps model 1002 were prepared 24h before 

insertion. Specified concentrations of isoproterenol (75 mg/kg/day with .001% 

ascorbic acid) or GSNO (10mg/kg/day) were suspended in sterile 
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phosphobuffered saline and approximately 1 mL of solution was injected into 

each pump. Pumps were stored overnight in sterile PBS in a 37 degree incubator 

to acclimate to mouse body temperature. The next day, 8-10 week old mice were 

anesthetized with 3% isoflurane inhalation. An incision was made slightly 

posterior to the scapulae in order to prevent scratching access to pumps and a 

hemostat was inserted to increase the available subcutaneous area for pump 

insertion. Pumps were inserted subcutaneously with the delivery portal first to 

prevent potential infection in the incision point. Following insertion was closer of 

the skin through a purse-string 5-0 silk suture. Pumps remained in the system for 

14 days before the animal was harvested. To sacrifice animals, they were again 

anesthetized with 3% isoflurance inhalation followed by cervical dislocation. After 

cervical dislocation, an incision was made in the abdomen and the heart 

removed and cleaned with PBS.  

 

III.iv Transthoracic Echocardiographic Analysis  

 

Transthoracic two-dimensional echocardiography in mice anesthetized 

with 3% isoflurane was performed with a 12-MHz probe. M0mode 

echocardiography was carried out in the parasternal short axis in mice before 

micropump insertion, as well as two weeks after, immediately before mouse 

harvesting. Primary measurements were functional analyses including LV 

fractional shortening (FS%) and ejection fraction (%).  
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III.v Isolation and Primary Culture of Neonatal Rat Ventricular Cardiomyocytes  

 

Ventricular cardiomyocytes were isolated from 1- to 2-day-old neonatal rat 

hearts (NRVMs). Hearts were pre-washed in ADS buffer (NaCl 116 mmol l−1, 

HEPES 20 mmol l−1, Na2HPO4 0.8 mmol l−1, glucose 5.6 mmol l−1, KCl 

7 mmol l−1 and MgSO4-7H2O 0.8 mmol l−1, pH 7.35) to remove blood and then 

divided and placed in dishes with 7 ml of ADS. They were minced with sterol 

razor blades in small pieces and then the whole solutions were transferred in 

flasks and incubated at 37 °C with 7 ml enzyme solution (ADS containing 

pancreatin 0.6 mg ml−1, collagenase II 8820 U l−1 and CaCl2 50 mmol l−1) for 

10 min. The supernatant from this pre-digestion step was discarded and the 

pieces were incubated with 15 ml of digestion solution for 15-min intervals at 

37 °C. After each interval, the supernatant was collected in 50 ml conical tubes 

containing 19 ml of F-10 media and 20% FBS pre-heated at 37 °C. The three to 

six collected fractions were spun down at 1,400g for 10 min, the supernatant was 

discarded and cells were washed with 5 ml of FBS for each tube. The cells were 

then centrifuged at 1,400g for 10 min and the supernatant was discarded. The 

resulting pellet containing the NRVMs was resuspendend in HAM's F10 complete 

media containing 10% horse serum (HS), 5% FBS and 1% penicilli-streptomycin 

(P/S), pH 7.4. The cell suspension was filtered through a 70 μm filter and pre-

plated on a Nunc Nunclon 100 mm (Thermo Fisher Scientific, Waltham, MA, 

USA) cell culture dish for 2 h to separate the fibroblasts from the myocyte 

fraction. The supernatant containing mostly myocytes was collected and plated 
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on culture dishes with Ham's F-10 complete media. The fibroblast attached to the 

Nunclon dishes were cultured with DMEM 1 × plus 1% P/S. Next the cells were 

maintained in media without HS and supplemented only with 10% FBS and P/S. 

Stimulation of cells with each agonist or inhibitor was performed in serum-free 

media. Control unstimulated cells were maintained in serum-free media. 

