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DYNAMIC REMODELING OF THE STRESSED HEART: ROLE OF PROTEIN 

DEGRADATION PATHWAYS 

Publication No.:____________ 

Deborah Vela, M.D. 

Supervisory Professor: Heinrich Taegtmeyer, M.D., DPhil 

 

The heart is a remarkable organ. In order to maintain its function, it remodels in 

response to a variety of environmental stresses, including pressure overload, volume overload, 

mechanical or pharmacological unloading and hormonal or metabolic disturbances. All these 

responses are linked to the inherent capacity of the heart to rebuild itself. Particularly, cardiac 

pressure overload activates signaling pathways of both protein synthesis and degradation. 

While much is known about regulators of protein synthesis, little is known about regulators of 

protein degradation in hypertrophy. The ubiquitin-proteasome system (UPS) selectively 

degrades unused and abnormal intracellular proteins. I speculated that the UPS may play an 

important role in both qualitative and quantitative changes in the composition of heart muscle 

during hypertrophic remodeling. My study hypothesized that cardiac remodeling in response to 

hypertrophic stimuli is a dynamic process that requires activation of highly regulated 

mechanisms of protein degradation as much as it requires protein synthesis. My first aim was to 

adopt a model of left ventricular hypertrophy and determine its gene expression and structural 

changes. Male Sprague-Dawley rats were submitted to ascending aortic banding and sacrificed 

at 7 and 14 days after surgery. Sham operated animals served as controls. Effective
 
aortic 

banding was confirmed by hemodynamic assessment by Doppler flow measurements in vivo. 

Banded rats showed a four-fold increase in peak stenotic jet velocities. Histomorphometric 

analysis revealed a significant increase in myocyte size as well as fibrosis in the banded 
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animals. Transcript analysis showed that banded animals had reverted to the fetal gene 

program. My second aim was to assess if the UPS is increased and transcriptionally regulated 

in hypertrophic left ventricular remodeling. Protein extracts from the left ventricles of the 

banded and control animals were used to perform an in vitro peptidase assay to assess the 

overall catalytic activity of the UPS.  The results showed no difference between hypertrophied 

and control animals. Transcript analysis revealed decreases in transcript levels of candidate 

UPS genes in the hypertrophied hearts at 7 days post-banding but not at 14 days. However, 

protein expression analysis showed no difference at either time point compared to controls. 

These findings indicate that elements of the UPS are downregulated in the early phase of 

hypertrophic remodeling and normalizes in a later phase. The results provide evidence in 

support of a dynamic transcriptional regulation of a major pathway of intracellular protein 

degradation in the heart. The discrepancy between transcript levels on the one hand and protein 

levels on the other hand supports post-transcriptional regulation of the UPS pathway in the 

hypertrophied heart. The exact mechanisms and the functional consequences remain to be 

elucidated. 
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The rapid implementation of new scientific methodologies over the last 30 years has 

resulted in a wide acceptance for the concept of “the dynamic state of the body constituents” 

(Schoenheimer 1942). In this regard, the heart is no exception to all organs of the 

mammalian organism (Waterlow and others 1978). Indeed, a recent review by Hill and 

Olson (Hill and Olson 2008) stresses the point that the heart remodels in response to a large 

variety of environmental stimuli.  These include pressure overload, volume overload, 

mechanical or pharmacological unloading, prolonged inotropic stimulation, and hormonal or 

metabolic disturbances (e.g. diabetes mellitus, or thyroid dysfunction).  All these responses 

are linked to the heart muscle cell’s capacity to rebuild itself. Particularly, cardiac pressure 

overload activates signaling pathways of both protein synthesis and degradation.  

Much is known about signaling pathways of hypertrophy, but little is known about 

regulators of protein degradation in this same setting. Based on preliminary data from our 

lab, we speculated that both qualitative and quantitative changes in the composition of heart 

muscle cells are the result of highly regulated mechanisms of protein degradation (Razeghi 

and others 2006a; Razeghi and others 2006b; Razeghi and Taegtmeyer 2006). The ubiquitin-

proteasome system (UPS) is the major proteolytic system within the cell, in charge of the 

selective degradation of unused and abnormal proteins. Thus, in this context the (UPS) may 

turn out to be a major player in cardiac remodeling.  

 

The concept of protein turnover in the heart cannot be fully grasped without some 

basic knowledge regarding the heart’s structure and constituents. Approximately 70% to 

75% of the heart is composed of contractile muscle cells, the cardiomyocytes (Opie 2004). 

Each cardiomyocyte is filled with functional organelles and bundles of contractile units 

called sarcomeres.  
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These sarcomeres are the smallest cardiac muscle contractile units of the heart, thus 

cardiac performance is reliant on their construction and turnover. They are a constantly 

changing structure, assembled and degraded as evidenced by the half life of their major 

components, depicted in Table 1. This dynamic turnover of the structural proteins (Figure 

1) of the sarcomere constitutes a continuous remodeling that allows adaptation to stressors 

(Willis and others 2009). However, despite the significance of this vital component of 

cardiac function, knowledge of the actual mechanisms responsible for its turnover is 

rudimentary (Razeghi and Taegtmeyer 2006). 

 

 

 

 

                                Table 1. Half life of sarcomeric proteins 
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Figure 1. Components of the sarcomere. Apapted with permission from New 

England Journal of Medicine (Spirito and others 1997).
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Chapter 2: HYPERTROPHIC REMODELING OF THE 

STRESSED HEART 
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The notion of the dynamic state of body constituents discussed in the previous 

section can be nicely illustrated in the heart’s remarkable plasticity (Figure 2).  In 

conditions of either physiological or disease states, the heart can increase its mass up to 60% 

(Depre and others 1998; Fagard 2003; Hill and Olson 2008; Milliken and others 1988; 

Rockman and others 1991). Conversely, the heart can decrease its mass up to 50% during 

unloading (Depre and others 1998; Hill and Olson 2008; Sharma and others 2006).  

When biomechanical stress increases, cardiomyocyte hypertrophy results. By 

definition hypertrophy is indicated by greater orderliness of the sarcomere, increased rates of  

protein synthesis, and enlarged cardiomyocytes. Additionally, the cellular phenotype 

alterations come after, and are concurrent with, the reinduction of the fetal gene program, 

which will be discussed below (Depre and others 1998; Frey and Olson 2003; Rajabi and 

others 2007; Taegtmeyer and others 2010). 

The cellular changes that occur in hypertrophy eventually result in an increase in left 

ventricular wall thickness.  This phenomenon can be explained by Laplace’s law, where 

amplified thickness of the left ventricular wall decreases wall stress, and thus reduces 

oxygen expenditure. In this view, the onset of cardiac hypertrophy may be a adaptive 

response (Morisco and others 2003).  However, though hypertrophy might at some point 

result in normal wall tension, there is an association with detrimental results such as sudden 

death or advancement towards explicit heart failure when the hypertrophic stimulus is 

sustained. Left ventricular diastolic and systolic dysfunction, with ensuing progress towards 

congestive heart failure, begins with cardiac hypertrophic remodeling. This raises the 

thought that impairing this compensatory response might result in progression from cardiac 

hypertrophy to left ventricular dysfunction and eventually heart failure and death (Morisco 

and others 2003). At this stage, the hypertrophic response is considered maladaptive. 
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Figure 2. The heart displays a broad dynamic range in its adaptation of mass and size in 

response to the physiologic environment. This is evidenced by its capacity to undergo 

hypertrophy or atrophy in response to physiological and pathological demands. Adapted 

with permission from the New England Journal of Medicine (Hill and Olson 2008). 
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 From a structural standpoint, cardiac hypertrophy has been divided into concentric 

vs. eccentric. Concentric hypertrophic remodeling is typified by increased thickness of the 

cardiomyocyte, generally in response to pressure overload. On the other hand, eccentric 

hypertrophy results in greater myocyte length, generally considered in response to a volume 

overload. In addition, hypertrophy has also been classified as physiological vs. pathological 

depending on whether it progresses or not to a disease state. Physiological hypertrophy is 

considered in general as being a favorable adaptation that does not cause or contribute to 

disease (Buttrick and Scheuer 1987). Moreover, genetic studies that compare physiological 

(exercise-induced) vs. pathological hypertrophy (hypertension), in small animal models, 

have described unique gene expression patterns between these two types (Iemitsu and others 

2001; Kong and others 2005; Strom and others 2005). Noticeably, physiological 

hypertrophy does not induce the fetal gene program (discussed below).   