Adult ventricular cardiac myocytes (AVMs) were isolated from LV-free wall and 

septum of C57/Bl6 mice. Mice were kept under anesthesia with isoflurane and to 

facilitate the perfusion they were injected with heparin 100 USP into the renal 

artery. After removal from thoracic cavity, hearts were washed in cold perfusion 

buffer (NaCl 120.4 mmol l−1, KCl 14.7 mmol l−1, KH2PO4 0.6 mmol l−1, 

Na2HPO4 0.6 mmol l−1, MgSO4-7H2O 1.2 mmol l−1, Na-HEPES 10 mmol l−1, 

NaHCO3 4.6 mmol l−1, taurine 30 mmol l−1, butanedione monoxime (BDM) 

10 mmol l−1 and glucose 5.5 mmol l−1, pH 7.0). Followed cannulation on a 

Langendorff system, they were perfused with perfusion buffer at 37 °C for 2–

3 min and then digested with digestion solution (50 ml perfusion solution with 

collagenase 364 U ml−1, 5 mg BD Difco-trypsin 250 and 20 μmol l−1 CaCl2) for 6–

7 min. The atrias were removed and the ventricles were gently minced with 

plastic pipettes in a 100 mm dish containing 2.5 ml of digestion solution. Once the 

ventricles are almost completely dissolved, the digestion is stopped adding 7 ml 

of stopping buffer. The resulting post-digestion solutions were filtered through a 

100 μm filter. The cardiomyocytes were separated from fibroblasts and smaller 

cells by 5-min gravity sedimentation and followed by centrifuging at 100g for 30 s. 

The supernatant was discarded and the pellet containing adult myocytes was 
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resuspended in a stopping solution (perfusion buffer contains 250 mg BSA and 

125 μmol l−1 CaCl2) and allowed to rest for 10 min. Cells were spun down with the 

same conditions described above and then underwent three steps to increase 

gradient (100 μmol l−1 calcium solution: 10 ml stopping buffer plus 10 μl of 

100 mmol l−1 CaCl2; 400 μmol l−1calcium solution: 10 ml stopping buffer plus 40 μl 

of 100 mmol l−1 CaCl2; and 900 μmol l−1 calcium solution: 10 ml stopping buffer 

plus 90 μl of 100 mmol l−1 CaCl2) to reach a final calcium concentration of 

1.025 mmol l−1. 

All cells were used within 2h of isolation. Myocytes were plated on 60 mm dishes 

(Corning, Corning, NY, USA) and were bathed in HEPES-buffered (20 mM, pH 

7.4) medium.  

 

III.vi Western Blot Analysis 

 

LV samples (0.1 mg) were lysed in a RIPA buffer with protease (cOmplete-

Roche, Indianapolis, IN, USA) and phosphatase inhibitors (PhosSTOP-Roche, 

Indianapolis, IN, USA) cocktail. Protein content was quantified with the Bio-Rad 

BCA protein assay (Bio-Rad Laboratories, Richmond, California, USA). Protein 

samples were separated by 4–20% SDS–polyacrylamide gel electrophoresis 

(Thermo Fisher Scientific), and proteins were transferred to nitrocellulose 

membrane (Bio-Rad Laboratories). After blocking, with a specific blocking buffer 

(Odyssey, LI-COR, Lincoln, Nebraska, USA), the membranes were incubated 

and probed with the first antibody at 4 °C overnight according to manufacturer's 
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instructions. Then, the proteins were stained with a corresponding Alexa Fluor 

680- (1:5000; Thermo Fisher Scientific) or IRDye 800CW-coupled (1:5000; 

Rockland Inc. Limerick, PA, USA) secondary antibody, followed by visualization 

of the proteins with a LI-COR infrared imager (Odyssey), and quantitative 

densitometric analysis was performed applying Odyssey version 1.2 infrared 

imaging software. 
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CHAPTER FOUR 
RESULTS 

 
 
IV.i GRK2-C340S Isoproterenol Study 

IV.i.i Study Overview  

 