 

2.1  Rat Models of Cardiac Hypertrophy 

While no single animal model can reproduce human disease, they contribute to our 

understanding of cardiovascular disease by allowing us to evaluate particular aspects of 

disease processes such as pathogenesis and signaling pathway mechanisms. In this regard 

the rat carries several advantages such as economical convenience, the ability to replicate 

cardiovascular syndromes in a fairly comparable manner to human. In addition, it allows 

hemodynamic assessment and surgical interventions with greater ease than in mice 

(Doggrell and Brown 1998).    

 The main objective in producing an animal model of left ventricular hypertrophy 

(LVH) is to be able to generate a pressure gradient to stress the left ventricle in a manner 

similar to what is observed in a patient with increased afterload.  Afterload is the result of  
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the ventricles contracting against pressure in order to expel ejected blood. In the context of 

greater afterload, the left ventricle has to produce greater pressure to release the aortic valve 

for ejecting blood into the systemic circulation. When this occurs, it is characterized as 

pressure overload, and is common in systemically hypertensive patients or in those patients 

with aortic stenosis. The chart presented as Table 2 summarizes the most common rat 

models utilized for the induction of LVH. It is worth noting that, because sustained pressure 

overload will, in due course, result in heart failure, almost all of the models listed below 

eventually develop a failing heart and are often also used as a model for this condition. The 

length of time before LVH progresses to heart failure can be loosely predetermined in each 

model. However, in some models, such as those that involve aortic banding, the degree and 

location the of aortic constriction can significantly affect the time course of the LVH before 

it results in failure. This eventual shift in all models from compensated LVH to heart failure 

highlights the importance of the concept of the dynamic nature of the heart’s adaptation to 

stimuli, as pointed out in our introductory chapter and in the previous sections of the current 

chapter. The laboratory’s previous experience was with banding of the ascending aorta in 

the rat (Depre and others 1998; Doenst and others 2001; Young and others 2001a; Young 

and others 2001b). 

 

2.2 Isoforms in the Heart and the Fetal Gene Program 

During conditions of stress, the heart reverts to a gene expression pattern that is 

similar to that seen during fetal life. The ultimate goal of this gene expression reversion 

appears to be the maintenance of cardiac efficiency and cell survival under stress. This is 

attained through the reactivation of developmental transcription factors and a series of 

isoform switches in genes that encode for both contractile and structural proteins, as well as 
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genes of energy substrate metabolism. These changes shift the heart to a more energy 

efficient state to endure stress and are collectively known as the ‘‘fetal gene program”. This 

gene expression pattern is prevalent in many pathophysiologic scenarios such as hypoxia, 

ischemia, hypertrophy and atrophy, all of which display vast remodeling and a decreased 

pace of the cardiomyocyte aerobic metabolism (Rajabi and others 2007; Taegtmeyer and 

others 2010).  

A list of the isoform switches that have been observed in the rat heart is shown in 

Table 3 taken from (Rajabi and others 2007). See also (Depre and others 1998; Izumo and 

others 1987; Izumo and others 1988; Mercadier and others 1981; Schwartz and others 1986)  

However, for the purposes of this study, I will focus of the contractile proteins of the heart 

relevant for our study. 

 

Myosin heavy chains. The myosin molecule consists of 2 MHCs, 2 myosin alkali light 

chains (MLC) and 2 regulatory myosin light chains (MLC2). There are 2 isoforms that make 

up the heavy-chain subunits that house the location for ATPase activity, α and β, both 

having a presence in the ventricles and atria. These isoforms are manufactured by 2 unique 

isogenes that are located next to one another on the same chromosome: the β gene is located 

4,000 nucleotides “upstream” of the α -gene. The simultaneous presence of two heavy chain 

and four light-chain forms might the formation of many different myosin isozymes if all 

combinations of heavy and light chains were possible. However, so far, three different 

myosin isozymes have been characterized in mammalian ventricular muscle V1, V2, and 

V3. Isozymes V1, and V3 are composed of αα- and ββ-homodimers, respectively, whereas 

V2 is an αβ-heterodimer. (Schwartz and others 1992) 
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β-MHC is generated in accompaniment to hemodynamic (pressure) or metabolic 

stress. The degree to which the isoform changes depends on the preliminary phenotype. The 

preliminary low percentage of β-MHC (O-10%) in rat ventricular muscle provides for 

potentially large increases. β-MHC can reach as high as 80% of all of the myosin in 

hypertrophied rat ventricles, and its percentage is linked to the amount of hypertrophy. This 

shift is, nonetheless, reversible. (Schwartz and others 1992) 

   

 

 

Table 3. Transcriptional changes in the rodent heart. 

 
   Adapted from (Rajabi and others 2007) 
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(Arcos and others 1968), (Dahl and others 1975), (Goldblatt and others 1934; Kurtz and 

Morris 1987), , (Brown and others 1992) 

 

 

 

 

 

 

 

 

 

Chapter 3: PROTEIN TURNOVER IN THE HEART 
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Most of what we know so far regarding the proteolytic systems that may operate in 

the heart is derived from studies in skeletal muscle (Mitch and Goldberg 1996). To date, the 

most relevant proteolytic systems known in the heart are: a) the calpain system, b) the UPS, 

c) autophagy (Figure 3). After a brief description of the systems of protein degradation, I 

will focus on the UPS due to its newly acknowledged and emerging role in cardiac disease. 

 

Protein 
Degradation 

Protein 
Synthesis

Protein 

Amino 
Acids 

Autophagy UPSCalpains  

Figure 3. Dynamic relationship of protein synthesis and degradation. 

 

 

2.2 The calpain system 

Calpains are clusters of non-lysosomal cysteine proteases, dependent on calcium, that 

are expressed in every cell (Razeghi and Taegtmeyer 2006; Willis and others 2009). The 

calpain system is present in the heart, where it has been implicated in ischemia reperfusion-

induced injury (Singh and others 2004). Calpains break up myofibrillar proteins and render 

them accessible by the UPS (Goll and others 2003; Razeghi and Taegtmeyer 2006). Calpain 

1 can be found closely associated with myofibrils of skeletal muscle, bound snugly to the 

large protein titin in a calcium-dependent fashion. Recent discoveries show that calpain-1 is 

required for mediation of sarcomeric protein dissociation from the assembled myofibril to 
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allow subsequent degradation by the UPS system (Raynaud and others 2005; Willis and 

others 2009). 

 

2.4  The Ubiquitin-Proteasome System 

History. Proteolytic activity that is ATP-dependent was first detected during the 1970s (Goll 

and others 1989), but the workings of the molecules behind this activity only emerged in the 

early 1990s (Bochtler et al., 1999; Glickman and Cienchanover, 2002; Cienchanover, 2005). 

It quickly was observed that the relationship of the proteasome to intracellular protein 

turnover is like the link between the ribosome and intracellular protein synthesis. Since then, 

there has been intense pursuit of the ubiquitin proteasome system, and the 2004 Nobel Prize 

in Chemistry was awarded to the discoverers of ubiquitin-mediated protein degradation, 

Avram Hersko, Aaron Cienchanover and Irwin Rose (Goldberg 2005; Goll and others 

2008).  

Today the UPS is recognized to play an integral role in various cellular processes, 

including the regulation of cell mass, oversight of protein quality and apoptosis (Wang and 

others 2008; Willis and Patterson 2006). Researchers such as David Glass in Boston and 

Cam Patterson in North Carolina have contributed to furthering the knowledge and role of 

the UPS, particularly in the fields of skeletal and cardiac muscle, respectively. 

 

Structure and Function. There are two consecutive steps for degrading a protein through the 

ubiquitin/proteasome pathway: 1) multiple ubiquitin moieties and the substrate must be 

conjoined , and 2) the tagged protein must be degraded by the downstream 26S proteasome 

complex (Figure 4). These are carried out by subsequent actions of three enzyme types. 

First, ubiquitin is triggered by the ubiquitin-activating enzyme (E1) in a reaction that is 
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26S

 

 

Figure 4. Scheme of the ubiquitin-proteasome system. Ubiquitination involves 3 steps: E1 

activates ubiquitin in an ATP-dependent manner; an E2 enzyme transfers ubiquitin from E1; 

and an E3 enzyme facilitates the transfer of ubiquitin to a specific target protein substrate. 

Adapted, with permission from Journal of Molecular and Cellular Cardiology (Willis and 

Patterson 2006). 
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dependent on ATP. After this activation, the ubiquitin is transported to an ubiquitin-

conjugating enzyme (E2), and from there joined to the lysine residue in proteins that are to 

be degraded. The ubiquitin ligases (E3) catalyze the reaction. Through repetition of these 

procedures, an ubiquitin chain is assembled. The ubiquitin-conjugated proteins are 

subsequently identified by the 19S subunit of the proteasome for degradation in 20S 

proteasome. The proteasome next releases the peptides, which are then degraded to amino 

acids by peptidases in the cytoplasm. The ubiquitin molecules are released for reuse, a 

process aided by ubiquitin recycling enzymes known as deubiquitinating enzymes (DUBs) 

(Glickman and Ciechanover 2002; Razeghi and Taegtmeyer 2005). 

 

Ubiquitination. The 26S proteasome recognizes substrates joined to a poly-ubiquitin chain; 

however, it is noteworthy that ubiquitination has independently significant roles from that of 

the proteasome. These roles include monitoring of the activity of transcription factors, 

regulation of gene transcription and autophagy, and allowing the same target to be mono, 

multi and polyubiquitinated.  When substrates are joined to a poly-ubiquitin chain through 

their Lysine 48, they are usually singled out for degradation by the proteasome. Nonetheless, 

ubiquitin is able to assemble ubiquitin chains via connections to other lysine residues. These 

are considered “non-canonical” forms of ubiquitination, such as in the case of ubiquitin 

chains joining to a substrate at Lysine residue Lys11, Lys29, or Lys63. This type of chain 

formation can be related to protein localization, DNA repair or cell signaling. When there is 

mono-ubiquitination of lysine residues, the outcome is generally modulation of DNA repair, 

transcription or histone modification. (Mearini and others 2008; Willis and Patterson 2006) 
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Ubiquitin ligases (E3) pertinent to cardiac hypertrophy: MAFbx and MuRF1. At first, these 

two ligases, muscle-atrophy F-box (MAFbx/Atrogin1) and muscle-specific ring finger-1 

(MuRF1), detected only in skeletal muscle and cardiac tissue, were identified as essential 

players in skeletal muscle atrophy (Bodine and others 2001a). More recent studies have 

determined the role of these proteins in cardiac hypertrophy and confirmed their E3 

ubiquitin ligase activity. To be specific, both of these ligases (MAFbx and MuRF1) are 

capable of inhibiting cardiac hypertrophy through their interaction  with key elements of the 

hypertrophic signaling pathways (Willis and Patterson 2006). 

Cardiac hypertrophy is limited by MAFbx/Atrogin1 via its effect on calcineurin. 

Calcineurin is a phosphatase which dephosphorylates NFAT (Molkentin and others 1998), 

culminating in the transcription of hypertrophy-associated genes. Atrogin1 rarefies this 

calcineurin-dependent activation of genes by interfering with NFAT translocation. This 

effect of MAFbx over calcineurin activity has been observed both in isolated 

cardiomyocytes and in mice with cardiac-specific Atrogin1 over-expression during the 

induction of pathologic cardiac hypertrophy (Glickman and Ciechanover 2002; Mearini and 

others 2008; Willis and Patterson 2006; Willis and others 2009).  

The muscle ring finger-1 (MuRF1) protein has been associated with anti-

hypertrophic effects through its ability to weaken PKCε activity and translocation (Ayra and 

others 2004). Prevention of cell signaling through PKCε subsequently inhibits focal 

adhesion formation, and will eventually impact the downstream ERK1/2 signaling 

(Glickman and Ciechanover 2002; Mearini and others 2008; Willis and Patterson 2006; 

Willis and others 2009). Additionally, MuRF1 has been shown to have a role in both protein 

quality control and the targeting of various sarcomeric components for degradation by the 

proteasome. These sarcomeric proteins include cardiac troponin I, C and T, myosin light 
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chain 2 (Kedar and others 2004), and titin. The fact that these sarcomeric components play a 

critical role in myocardial contractility suggests that MuRF1 could also play an important 

role in the normal physiology of the heart, separate from its role associated with 

hypertrophic remolding (Willis and Patterson 2006). Recent work also suggests that MuRF1 

may play a role in the heart’s energy metabolism through its interaction with several 

enzymes of ATP energy production in muscle (Witt and others 2005).  

 

The Proteasome. The proteasome is not common or essential in bacteria, because of a 

differing ATP-dependent proteolytic system; it is frequent but not essential in archaea; and it 

is omnipresent and essential in eukaryotes, where it engages in the degradation of muscle 

protein. The proteasome (Figure 5) was discovered by Etlinger and Goldberg as part of a 

soluble ATP-dependent proteolytic system in 1977 (Etlinger and Goldberg 1977). It contains 

2 structures: a 20S core particle that has a 19S complex bound to it and regulating its activity 

(the S signifies the sedimentation coefficient for each particle); together they form the 26S 

proteasome). The 20S core particle is composed of a barrel-like 700-kDa complex,15 nm 

high and 11 nm in diameter. In eukaryotic cells the particle contains 28 distinctive subunits 

composed of 2 classes: α and β subunits (each containing 14 of the 28 distinctive subunits). 

Each class has 7 unique gene products all of which are cloned and sequenced, and which 

vary in size from 20 to 35 kDa. The individual α subunits are homologous in sequence with 

one another, as are the individual β subunits homologous within themselves. However, they 

are not homologous in sequence with any other proteolytic enzyme. The proteolytic 20S 

particle is arranged in a total of 4 rings, each consisting of 7 subunits each. The α subunits 

make up the 2 outer rings, while the β subunits make up the 2 inner rings. The proteasome's 

proteolytic activity is the exclusive domain of the β subunits; the only functional catalytic 
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sites are the β1, β2, and β5 subunits , therefore, only 6 catalytic sites are present in one 20S 

proteasome. (Glickman and Ciechanover 2002; Goll and others 2008; Mearini and others 

2008; Schwartz and Ciechanover 2009; Willis and Patterson 2006). 

The barrel-like proteasome, as demonstrated by electron micrographs, has a central 

cavity while the crystallographic structure shows the location of all 6 catalytic sites to be 

inside the central cavity (Gray and others 1994; Lowe and others 1995; Unno and others 

2002). The proteins composing the 19S regulatory particle guard the central cavity, resulting 

in a restricted opening to the central cavity of only 1.2 to 1.5 nm in diameter. This prevents 

protein molecules from entering the catalytic chamber if they have not first been unfolded. 

Accessability of the central cavity is the ultimate control of proteasome activity (Goll and 

others 2008). 

Functions of the 19S regulatory subunit include polypeptide unfolding and substrate 

recognition. This regulatory subunit along with the 20S forms the 26S proteasome, a particle 

of 2,500-kDa which is highly unstable, resulting in a tendency to dissociate into subunits, 

including the 20S particle and others. The 19S regulatory complex is composed of a lid and 

a base (Figure 5). The lid has 8 different polypeptides acting to bind and remove 

polyubiquitin chains from the polypeptide that is to be degraded for recycling. The base 

holds 6 homologous ATPases and 3 polypeptides (which are not ATPases). As the 

polypeptide enters the proteasom chamber, it is unfolded by the ATPases, which use the 

energy of ATP to accomplish this function; these enzymes can also be used in substrate 

binding. ATP hydrolysis is necessary for the attachment of ubiquitin to the fated 

polypeptide, resulting in a high energy requirement for protein degradation as regulated by  

the proteasome pathway. As many as 300 to 400 molecules of ATP are estimated to be 
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Figure 5. Electron tomography of the 26S proteasome and its components. Adapted, with 

permission, from The Journal of Animal Science (Goll and others 2008). 