To study the effects of isoproterenol, a common model used to induce 

chronic heart disease, wild-type and GRK2-C340S mice were administered 

pumps containing doses curated to dispense 75 mg/kg/day of isoproterenol 

(+.001% ascorbic acid) for two weeks in order to induce hypertrophy. For control 

animals, sterile PBS was used. Additionally, to study the effects of additional 

bioavailable NO, a separate cohort was administered a second pump containing 

10 mg/kg/day dosage of GSNO.  Baseline and two week echocardiography was 

performed, and mice were sacrificed and hearts collected for analysis (Figure 

4.1). 

 

 
 
 
 
 
 
 
 

2 Weeks ISO 

75 mg/kg/day Sacrifice mice  

Baseline Echo 2 Week Post-ISO Echo 

Protein expression, 
RNA expression, 

Histology 

+ 10 mg/kg/day GSNO 

Figure 4.1 Isoproterenol study overview  
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IV.i.ii Functional Analysis Demonstrates Decreased Ejection Fraction and 

Fractional Shortening in GRK2-C340S Mice 

 

After isoproterenol infusion, both wild-type and C340S mice experienced a 

decrease in ejection fraction and fractional shortening. Adding GSNO with 

isoproterenol improved function in the wild-type mice, but only to a slight extent in 

GRK2-C340S mice (Figure 4.2). We speculate that the slight improvement 

displayed in GRK2-C340S mice could be a result of the variety of pathways NO 

has an impact on, but the otherwise inability of GSNO to rescue the GRK2-

C340S mice demonstrates the importance of a single site in GRK2 in determining 

cardiac function in a disease state.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.2 Functional 
differences between 
GRK2-C340S and WT 
mice after 2-week 
isoproterenol induction 
For both measures of 
cardiac function, GRK2 
and C340S mice exhibited 
healthy, functional levels 
with no variance between 
groups. While both groups 
exhibited hypertrophy as 
shown through reduced 
ejection fraction and 
fractional shortening %, 
the GRK2-C340S mice 
underwent more severe 
hypertrophy and could not 
be rescued by addition of 
GSNO, unlike their WT 
counterparts which saw 
dramatic improvement 
after GSNO administration 
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IV.i.iii GRK2-C340S Mice Experience Increased Heart Weight:Body Weight and 

Heart Weight:Tibia Length Ratios 

 

Increased heart weight is a clear corollary of increased heart disease. 

When normalized to consistent parameters, such as body weight and tibia length, 

it can be a clear indicator of mice experiencing hypertrophy. After two weeks of 

isoproterenol induction, we found that indeed the GRK2-C340S mice exhibited 

increased heart weight to body weight and heart weight to tibia length ratios 

compared to their wild-type counterparts. When GSNO was co-administered with 

isoproterenol, wild-type mice saw a profound decrease in heart weight:body 

weight/tibia length ratios compared to their PBS-control alternatives (Figure 4.3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Increased HW/BW and 
HW/TL Ratios Demonstrate 
Increased Hypertrophy in GRK2-
C340S Mice Both groups displayed 
increased heart weight:body weight 
and heart weight:tibia length ratios 
after isoproterenol infusion, but 
GRK2-C340S mice to a greater 
extent that remained elevated even 
after GSNO administration. WT 
counterparts saw a reduction in each 
ratio to a significantly lower 
difference even compared to their 
PBS controls.  
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V.i.iv GRK2 Levels  

 

GRK2 is known to be upregulated during the heart in hypertrophy. While 

required at some basal level, its upregulation is pathological due to excessive β-

adrenergic receptor desensitization. In our isoproterenol-alone stimulated mice, 

we noticed an equally marked increase in GRK2, which was expected as these 

mice experience GRK2 hyperactivity, not necessarily increase compared to WT 

controls. The administration of GSNO was sufficient to decrease GRK2 

expression in wild-type mice, but not in GRK2-C340S mice, another indication of 

persistent hypertrophy in the mutant mice and rescue in the wild-type mice 

(Figure 4.4).  