 



 22 

 necessary for degradation of a protein by the proteasome (Glickman and Ciechanover 2002; 

Goll and others 2008; Mearini and others 2008; Schwartz and Ciechanover 2009; Willis and 

Patterson 2006). The regulatory particle can associate with one and/or the other end of the 

20S proteasome, though the 20S particle can also remain a free particle (Voges and others 

1999).  

 

2.3  Autophagy 

“The interest in lysosomes as agents of endogenous proteolysis goes back to their 

discovery by de Duve in 1953 (De Duve and others 1953) because they are the 

only cell organelles with substrate proteolytic capacity (Dean and Barrett 1976) 

and a known mechanism (autophagy) for acquisition of cellular material for 

degradation.” (Wildenthal 1980) 

Autophagy is a lysosome-based, highly conserved, cellular process in which long-

lived proteins and organelles are degraded in the cell. (Cao and others 2009; Gustafsson and 

Gottlieb 2008; Mizushima 2004) One of its main functions is to provide nutrients to the cell 

during periods of starvation or nutrient-depletion. However, autophagy also has a role in the 

processing and elimination of misfolded proteins and turnover of organelles. Some authors 

further make the distinction between three subtypes of autophagy, mainly macroautophagy, 

microautophagy and chaperone-mediated autophagy. Nonetheless, due to being the most 

understood process of the three, macroautophagy and autophagy tend to be used 

synonymously in the literature. (Cao and others 2009; Gustafsson and Gottlieb 2008; Levine 

and Kroemer 2008; Mizushima 2004) 

mTOR is among the key overseers of autophagy, where it functions as the major 

inhibitory signal that blocks autophagy in the presence of growth factors and abundant 
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nutrients. mTOR is linked to receptor tyrosine kinases by the PI3K/Akt signaling axis, with 

the result of suppression of autophagy response to insulin-like and other growth factors. 

(Levine and Kroemer 2008)  Starvation, on the other hand, is a strong initiator of autophagy. 

This stimulus activates class III phosphatidylinositide-3-kinase (PI3K), which forms a 

complex with the rate-limiting autophagy protein, Beclin 1. This process then triggers 

autophagosome construction by bringing other autophagy proteins to the pre-

autophagosomal membranes to form an isolation membrane. Other autophagy-related genes 

(ATG), such as ATG5, ATG12, and ATG16 aid in the development of the phagophore to 

surround the cytoplasmic contents. The phagophore edges then fuse, producing a double 

membrane structure called an autophagosome, which in the end fuses with a lysosome and 

forms an autolysosome. Here the sequestered material is digested by lysosomal proteases. 

(Cao and others 2009) 

In the heart, there is substantiation that autophagy can be either advantageous or 

disadvantageous depending on the setting and degree of activation. The basal autophagic 

“housekeeping” functions are positive and necessary, as evidenced by the deleterious 

consequences of their disruption as seen in lysosomal storage diseases. (Ruivo and others 

2009) In the setting of hemodynamic stress, autophagy has been associated with a 

maladaptive repsonse. (Zhu and others 2007) Its role in ischemia/reperfusion, however, has 

been more controversial, where there are claims of cardioprotection (Hamacher-Brady and 

others 2006) , as well as detrimental effects, particularly in the reperfusion phase (Matsui 

and others 2007). Conversely, markers and mediators of autophagy are downregulated in the 

failing human heart following mechanical unloading (Kassiotis and others 2009). 
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Chapter 4: MATERIALS AND METHODS 
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4.1. Experimental protocol.  

In a model of induced left ventricular pressure overload, we assessed the role of the 

ubiquitin-proteasome system and its transcriptional regulation. The model was a 

modification of aortic banding in the rat heart previously described (Kleinman and others 

1978; Young and others 2001b) in our lab. Animals were sacrificed at two time points and 

the number of animals was distributed as shown in Figure 6 below: 

 

 

Figure 6. Diagram of the experimental design and time points. 

  

 From the total number of animals indicated above, a subset of animals was 

designated exclusively for histology:  

o 7 days post-banding:  2 banded rats vs. 1 sham-operated rats 

o 14 days post-banding:  2 banded rats vs. 1 sham-operated rats 

 

4.2. Animals.   

Male Sprague-Dawley rats, 175-200g, 6-7 weeks old, were purchased from Charles 

River Laboratories (Wilmington, MA). 
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4.3. Equipment.  

ABI Prism® 7000 Sequence Detection System (Applied Biosystems, Carlsbad, CA); 

POLARstar OPTIMA fluorometer (BMG LABTECH, Cary, NC); MyCycler Thermal 

Cycler (#170-9701EDU, Bio-Rad, Hercules, CA); 20 MHz probe (20 MHz ultrasound 

pulsed Doppler and a computer-based Doppler signal processor, DSPW; Indus Instruments, 

Houston, TX).  

 

4.4. Ascending aortic banding.   

The surgery was performed at Charles River Laboratories (Wilmington, MA) by Dr. 

Amber Kang, Senior Surgical Specialist. The rats underwent ascending aortic banding to 

produce left ventricular hypertrophy (pressure overload). Sham operated animals served as 

controls. The surgical technique is as follows: A ventral midline incision is made to expose 

the clavicle. The sternal manubrium is transected. The thymus gland is rostrally retracted to 

expose the aorta. The tissue around the aorta, between the brachiocephalic trunk and the 

heart, is isolated with forceps (Figure 7). A piece of 4-0 silk suture is passed around the 

aorta. A 21 gauge metal wire is positioned over the aorta and the silk suture is tied around 

both the aorta and the wire. The wire is then carefully removed under the ligature, leaving 

the aorta constricted to the O.D. of the wire. The air is expelled from the cavity of the 

mediastinum. The incision is closed with wound clips.  

 

4.5. Hemodynamic Measurements.  

This work was performed in collaboration with Dr. Anilkumar Reddy, Ph.D., in the 

laboratory of Dr. Mark Entman, in the Division of Cardiovascular Science, Baylor College 

of Medicine. Effective
 
aortic banding was confirmed by hemodynamic assessment.  
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Figure 7. Location of aortic band placement. 

 

Specifically, carotid and aortic arch blood flow velocities were measured by Doppler 

in vivo to assess the association of carotid blood flow velocity change to the degree of 

cardiac hypertrophy caused by ascending aortic banding. Doppler velocity signals of left and 

right carotid arteries were determined with a 20 MHz probe (20 MHz ultrasound pulsed 

Doppler and a computer-based Doppler signal processor, DSPW; Indus Instruments, 

Houston, TX) in animals 12 days post-surgery. The probe was positioned to the right and 

left of the neck, near the entrances to the carotid, angled toward the flow at 45º, to determine 

the flow velocity in the right and left carotid arteries. The pressure gradient (∆P) across the 

stenosis was estimated using the simplified Bernoulli’s equation (∆P≈4V
2
) where V is the 

peak Doppler velocity measured at the stenotic orifice in the aorta (in banded rats) or aortic 

arch (in sham-operated rats). The aortic velocities were measured with a probe orientation 

such that the angle was close to 0º. These measurements were similar to the ones we made in 

mice (Li and others 2003a; Li and others 2003b). The measured Doppler signals were 

digitized, displayed, and stored using the DSPW system (Reddy and others 2005). As a rule, 

data was sampled in 2-second segments and then saved for subsequent analysis. During 

offline analysis peak velocities of aortic (V) and left (L) and right (R) carotid flow signals 
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were extracted. Left-to-right ratios (L/R) of flow velocities for each rat were also computed 

in order to limit rat-to-rat variations. Also, the average of L/R ratio for each group was 

computed. All parameter values are given as mean±SD (standard deviation). 

 

4.6. Tissue Harvest.  

At the defined time points, animals were sedated with pentobarbital. A thoracotomy 

was performed and the heart was excised, then freeze-clamped (while still beating) with 

aluminum tongues, cooled to the temperature of liquid nitrogen, as described by 

Wollenberger et al (ref 1960). Hearts designated for histology were fixed in formalin and 

later paraffin-embedded and sections were sliced at 5 microns thick. Sections were stained 

with H&E and Masson’s trichrome stains. 

   

4.7. RNA Extraction.  

 RNA extraction was carried out by conventional methods previously utilized in our 

laboratory (Chomczynski and Sacchi 2006). Snap frozen tissues from the left ventricles of 

sham-operated and RAAB were crushed by mortar and pestle until a thin powder was 

obtained. Liquid nitrogen was continuously added to prevent thawing. The powder obtained 

was transferred to a minimum of 1mL TRIZOL / 100mg tissue and mixed with a tissue 

homogenizer (Power Gen 35). Chloroform was added to the mixture for phase separation. 

After centrifugation, the top aqueous phase was transferred to a clean tube and isopropanol 

was added to produce RNA precipitation. After centrifugation, the RNA pellet was later 

washed with ethanol, allowed to air dry and finally re-suspended in approximately 80-100ul 

of DEPC water. RNA concentration was measured by spectrophotometry in a Nanodrop 

1000 (Thermo Fisher Scientific, Wilmington, DE). 
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4.8. Quantitative Real-Time PCR Transcript Analysis.  

The technique of real-time PCR (7700 Prism, Perkin-Elmer/ABI) is based on the 

hydrolysis of a particular fluorescent probe in every amplification cycle by the endonuclease 

activity of Taq polymerase (Heid and others 1996). Every PCR cycle shows increased 

fluorescent signalling in direct proportion to the number of probe molecules being 

hydrolyzed, itself an exact measure of the amount of template amplicons. The Ct (how many 

PCR cycles are necessary before the fluorescent signal reaches a detection threshold) is in 

direct proportion to the amount of input template enabling one to calculate, using a suitable 

standard, how many template molecules present themselves during the reaction. (Depre and 

others 1998) 

mRNA transcript levels of all genes analyzed in this study were amplified using 

TaqMan® quantitative real-time reverse transcriptase PCR (qRT-PCR).(Latres and others 

2005) The cDNA sequences were obtainable from NCBI’s GenBank. (A list of the genes 

and their respective primers, probes and GenBank accesion numbers can be found in Table 

1). PCR primers and fluorogenic probes were previously designed in our lab, from the 

corresponding cDNA sequences, using the Primer Express 2.0 software program (Applied 

Biosystems). Synthesis of oligos, probes and synthetic standards was performed by IDT 

(Latres and others 2005)  The reverse transcription was performed with 60ng of total mRNA 

using Superscript II (Invitrogen), on a MyCycler Thermal Cycler (#170-9701EDU, Bio-Rad, 

Hercules, CA). Real-time PCR analysis was performed on an ABI prism 7000 (Applied 

Biosystems) instrument. The process involved denaturation at 95°C, then 40 cycles of 

denaturation at 95°C for 15 seconds, followed by annealing at 60°C for 1 minute. Absolute 

quantification of transcripts was based on known amounts of synthetic DNA standard. Each 

sample was run in triplicate, allowing evaluation of technical variability. For each sample, a 
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control lacking reverse transcription was incorporated, to clarify PCR amplification of 

contaminating genomic DNA. Total RNA concentration was used for normalization. All 

results are reported as copy number/total RNA. (Latres and others 2005; Satoh and others). 

Table 4 lists primers and probes used in the experiments. 

 

4.9. 20S Proteasome Activity Assay.  

 Protein extracts of tissue lysates from the left ventricles of banded and sham-

operated animals were assayed with a CHEMICON® Proteasome Activity Assay Kit, as 

recommended by the manufacturer. This in vitro peptidase assay that uses the synthetic 

fluorogenic peptide LLVY-AMC as substrates to assess the overall catalytic activity of the 

UPS. It is based on the proteasome’s capability to recognize LLVY. After cleavage from the 

labeled substrate LLVY-AMC, the fluorophore 7-Amino-4-methylcoumarin (AMC) is 

detected. A 380/460 nm filter set in a standard fluorometer can be used to quantify the free 

AMC fluorescence (Meng and others 1999). 

 

4.10. Protein Extraction and Analysis.  

Protein was extracted from pulverized frozen left ventricular tissue. The Bradford 

assay was used to determine the protein concentration of all samples (Pierce). Total protein 

homogenate samples (35µg) were denatured by 5 minutes of heating at 100°C, with 

subsequent separation by SDS-protein acrylamide gel electrophoresis (SDS-PAGE) and 

transfer to PVDF membranes (Bio-Rad, Cat.No. 162-0177). blocked with 5% (w/v) non-fat 

dried milk in TBS buffer containing 0.05% Tween-20 and then probed separately using 

primary antibodies. (A list of the primary antibodies employed by this study can be found in 

Table 5). Membranes were thoroughly washed and then incubated with horseradish– 
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Table 4. Primer and Probe Sequences Used in Real-Time Quantitative RT-PCR. 
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peroxidase-conjugated appropriate secondary antibodies. Levels of expression of each 

protein were quantitated by densitometric analysis.  Protein loading was normalized by 

using monoclonal GAPDH antibody.(Kassiotis and others 2009; Zhang and others 2003) 

 

4.11  Estimation of Cardiomyocyte Size. 

Formalin-fixed, paraffin-embedded sections from the hearts of sham operated and 

RAAB were stained with hematoxylin and eosin (H&E) and utilized for myocyte size 

calculation. Digital images from the left ventricles of each heart were acquired with a bright 

field microscope and a DP70 camera, at x400 magnification. The cross-sectional area of 

individual myocytes was obtained by manual tracing and subsequent quantification by 

Olympus Microsuite software. These measurements were then averaged for each heart, and 

the results were expressed in square microns (µm) ± standard deviation (SD). 

 

 

 

 

 

 

 

 

 

 

 

 



 33 

 

 

 

 

 

 

Table 5. Antibodies used in Western blotting experiments. 
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Chapter 5: RESULTS 
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5.1. Model of Left Ventricular Hypertrophy.  

 All animals completed the study except for one rat from the 14-day group that died at 

day 12 post-surgery. 

5.1.1.  Hemodynamic Screening by Doppler.  Animals underwent hemodynamic evaluation 

by Doppler, prior to sacrifice (at 7 and 14 days post-banding or sham-operation), to screen 

for successful banding at the ascending aorta. Because sham pressure measurements served 

as parallel controls, we did not deem it necessary to perform any baseline studies.  

 The peak jet velocity, measured across the stenosis at the aortic arch, was greatly 

increased in rats whose ascending aorta was banded (RAAB). Figure 8A depicts 

representative images of the normal aspect of the aortic jet flow in a sham-operated and a 

RAAB at 14 days post surgery. At 7 days post-surgery, RAAB displayed an almost three-

fold increase in the peak jet velocity measured across the stenosis at the aortic arch, 

compared to controls (2.88±0.52m/s vs. 1.01±0.06m/s, p<0.01; Figure 8B). At 14 days post-

surgery, the RAAB displayed a greater than four-fold increase in the peak jet velocity across 

the stenosis at the aortic arch, compared to controls (4.24±0.34m/s vs. 1.09±0.12m/s, 

p<0.01, Figure 8B). Estimate of the pressure gradient (∆P) across the stenosis by use of the 

simplified Bernoulli’s equation yield an average increase of 34.2±11.9 and 72.5±11.1 

mmHg for the 7-day and 14-day banded groups, respectively.  

The peak velocity flow of both the right and left carotid arteries was expected to be 

lower in the banded animals, compared to controls, given the proximal placement of the 

band and was thus performed as routine. However, by 14 days post-banding, the RAAB 

displayed a consistent pattern of blunting of the peak flow of the right carotid artery 

combined with a sharp increase in the peak of the left carotid artery (Figure 9A). This  
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Figure 8. Doppler measurement of the peak stenotic jet velocity flow across the transverse 

portion of the aortic arch. (A) Representative images of the normal aspect of the aortic jet 

flow in a sham-operated rat (left) and a RAABs (right) at 14 days post surgery. (B) A three- 

and four-fold increase was observed across the stenosis in RAABs (n=8), compared to 

controls (n=5), at 7 and 14 days post-surgery, respectively. **p<0.01. 
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Figure 9. Doppler measurement of carotid flow. (A) Representative images of the normal 

aspect of the carotid peaks in a sham-operated rat (top) and the distinct pattern observed in 

banded rats (bottom) at 14 days post surgery. (B) Left/right carotid peak velocity ratios in 

RAABs (n=8), compared to controls (n=5), at 7 and 14 days post-surgery. **p<0.01. 
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resulted in a statistically significant increase in the left/right carotid velocity ratio between 

banded and sham-operated animals (4.4±1.36 vs. 1.08±0.11, p<0.01; Figure 9B). Carotid 

artery measurements at 7 days displayed considerable variability and comparison of the 

left/right carotid velocity ratio between RAAB and sham-operated rats did not reach 

statistical significance (1.88±1.17 vs. 0.97±0.04, p=NS; Figure 9B). These results indicate a 

successful and significant induction of aortic constriction at both time points. 