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

PBS ISO ISO+GSNO 

WT 

C340S 

~80 Kda 

Figure 4.4 GRK2 Hyperactivity, Not 
Overexpression, Results in GRK2-
C340S Mice Hypertrophy Wild-type and 
GRK2-C340S mice exhibit similar levels 
of GRK2 during both control and 
isoproterenol-stimulated events. After 
addition of GSNO, WT mice see 
decreased levels of GRK2 even 
compared to WT controls, though this did 
not attain statistical significance. GSNO 
did not alleviate GRK2 overexpression in 
GRK2-C340S mice.  
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IV.i.v Activated Akt and Caveolin-1 Levels 

 

Akt activation by phosphorylation at Ser473 is robust after isoproterenol 

stimulation in both WT and C340S mice, but to a lesser extent in the C340S 

group, consistent with their worsened phenotype and thus preventing survival 

signaling (Figure 4.5). Addition of GSNO failed to restore compensatory levels of 

activated Akt in GRK2-C340S mice, but was able to decrease levels to around 

basal levels in wild-type mice. 

 

Additionally, until recently, no information regarding GRK2 and Caveolin-1 

has been established, and little has been studied on Caveolin-1 in the heart at 

all. However, Rockey et al. (2017) recently uncovered a direct interaction 

between GRK2, eNOS, and pCav1 in liver sinusoidal endothelial cells, indicating 

that, in addition to Akt, Caveolin-1 may play a role in this complex signaling 

cascade. To briefly determine if the potential for Cav-1 interaction in the heart 

existed, we used western blotting to determine protein expression of 

phosphorylated Caveolin-1 at Tyr14 and noticed an increase in both basal and 

after isoproterenol stimulation that again could not be rescued by the addition of 

GSNO. Wild-type mice saw less dramatic changes, though a trend was still 

observed towards an increase in pCav-1 after isoproterenol and a decrease with 

co-administration of GSNO (Figure 4.6).  
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Figure 4.5. pAkt Pro-Survival Signaling Alterations in GRK2-C340S Mice After Iso. Activated Akt is typically elevated 
during hypertrophic state in a compensatory fashion. GRK2-C340S mice see decreased Akt activation compared to their WT 
groupmates after isoproterenol stimulation, and fail to reduce further  with the addition of GSNO. GSNO’s protective effects 
are observed in WT animals, where pAkt levels return to baseline levels even with isoproterenol co-administration.  

Figure 4.6. pCav-1 Expression is increased in GRK2-C340S Mice. pCav-1 has recently been identified as a complex 
protein with GRK2 and eNOS in liver sinusoidal endothelial cells. After liver injury, pCav-1 levels and interaction with GRK2 
are increased, suggesting a role in contributing to pathology of injury. Cav-1 has not yet been studied in the heart, but 
appears to increase after injury in GRK2-C340S mice, indicating that they may be a contributing factor to the S-nitrosylation 
state of GRK2.   
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IV.ii  Aging and Aortic Ring Studies  
 
IV.ii.i Confirmation of Decreased Function in Aged GRK2-C340S Mice 
 
 

To determine when GRK2-C340S mice began to see a decrease in 

function compared to wild-type control animals, an echocardiography timepoint 

experiment was designed. Mice were echoed at designated timepoints and 

compared to determine the point at which GRK2-C340S exhibited decreased 

function. Indeed, we found that at around 45 weeks, these mice saw reduced 

ejection fraction and fractional shortening. This allowed us to confirm that around 

one year (52 weeks) would be sufficient to consider future groups ‘aged’ (Figure 

4.7).  

 

 
 
 

Figure 4.7. Timepoint functional analysis for GRK2-C340S mice. Echocardiography functional analysis as determined by 
ejection fraction and fractional shortening in WT and GRK2-C340S mice at various ‘aging’ timepoints.   
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IV.ii.ii GRK2-C340S Mice Exhibit Aortic Contractile Dysfunction 
 
 
Aortic ring studies are used to evaluate the contraction of the aorta and thus 

measure endothelial function.100 mM KCl was used to stimulate maximum 

contraction, and we found indeed that aged (>52 weeks) C340S mice 

demonstrate significantly less maximal contractile force. Additionally, the same 

pattern was observed to a lesser extent in young mice, but requires additional 

studies to confer significance. This indicates a potential basal level of endothelial 

dysfunction that increases and further contributes to cardiovascular problems 

developed during the aging process (Figure 4.8). 

 

 
 
 
 
 
 

Figure 4.8 Maximal aortic contraction in aged and young GRK2-C340S mice  
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IV.ii.iii Impaired Basal Aortic Tension in GRK2-C340S Mice  
 
 
Correlating with the potential for basal problems in GRK2-C340S mice, we 

examined how eNOS depletion would effect aortic baseline tension. After a 45 

minute L-NAME incubation, we found that aged GRK2-C340S mice had 

significantly less basal tension, implying that GRK2 negative regulation by eNOS 

is imperative in proper aortic contractile function thus perfusion of blood 

throughout the body. In young mice, there is actually a marked increase in basal 

tension, but requires additional mice to attain significance (Figure 4.9). 

 

  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.9. Change in Basal Tension in aged and young GRK2-C340S mice  
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IV.ii.iv GRK2 S-Nitrosylation Inhibition Strictly Alters Aortic Contractility  
 
 

To further investigate aortic contraction and relaxation, phenylephrine and 

acetylcholine dose responses were performed on aortic rings. As expected after 

KCl administration demonstrated reduced maximal contraction, we observed a 

significant decrease in aged GRK2-C340S aortic contractility in response to 

phenylephrine. However, relaxation response, as measured by acetylcholine 

administration, was unchanged between both aged groups. In young mice, no 

difference was observed after phenylephrine or acetylcholine dose-response 

experiments (Figure 4.10).  

 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 4.10 Dose-response curves to contractile stimulant Phenylephrine 
and relaxation agent Acetylcholine in aortic rings of GRK2-C340S and WT 
mice 
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IV.iii C340S-C253S Breeding 
 
 

To further elucidate the effect of S-nitrosylation on other proteins 

imperative to cardiac function, we acquired a mouse model from the Stamler lab 

containing a point mutation at Cys253 in βARR2, where S-nitrosylation is 

regulated, and are breeding it with our GRK2-C340S mice. Progeny of these 

mice will thereby lack key regulatory cites for all three NOS isoforms present in 

the heart, allowing GRK2 hyperactivity without alternative regulation by βARR2. 

Thus far, F1 generation produced all heterozygous mice, as displayed by 

genotyping analysis in Figure 10. Further breeding will be required to elicit mice 

homozygous for both mutations (Figure 4.11).  

 

 
 

Figure 4.11 Study design and confirmation of heterozygous genotype for 

each mutation in F1 progeny. 
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CHAPTER FIVE 

DISCUSSION AND FUTURE DIRECTIONS 

 

V.i GRK2 and Aging 

 

Preliminary studies in our lab have confirmed that the regulation of eNOS 

by GRK2 plays a nodal role in retaining cardiac function. In our C340S mouse, 

we noted that around 45—52 weeks we see significantly worse cardiac function 

as observed through echocardiography ejection fraction and fractional shortening 

measurements. This information, combined with studies that demonstrate 

reduced bioavailable NO during the aging process, lead us to believe that GRK2 

serves as a nodal point in hypertrophy extending beyond I/R injury. To 

investigate further, studies that deduce the ‘which came first-the chicken or the 

egg?’ theory would be especially impactful in the role of aging, i.e does GRK2 

overexpression in aging competitively limit NO protection, or does reduced eNOS 

allow for hyperactive GRK2 levels?  