 

5.1.2  Morphometric Assessment. I wanted to know whether increased left ventricular 

pressure also induced left ventricular hypertrophy in my model. Morphometric analyses 

were performed with respect to heart weight (HW)-to-body weight (BW) ratios, gross 

anatomy and histology (Table 6). 

 

Table 6. Summary of morphometric assessments. 

  

 

 After sacrifice at the respective time points of 7 and 14 days post-ascending 

aortic banding or sham-operation, hearts were excised and weighed. Heart weight to body 

weight (HW/BW) ratios were calculated to estimate the degree of cardiac hypertrophy. At 7 
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days post-banding, 3 of 8 animals showed less than a 10% increase in HW/BW ratio 

compared to controls and were, therefore, not included in the study.  

At 7 days post-banding, the 5 hypertrophied hearts showed significant increase in 

their HW/BW ratio compared to controls (4.28±0.54x10
-3

 vs. 3.34±0.31 x10
-3

, p<0.05; 

Figure 10A). This increase was maintained and surpassed in the 14-day group, compared to 

controls (4.68±0.47 x10
-3

 vs. 3.46±0.15 x10
-3

, p<0.01; Figure 10B). The average percent 

hypertrophy at 7 and 14 days post-banding was 29.4% and 35.1%, respectively (Figure 

10C).  Thus, at both time points, I was able to document an increase in left ventricular mass. 

Two of the hearts in the 7-day group, and approximately one third of the hearts in the 

14-day group showed gross changes in the normal anatomy, such as dilatation and 

enlargement of the left atrium (Figure 11). This observation was made by visual inspection 

only (no measurements were made) during the course of harvesting and freeze-clamping the 

hearts for further work-up (RNA and protein extraction). 

 

5.1.3.  Histology. With the documented increase in LV mass, I now wanted to find out 

whether the increase in LV mass was due to an increase in cell size (hypertrophy). From the 

subset of animals designated for histological evaluation, one rat from the 14-day group died 

2 days before sacrifice.  

Upon cross section of the heart perpendicular to its longitudinal axis, hearts from 

RAABs showed signs of concentric hypertrophic remodeling (Figure 12). In addition, the 

same hearts at both 7 and 14 days post-surgery also showed a marked increase in myocyte 

size compared to controls, as demonstrated by measurement of their cross-sectional area 

(483± 147µm
2
 and 479±85µm

2 
vs. 240±64µm

2
, p<0.01, Figure 13). Hearts from RAABs 
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Figure 10. Morphometric measurements. HW/BW ratios in RAAB (n=8) compared to 

controls (n=5), at (A) 7 and (B) 14 days post-surgery. (C) Percent hypertrophy at 7 and 14 

days post-banding. BW = body weight, HW = heart weight, *p<0.05, **p<0.01. 
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Figure 11. Gross changes in the hearts of RAAB. (A) Image of a rat heart at 14 days post-

banding displaying marked hypertrophy, compared to control, and showing enlargement and 

dilation of the left atrium. (B) Histologic sections displaying the outline of normal (top) right 

atrium compared to the left atrium of a 7- (middle) and 14-day (bottom) post-banded rat. 

H&E stain. Bar = 5 mm.
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Figure 12. Histology. Cross-section of a heart from a sham-operated rat and a RAAB (7 

days). Bar = 2mm. 
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Figure 13. Histology: myocyte size. (A) H&E image from a sham-operated, 7-day and 14-

day RAAB displaying increase myocyte size in the banded rat heart. Bar = 100µm. (B) 

Quantification of myocyte cross-sectional area, **p<0.01.  
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Figure 14. Histology: fibrosis. Trichrome stain showing increased collagen deposition in the 

heart of a 7 and 14-day RAAB compared to a sham-operated one. Bar = 100µm. 
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also displayed an increase in fibrosis, which was mostly interstitial, at both time points 

(Figure 14). 

 

5.1.4  Transcript Analyses: Selected Markers of the Fetal Gene Program.  A hallmark of 

cardiac remodeling is the return to the fetal gene program (Depre and others 1998; Rajabi 

and others 2007; Taegtmeyer and others 2010). To further characterize and confirm 

achievement of a successful model of left ventricular pressure overload, we assessed level of 

key transcripts known to shift in the stressed heart.  

We first assayed for atrial natriuretic factor (ANF) because it is a marker of cardiac 

remodeling and heart failure. ANF levels were considerably increased in banded hearts 

compared to controls, at both 7 days (2.4±0.99 x10
6
 vs. 0.29±0.04 x10

6
copies/total RNA, 

p<0.05) and 14 days post-banding (3.8±0.46 x10
6
 vs. 0.29±0.04 x10

6
 copies/total RNA, 

p<0.01). 

 We next assayed for markers of isoform switches, also well described in cardiac 

remodeling (Depre and others 1998). An expected switch is the myosin heavy chain 

isoforms, characteristic of a return to the fetal gene program, was also observed in banded 

hearts compared to controls. MHC-α was significantly downregulated in banded hearts 

compared to controls at both 7 days (2.44±0.38 x10
8
 vs. 4.6±0.33x10

8
 copies/total RNA, 

p<0.01) and 14 days post-surgery (1.43±0.19 x10
8
 vs. 3.0±0.49x10

8
 copies/total RNA, 

p<0.01). Reversely, MHC-β was significantly upregulated in banded hearts compared to 

controls at both 7 days (3.47±1.16 x10
5
 vs. 1.25±0.23x10

5
 copies/total RNA, p=0.05) and 14 

days post-surgery (7.42±0.19 x10
5
 vs. 1.07±0.21x10

5
 copies/total RNA, p<0.01). Figure 15 

displays the results in graphic form. 
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Figure 15.  qRT-PCR results: The fetal gene program is activated during pressure overload. 

At both time points, 7 days (graphs on left) and 14 days (graphs on right) ANF is markedly 

elevated and there is a classic isoforms switch of the MHCs α nd β. Results are shown as 

mean±SE. Banded (n=5 and n=8 at 7 and 14 days post-surgery, respectively); sham (n=5), 

*p<0.05, **p<0.01. 
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5.2  Focused Analysis of the UPS  

5.2.1  20S Proteasome Activity Assay. We also wanted to know whether proteasome activity 

had changed following hemodynamic pressure overload in the left ventricle at either time 

points. The 20S proteasome activity assay (previously described above under Methods, page 

23) showed no difference between the left ventricular tissue lysates from RAABs compared 

to shams, at either 7 or 14 days post-banding (Figure 16). 
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Figure 16. Results from the 20S proteasome activity assay. Samples were run in duplicates. 

Fluorescence units were normalized to protein concentration. RFU = relative fluorescence 

units. 

 

5.2.2. Transcript analysis: MAFbx, MuRF1 and PSMB4. Transcript analysis of the E3 

liagses, MAFbx and MuRF1, showed that MAFbx was significantly decreased in RAAB 

hearts at 7 days post-surgery compared to controls (6.12±0.33x10
5
 vs. 7.43±0.34x10

5
 

copies/total RNA, p<0.05). However, this downregulation was not maintained in the 14-day 

banded hearts (1.56±0.08x10
5
 vs. 1.71±0.1x10

5
 copies/total RNA, p=NS). On the other 

hand, the E3 ligase MuRF1 did not display any significant difference between the banded 

and sham-operated hearts at either 7 days (4.92±0.29x10
4
 vs. 4.35±0.21 x10

4
 copies/total 

RNA, p=NS) or 14 days post-surgery (2.46±0.16x10
4
 vs. 2.71±0.16x10

4
 copies/total RNA, 

p=NS), compared to controls (Figure17). 
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Figure 17.  UPS and FoxO3a transcript levels are decreased by the first week of pressure 

overload-induced hypertrophy. FoxO3a and all of the UPS components analyzed, except 

MuRF1, appear decreased after 7 days of ascending aortic banding. This effect is no longer 

observed after 14 days. Results are shown as mean±SE. Banded (n=5 and n=8 at 7 and 14 

days post-surgery, respectively); sham (n=5), *p<0.05, **p<0.01. 
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The marker for one of the catalytic subunits of the proteasome, PSMB4, also 

appeared significantly decreased in banded hearts at 7 days post-surgery compared to 

controls (6.1±0.85x10
4
 vs. 8.84±0.61x10

4
 copies/total RNA, p<0.05). However, as in the 

case of MAFbx, this downregulation was not maintained in the 14-day banded hearts 

(3.15±0.19x10
4
 vs. 3.45±0.43x10

4
 copies/total RNA, p=NS). Figure 17. 