 Several methodologies could be employed to determine potential roles of 

GRK2 in aging. First a continuation of aortic ring studies would be especially 

relevant. We would need to include young mice data in determining whether or 

not this effect is observed at a baseline phenotype in young mice, and if so, 

whether defective contractility exacerbated with age. Knowing that arterial 

function is altered by the results observed in aortic rings of these mice, the next 

question posed was whether the effect on pressure is a result of diastolic 
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dysfunction. To measure this, pressure volume (PV) loops would be especially 

helpful. 

 PV loops are graphs plotted to compare pressure and volume during each 

phase of contraction, systole and diastole. They are obtained through information 

collected through catheterization of the heart, and offer insight into cardiac 

mechanics in several phases. The first phase is diastolic filling, where you see 

little change in pressure as the diastolic volume increases, shown as the ‘bottom’ 

horizontal line on the PV loop. Next is the isovolumic contraction phase, and thus 

the beginning of systole and contraction of the ventricular muscle. This phase, in 

normal hards, shows a spike in pressure as the mitral and aortic valves close, 

resulting in no change in volume, demonstrated as a nearly vertical line on the 

right side of a PV loop graph. Following isovolumic contraction is the ejection 

phase. Naturally, this phase is the latter half of systole where blood is ejected as 

a result of intraventricular pressure exceeding aortic pressure, reopening the 

aortic valve until all blood is ejected and the end of systole is reached. Finally, 

pressure decreases in the isovolumetric relaxation phase where the mitral valve 

reopens and LV pressure returns to its starting point, ready to reenter the cycle 

with diastolic filling (Walley, 2016).  

 In the C340S mice, we can predict expect that the reduced aortic 

contractility could also result in reduced ejection of blood through the body while 

simultaneously limiting the blood exiting the heart, thus increasing preload over 

time and restricting proper diastolic function.  
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V.ii GRK2-C340S Isoproterenol Study 

 

So far, results of inducing GRK2-C340S mice with 75 mg/kg/day of 

isoproterenol have indicated that inhibiting GRK2 S-nitrosylation by eNOS 

worsen hypertrophy after administering isoproterenol that cannot be rescued by 

induction of GSNO, a source of bioavailable NO, whereas WT mice were 

protected. Both mice saw equal levels of GRK2 overexpression, so this is 

conclusive that NO utilization is defective in GRK2-C340S mice, rendering GRK2 

hyperactive. 

 The first continuation of this study would be to analyze histological 

samples for fibrosis through Mason-Trichrome staining, as well as apoptotic 

nuclei through terminal deoxynucleotidyl transferase dUTP Nick-End Labeling 

(TUNEL) staining. Theoretically, GRK2-C340S mice would exhibit increased 

fibrosis and apoptosis due to their inability to regulate hypertrophy through GRK2 

inhibition in a sustained HF model.  

 Next, analyzing mRNA samples for GRK2, eNOS, hypertrophic genes, 

and fetal genes would be of interest. Since GRK2 S-nitrosylation is inhibited, this 

could render a hypoxic-type state and potentially promote the expression of fetal 

genes. It would also confirm the expression of GRK2 being similar in both wild-

type and GRK2-C340S mice. Utilizing mRNA expression offers transcriptional 

insight and a deeper understanding of molecular happenings prior to protein 

expression. 
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 Our lab also breeds a mouse line that overexpresses cardiac eNOS. To 

have a an additional positive control, it would be beneficial to conduct the same 

study on eNOS overexpressing mice to further develop how much more severe 

the GRK2-C340S mice exhibit hypertrophy, as well as how efficiently eNOS 

protects the heart from isoproterenol-related injury with normal functioning GRK2 

S-nitrosylation.  