 

5.2.3. Protein Expression: MAFbx/Atrogin-1, MuRF1. 

In order to confirm changes in transcript levels, we also performed protein analysis by 

Western blot. MAFbx did not show significant changes compared to controls at either 7 days 

(0.72±0.13 vs. 0.7±0.1 arbitrary units, p=NS) or 14 days after banding (0.45±0.29 vs. 

0.52±0.14 arbitrary units, p=NS). As in the case of MAFbx, MuRF1 also displayed non-

significant protein expression after densitometric analysis after for both 7 days (0.53±0.03 

vs. 0.51±0.11 arbitrary units, p=NS) and 14 days after banding (0.29±0.08 vs. 0.33±0.05 

arbitrary units, p,0.05) compared to controls. Figures 18, 19. 

 

5.3 Regulation of the UPS 

5.3.1  FoxO3a.  The transcription factor FoxO3a was noticeably downregulated in banded 

hearts at 7 days post-surgery compared to controls (6.54±1.11x10
3
 vs. 9.75±0.4x10

3
 

copies/total RNA, p<0.05). This downregulation remained only as a trend in banded hearts 

by 14 days post-surgery, compared to controls (6.3±0.52x10
3
 vs. 7.79±0.83x10

3
 copies/total 

RNA, p=0.07). 

FoxO3a showed no significant changes in phosphorylation at 7 days post banding 

(1.07±0.37 vs. 0.83±0.69 arbitrary units, p=NS), and a significant decrease at 14 days after 

banding (1.12±0.2 vs. 0.62±0.48 arbitrary units, p=0.05). (Figures 17 and 20). 
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5.3.2  The Akt/mTOR pathway. In addition, we performed Western blots of relevant 

components of this pathway of protein synthesis. 

p-Akt (Ser473) was significantly increased after 7 days of banding, compared to 

controls (1.01.63±0.03 vs. 0.62±0.17 arbitrary units, p<0.05), and significantly decreased at 

14 days after banding (0.46±0.11 vs. 0.95±0.12 arbitrary units, p<0.05). Western blot 

analysis was also performed on other downstream members of this pathway, such as p-

mTOR (Ser2481), p-4EBP1 (Thr37-46), p-p70S6K (Thr389) and p-GSK-3β (Ser9). These 

markers all showed a modest trend towards elevation at 7 days post banding and 

normalization by 14 days post-banding, but statistical significance was not reached (data not 

shown).  

 

5.4  Autophagy  

Beclin-1 was non-significant after 7 days of banding, compared to controls 

(1.06±0.49 vs. 1.28±0.09 arbitrary units, p=NS), as well as at 14 days after banding 

(0.78±0.26 vs. 0.63±0.22 arbitrary units, p=NS). ATG5 was non-significant after 7 days of 

banding, compared to controls (0.88±0.43 vs. 0.89±0.21 arbitrary units, p=NS), as well as at 

14 days after banding (1.08±0.54 vs. 1.29±0.11 arbitrary units, p=NS). Figure 22. 
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Figure 18.  Atrogin-1 protein expression at 7 and 14 days post banding. No significant 

difference was noted at either time point compared to controls. 
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Figure 19.  MuRF-1 protein expression at 7days and 14 days post banding. No significant 

difference was noted at either time point compared to controls. 
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Figure 20.  FoxO3a protein expression at 7 and 14days post banding. FoxO3a showed no 

significant changes in phosphorylation at 7 days post banding (1.07±0.37 vs. 0.83±0.69 

arbitrary units, p=NS), and a marginally significant decrease at 14 days after banding 

(1.12±0.2 vs. 0.62±0.48 arbitrary units, *p=0.05). 

 

 

 

 

 



 54 

 

 

 

 

 

Figure 21.  Akt protein expression at 7 and 14 days post banding. p-Akt (Ser473) was 

significantly increased at after 7 days of banding, compared to controls (1.01.63±0.03 vs. 

0.62±0.17 arbitrary units), and significantly decreased at 14 days after banding (0.46±0.11 

vs. 0.95±0.12 arbitrary units), *p<0.05. 
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Figure 22.  Autophagy protein expression at 7 and 14 days post-banding shows no 

difference between banded and controls. Results are shown as mean±SD. Banded (n=5 and 

n=8 at 7 and 14 days post-surgery, respectively), sham (n=5), *p<0.05, §p=0.05. 
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Table 7. Summary of results. 
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Chapter 6: DISCUSSION 

 



 58 

In the preceding chapters I laid out the rationale and background for my hypothesis, 

described experimental approach and methods and reported results. The main findings from 

this study are summarized in Table 7 on page 56. Banded rats showed a four-fold increase 

in peak stenotic jet velocities. Histomorphometric analysis revealed a significant increase of 

myocyte size as well as of fibrosis in the banded animals. Transcript analysis showed that 

banded animals had reverted to the fetal gene program. Transcript analysis revealed 

decreases in transcript levels of several candidate UPS genes in the hypertrophied hearts at 7 

days post-banding but not at 14 days. However, protein expression analysis showed no 

difference at either time point compared to controls. I will now discuss the importance of my 

findings. 

  

6.1 The UPS in the Hypertrophic Setting   

Since its discovery in the late 1970s (Ciechanover and others 1980), the UPS has 

generated considerable interest as a main pathway of intracellular protein degradation and its 

role in health and disease (Ciechanover 2006). The discovery of muscle-specific E3 ligases 

(Bodine and others 2001; Gomes and others 2001), shared by both skeletal and cardiac 

muscle, was an important breakthrough specifically as it created interest regarding whether 

the UPS could play a role the in cardiovascular field as well. Within this context (see Figure 

4 in Chapter 3), given that the heart requires constant adaptation to environmental stressors 

in its environment, it was proposed that the UPS may play a role in the setting of cardiac 

remodeling underlying hypertrophy.  

The results from my study that addressed the UPS show a biphasic pattern at 7 days 

and 14 days. In early hypertrophy (i.e. at 7 days post-banding), the transcript levels of E3 

ligase MAfbx and the proteasome component PSMB4 appeared decreased compared to 



 59 

sham-operated animals. At 14 days after banding, however, there was no difference in 

transcript levels (please see Figures 4 and 5, on pages 15 and 19, for the diagram of the UPS 

and proteasome). In contrast to Atrogin-1, MuRF-1 showed no changes at either time point. 

In addition, transcript levels of the transcription factor, FoxO3a, were decreased at 7 days 

post banding and showed a strong trend towards decreasing levels at 14 days post-banding.  

This means that mRNA levels change dramatically after aortic banding. It also means that a 

regulator of the UPS is dramatically downregulated as the heart hypertrophies. 

To verify this observation, I also examined protein levels of the relevant UPS 

components by Western blot analysis. At the protein expression level, neither of the E3 

ligases (Mafbx and MuRF-1) showed differences compared to sham-operated animals, nor 

did the proteasome activity assay (chymo-trypsin activity). The transcription factor FoxO3a 

showed only a trend towards increased phosphorylation (inactivation) at 7days post-aortic 

banding and marked decreased phosphorylation (activation) at 14 days. These findings in the 

UPS components were accompanied by an apparent increase in protein expression of several 

components of the Akt/mTOR signaling axis, indicators of increased protein synthesis and 

translation.  

The disappearance of most of the significant 7-day findings by the 14-day time point, 

particularly at the transcript level, clearly indicates a shift towards a new steady state –and 

re-confirm the dynamic nature of the heart as it adapts to pressure overload. A possible 

explanation for these biphasic results may lie in the animal model of left ventricular 

hypertrophy (discussed below).  