 Including cell-based work in NRVM’s could also serve to enhance basic 

mechanistic properties in this study. For example, treating NRVM’s with 

isoproterenol and then immunoprecipitating GRK2 and western blotting for 

complex proteins, such as p-eNOS (S1177-activated eNOS) or p-Akt could 

confirm interactions between the proteins and clearly exhibit that these proteins 

have complementary effects. Additionally, one could easily compare different 

conditions, such as NRVM’s under hypoxia, or even isoproterenol treatment 

followed with hypoxia. Varying conditions and performing different combinations 

of immunoprecipitations as well as simply analyzing the protein and mRNA 

expression could offer insight into basic mechanisms that could be taking place 

in vivo.  

 

V.iii GRK2-C340S Myocardial Infarction and Transverse Aortic Constriction  

 

 Transverse aortic constriction (TAC) and myocardial infarction (MI) are 

additional models inducing acute myocardial injuries that are worth investigation 

in this mouse model. TAC and MI are both widely studied models, and while 
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TAC’s sudden onset of hypertension lacks direct clinical relevance, the MI model 

mirrors a heart attack well. In TAC, a proper pressure gradient is developed 

which offers insight into how severe hypertension impacts the heart in the 

transition to HF. MI, however, uses coronary ligation to diffuse myocardial 

necrosis (Patten et al., 2009). If the GRK2-C340S mice are able to survive these 

acute models, as mortality rates are already high with wild-type mice (Camacho 

et al., 2016), it is expected that the GRK2-C340S mice would see significantly 

more severe corollaries of acute injury, such as irreversible cardiomyocyte 

damage. Studying these models, while challenging and risky, could be the most 

beneficial as modern therapies for HF only treat symptoms, and a minority of 

patients receive transplants after a heart attack (Andersen et al., 2014). If NO 

modulation of GRK2 S-nitrosylation was able to rescue and potentially reverse or 

protect against acute injury, the window for clinical therapeutic relevance would 

be wide open and present an innovative strategy at tackling and preventing the 

deadly consequences of heart attacks and severe hypertension.   

 

V.iv GRK2-C340S βARR2-C253S Cross 

 

 βARR2 plays a quintessential role in B-adrenergic signaling and GRK2 

regulation of this signaling. It has been studied in diabetes models that βARR2 

may prohibit the translocation of GRK2 in the endothelium of the aorta in normal 

conditions, whereas GRK2 hyperactivity in diabetic conditions can suppress 

βARR2 (Taguchi et al., 2015). In the βARR2-C253S mice, the site of iNOS/nNOS 
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regulation is mutated similarly to the GRK2-C340S mouse where it cannot be S-

nitrosylated and more HF is developed after transverse aortic constriction (TAC). 

iNOS and nNOS in HF are understudied, but it is confirmed that iNOS expression 

is absent basally but present after HF. Knowing that GRK2 and βARR2 interact 

to a degree underlies a mechanism between the two and a balance that shifts 

and is disrupted by pathological events during hypertrophy and HF, demanding a 

need for further investigation.  

 In order to study this, the Koch lab is in the process of crossing both 

existing strains to generate a new novel mouse containing the βARR2-C253S 

mutation, and the GRK2-C340S mutation, thereby inhibiting proper NO regulation 

by all three existing isoforms. We anticipate this mouse will exhibit extremely 

impaired cardiac function after hypertrophic events including TAC, isoproterenol 

stimulation, myocardial infarction, or ischemia/reperfusion injury. Not only will this 

investigation aid in helping understand the coordination between GRK2 and 

βARR2, it could also potentially unlock pitfalls that exist with modern β-blocker 

therapies. Additionally, preliminary studies in the Stamler lab indicate that the 

βARR2-C253S mice direct biased signaling, which is especially prevalent during 

HF and aging. Knowing that each of these mice individually exhibit increased 

hypertrophy during failure and aging leads us to believe that there is further 

potential for NOS isoform regulation that requires study and that GRK2 and 

βARR2 NOS regulation may be the most prominent mechanisms in HF, 

potentially leading to novel gene therapy strategies. If these mice do demonstrate 

worsened hypertrophy during aging and HF, as well as under other hypertrophic 
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stimuli, we can confirm that NOS regulation by βARR2 and GRK2 are key 

modulators in determining ischemic outcome and attempt to discover the 

synchronous balance necessary to maintain cardiac function while preventing 

decline. 