 

Regulation of the UPS in hypertrophy.  The findings at the 7-day time point are consistent 

with the work of other researchers (Bodine and others 2001b; Kops and others 1999; Latres 
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and others 2005; Meier and others 1997; Skurk and others 2005). In an in vitro model of 

stretch-induced hypertrophy in cardiomyocytes, Skurk et al. showed that transduction with 

FoxO3a effectively activates atrophy-related genes, but treatment with constitutively active 

Akt suppressed this effect (Skurk and others 2005). The authors concluded that while 

FoxO3a can activate an “atrogene” transcriptional program in cardiomyocytes, this program 

is ultimately down-regulated by multiple physiologic and pathologic growth pathways. In 

another study, Stitt et al. showed that the IGF-1/PI3K/Akt pathway prevents the induction of 

the ubiquitin ligases MAFbx and MuRF1. The authors concluded that this occurs by Akt-

mediated inhibition of the FoxO family. Both of these studies were performed in isolated 

cardiomyocytes. My results prove this now in an in vivo model. 

Down-regulation of the atrogene program by growth signaling pathways has been 

observed in skeletal muscle as well (Bodine and others 2001b; Latres and others 2005). 

There is also cumulative documentation of the Akt inhibitory effect on the FoxO family 

(Kops and others 1999; Meier and others 1997). The presence of the non-phosphorylated 

transcription factor FoxO3a is required in the nucleus for the upregulation of the E3 ligases 

MAFbx and MuRF1. In the setting of an activated PI3K/Akt axis, PI3K phosphorylation of 

Akt causes it to translocate into the nucleus where it phosphorylates FoxO. Once in the 

nucleus, phosphorylation of FoxO by Akt  causes its translocation into the cytoplasm where 

it can no longer exert its effect in the activation of MAFbx and MuRF1 (Brownawell and 

others 2001; Glass 2005; Ronnebaum and Patterson 2010).  

We can thus conclude that MAFbx and MuRF1 may exert their effects, only in the 

degree to which they are released from the inhibitory hold of Akt. The hierarchal 

relationship between an activated PI3K/Akt growth pathway (as in the case of hypertrophy) 
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and the UPS is that in favor of PI3K/Akt dominance. This is illustrated by the diagram in 

Figure 23. 

 

An additional, and very interesting, observation garnered from the results of my 

study is that MAFbx and MuRF1 could potentially be differentially regulated. At the 

transcript level, my data show that MAFbx follows its transcription factor FoxO3a closely. 

However, MuRF1 does not. The literature in this regard is still very scarce (Attaix and 

Baracos 2010) and holds the potential for new discoveries.  In skeletal muscle, activation of 

the NF-κB pathway has been linked to exclusive transcriptional upregulation of MuRF1 

while Mafbx/Atrogin-1 was not perturbed (Cai and others 2004; Hunter and Kandarian 

2004). It was also shown that induction of proteasome expression could be diminished by 

inhibiting NF-κB activity (Wyke and others 2004). MAFbx/Atrogin-1 has been linked to the  

 

Akt

mTOR

Protein 

Synthesis

Muscle 
Hypertrophy 

FoxO3

Muscle 
Atrophy

Mafbx/, MuRF1

Proteasomal

Proteolysis

Insulin  / IGF-1

PI3K

 
Figure 23. Regulation of muscle protein breakdown during hypertrophy and  

Atrophy. Adapted, with permission, from Autophagy (Zhao and others 2008). 
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TNFa pathway via activation of p38 (Li and others 2005). It remains to be seen if a similar 

regulation is relevant in the heart. 

In conclusion, a successful model of left ventricular pressure overload was produced, 

at least for my first time point. However, based on the results from my experiments, the UPS 

does not appear to be a predominant figure in early hypertrophy due to inhibition by the 

PI3K/Akt/mTOR pathway. 

 

Other pathway markers of intracellular protein degradation. In addition to examining the 

UPS as an indicator of protein degradation activity during hypertrophy, we also we also 

examined the protein expression of two key elements of the autophagy pathway, beclin-1 

and ATG5 (Figure 8 on page 25). This choice was due to a recent publication making a 

point of a link in the activation of the proteasome and autophagic pathway by FoxO3a (Zhao 

and others 2008). Our laboratory has also recently reported that markers of autophagy 

decrease in the failing heart with mechanical unloading [Kassiotis and others 2009]. In this 

study I have found no change in these markers. This most likely means that autophagy is not 

increased during early hypertrophy. 

 

6.2  Model of LV hypertrophy vs. heart failure  

As stated on numerous occasions throughout this dissertation, the heart is constantly 

adapting to its environment and various stimuli thanks to the dynamic nature of its 

constituents. This basic notion becomes very relevant in considering an animal model to 

stress the heart. While our main goal has been to produce a robust model of left ventricular 

pressure overload, there are considerations (or pitfalls) in regards to the shifting nature of 

this pathophysiological state: the transition from a compensated hypertrophy to heart failure. 



 63 

Our model, at the transcript level, showed classic induction of the fetal gene program 

at both time points (please refer to Chapter 2 for more on the fetal gene program). This 

finding positively corroborates that our model is robust and that we successfully stressed the 

heart via pressure overload. Nonetheless, the LV hypertrophy -which resulted predominantly 

as concentric, as evidenced by morphologic assessment (Figure 8, page 37 of Results)- also 

appeared to develop extremely quickly. This abrupt and very intense induction of 

hypertrophy can be efficiently sustained by early functional compensation. However, it is a 

known outcome that maladaptive changes at the molecular, biochemical, and metabolic level 

will ultimately lead the heart muscle into failure (Grossman and others 1975; Meerson 

1969).  

It is difficult to assert that our model was in fact already progressing into failure in 

our current study and can appear purely speculative in lieu of having performed an 

echocardiographic assessment on the subject. Nonetheless, in a recent publication, Li et al. 

followed the transition of several survival signaling pathways in a mouse model of 

hypertrophy (transaortic constriction, TAC) as it progressed to heart failure (Li and others 

2009). The authors found an increase in Akt and GSK-3β phosphorylation early in 

hypertrophy, followed by a decrease as the model progressed into failure. In addition, the 

histologic findings showed a pattern of interstitial myocardial fibrosis appear in the 

compensated hypertrophy, and later progress to replacement fibrosis as heart failure 

developed. These findings are similar to what we have observed at the 7 and 14 day time 

points, respectively.  

 In another recent study, Previlon et al. followed the sequential alterations on Akt and 

GSK-3β in a mouse model of aortic constriction (TAC) for 60 days (Previlon and others 

2010). These authors also found an increase of Akt activity (phosphorylation) early in the 
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hypertrophic response, and the consequential GSK-3β inactivation (phosphorylation). These 

findings are also analogous to what we have observed at the protein expression level at the 7 

and 14 days time points. 

 

6.3  Concluding remarks  

 With the current interest in the UPS and its role in cardiovascular disease, numerous 

studies can be found in the literature, many of which appear to contradict the findings of this 

study (Depre and others 2006; Meiners and others 2008; Stansfield and others 2008). 

However, closer examination of this work reveals that these studies are either performed in 

vitro, in models of heart failure in vivo, or have utilized proteasome inhibition. Our study is 

unique in that it focuses exclusively on early hypertrophy. 

The relevance of UPS and its profound implication in numerous human 

pathophysiological states in currently widely accepted. The results of our study indicate that 

the UPS is dynamically regulated at the transcriptional level. This is evidenced by a biphasic 

display of mRNA levels in a hypertrophic setting, with early downregulation, followed by 

normalization. This dynamic response observed appears to be at least partially mediated by 

the pro-hypertrophic and growth pathway, the Akt/mTOR axis. In addition, the 

transcriptional shifts observed in mRNA levels did not, however, translate to the protein 

expression level. This discrepancy suggests the existence of a post-transcriptional regulation 

as well, the exact mechanism of which remains to be elucidated. 

 I consider that my study contributes to the current knowledge in the field by bringing 

forth: a) a temporal sequence of the UPS markers in the initiation and stabilization of 

hypertrophy, and b) the dynamic and hierarchal relationship between pro-hypertrophic and 

growth pathways. 
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