 

V.v Caveolin Interaction with GRK2 

 

Very recent studies indicate the potential for Caveolin-1, a scaffolding 

protein found in the plasma membrane of cells, to interact with GRK2. If this 

interaction holds true, an additional nodal point in the GRK2-eNOS co-inhibitory 

complex will be discovered and an additional point for therapeutic intervention 

introduced. In order to first confirm this relationship in the heart, studies in 

NRVM’s will be conducted to determine basal and hypoxic levels of proteins, and 

also use immunoprecipitation to measure any direct interaction. Identifying 

differences in hypoxic conditions compared to basal could potentially allude to 

oxygen-imbalance and NOS related dysfunction, which could potentially correlate 

with the data shown that demonstrates changes in phosho-caveolin1 activity in 

GRK2-C340S mice after isoproterenol stimulation. In liver vasculopathy, 

phosphorylated caveolin 1 expression was increased as well as its interaction 

with GRK2 (Liu et al. 2017). Additionally, Lie et al. (2017) found that 

isoproterenol-induced GRK2 phoshorylation, corollary with reduced eNOS 

activity, increased interaction between CAV1-GRK2. This data suggests that at 

baseline, caveolin-1 remains inactive but activates to cluster eNOS in an 
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inhibitory complex with GRK2, allowing GRK2 hyperactivity in injured sinusoidal 

endothelial cells. This interaction could likely take place in either the heart itself 

or in the aorta, based on data shown and is worth investigating further to 

determine potential mechanistic details and a novel role for caveolin-1 in the 

cardiovascular system.  

 

V.vi GRK2 S-Nitrosylation and Metabolism 

 

Metabolic function depends heavily on proper oxygen consumption and 

respiration within the mitochondrial organelle. GRK2 is known to translocate to 

the mitochondria and regulate biogenesis and ATP generation. ATP generation 

being an oxygen consuming process requires utmost efficiency in oxygen 

handling (Sorriento et al., 2013), and demonstrates a potential regulatory point in 

GRK2’s S-nitrosylation site, Cys340. If GRK2 cannot be inhibited by eNOS, it is 

unlikely to properly translocate to the mitochondria and thus result in increased 

activity and ROS production while simultaneously decreasing ATP production 

and heart contractility.   

 

V.vii GRK2 S-Nitrosylation and Insulin Resistance and Signaling 

 

Insulin signaling and GRK2 have a well-established relationship. GRK2 

upregulation is indeed a corollary of Type 2 diabetes, a progressive disease often 

ultimately resulting in cardiovascular disease. Additionally, GRK2 upregulation 
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has been linked to obesity and NO signaling plays a prominent role in the 

development of both of these insulin-dependent diseases states. Theoretically, 

increasing GRK2 hyperactivity would lead to the progression of diabetes and 

obesity, and thus presents a nodal point relevant in additional diseases outside of 

heart disease.  

 

V.vii Conclusions 

 

Conclusively, the utilization of the GRK2-C340S mouse has opened a 

window of opportunity to study the progression of HF for both aging and 

hypertrophy models. We have thus identified a potential nodal point in the 

progression and susceptibility to HF associated with aging, and confirmed that 

GRK2’s interaction with eNOS presents a key modulation point in the outcome of 

cardiac disease. We have shown that isoproterenol induction worsens disease in 

mice where GRK2 cannot be negatively regulated by eNOS. Additionally, the 

supplementation of GSNO as a bioavailable NO source fails to rescue the 

hypertrophy in GRK2-C340S mice, but rescued and even improved function and 

heart weight/body weight ratios in wild-type mice. This confirmed that NO 

availability is less critical than proper inhibition of GRK2 by eNOS, and offers a 

critical step towards developing future therapeutics targeted to inhibit GRK2 

and/or regain NO efficiency.  
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