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ABSTRACT 
 

 Oxidative stress is known to contribute to many forms of heart disease.  Oxidants 

such as H2O2 can cause hypertrophy of cardiomyocytes (CMCs).  Heart fibroblasts (HFs) 

also contribute to oxidant-induced heart disease by disordering the extracellular matrix 

and causing fibrosis.  Since both of these cells encounter the same stressors in vivo, we 

examined the signaling pathways involved in responding to oxidative stress in both cell 

types.  We have established the EGF Receptor, Src and matrix metalloproteinases 

(MMPs) as key regulators of oxidant-mediated phosphorylation of the MAPKs ERK1/2 

and JNKs but not p38 in CMCs and HFs. 

 We used oligonucleotide microarrays to examine the differences in global gene 

expression after H2O2 treatment in CMCs and HFs.  Twenty-four hours after treatment, 

significant numbers of upregulated genes could be classified as being related to 

antioxidant or detoxification responses in both cell types.  This trend lead us to examine 

the role of activation of promoters containing the Antioxidant Response Element (ARE) 

in the reaction of CMCs to H2O2.  We have shown that H2O2 activates the ARE in CMCs 

in a manner that is dependant on the transcription factor Nf-E2 related factor 2 (Nrf2).  

ARE activation by H2O2 seems to induce cytoprotection.  CMCs pretreated with H2O2 

showed significantly less activation of caspase-3 when exposed to another oxidant, 

Doxorubicin.  Overexpression of Nrf2 mediates this cytoprotection, possibly by 

protecting the cells from caspase-independent cell death.  Although ARE-dependant 
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genes were upregulated in the presence of excess Nrf2, two contractile proteins were 

repressed, suggesting that Nrf2 overexpression may have unknown side-effects in CMCs. 

  We also studied the activation mechanism of Nrf2 in CMCs.  Nrf2 protein levels 

increased after 10 min of exposure to 100 µM H2O2 and peaked at about 1 hr.  

Pharmacological and genetic inhibition of the PI3-Kinase pathway blocked ARE-

luciferase activity in these cells.  The PI3-Kinase inhibitor LY294002 also blocked Nrf2 

protein accumulation, but not nuclear translocation.  Here I present evidence that Nrf2 

accumulation after H2O2 exposure is due to PI3-Kinase-mediated translational regulation.  

Since phosphorylation of translation initiation factors eIF4E and eIF2alpha are both 

inhibited by LY294002, Nrf2 translation initiation may be through non-5’ cap-mediated 

means. 
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CHAPTER I: INTRODUCTION 

Heart disease is a growing cause of morbidity worldwide.  This disease costs the 

United States an estimated $238.6 billion annually in medical bills, not accounting for 

losses in productivity (Association 2003). Although changes in lifestyle would be the 

most effective means of reducing the risk of this disease in general, medical interventions 

must be found which can reduce the severity of heart disease when administered to high 

risk individuals.  Ideally, interventions would target a single molecular switch which 

could mediate a host of factors important for the protection of the heart from injury.   

 

 The following dissertation attempts to further our understanding of oxidative 

stress responses in the heart.  Specifically, I will cover 1) the differential regulation of 

oxidative stress signaling in the two main cell types of the heart, cardiomyocytes (CMCs) 

and fibroblasts, 2) the identification of a generalized antioxidant response in oxidant-

treated heart cells and the importance of the transcription factor Nrf2 in this response, and 

3) the mechanism of oxidant-induced activation of Nrf2 in CMCs.  Each of these topics 

comprises individual chapters to follow.  In this introductory chapter I will introduce the 

role of oxidants in cellular and molecular responses involved in the progression from a 

healthy heart to a diseased one. 
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1) Oxidants and Antioxidants in the Heart: 
 

 The use of oxygen as an electron acceptor has been a double-edged sword for 

species that rely on aerobic metabolism.  On one hand, oxidative phosphorylation allows 

mitochondria to efficiently extract energy from our food.  However, oxygen is also a 

relatively reactive molecule with a tendency to form free radical or non-radical reactive 

compounds referred to as reactive oxygen species (ROS).  Common forms of ROS in the 

body include the superoxide radical (O2
•-), hydroxyl radical (•OH), peroxyl radical 

(ROO•), hydrogen peroxide (H2O2), singlet oxygen (1O2), nitric oxide (NO•) and 

peroxynitrite (ONOO•).  ROS are derived both as a natural byproduct of aerobic 

respiration and as the result of cellular insults such as exposure to cigarette smoke and 

other xenobiotics (Kumar and Jugdutt 2003).  

 A major endogenous source of ROS is the leakage of electrons from the electron 

transport chain in mitochondria, which then react with nearby oxygen to form superoxide 

radicals (Sawyer et al. 2002).  In tissues with a high density of mitochondria such as 

cardiac muscle cells, this normal mitochondrial leakage can result in a significant amount 

of intracellular superoxide. Other endogenous sources of oxidants include products from 

the action of oxidase complexes such as NAD(P)H oxidase, xanthine oxidase (XO) and 

nitric oxide synthase (NOS) (Sawyer et al. 2002). 

 Cells and tissues have devised many ways of counteracting the effects of ROS.  

For example, glutathione, the enzyme glutathione S-transferase and other related 
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enzymes cooperate to detoxify xenobiotics within the cell (Dickinson and Forman 2002).  

Superoxide dismutase (SOD) is essential for the reduction of the superoxide radical to the 

more stable form of H2O2.  Catalase and glutathione peroxidase can then convert the 

H2O2 to water.  NAD(P)H-quinone oxidoreductase-1 (or NAD(P)H dehydrogenase, 

quinone 1) (NQO1) is a ubiquitous enzyme which uses NAD(P)H to catalyze the 

reduction of quinones, thus contributing to their detoxification and preventing redox 

cycling (Nioi and Hayes 2004).  Our diet contains small molecule antioxidants such as 

vitamin E, beta-carotene (pro-vitamin A), and ascorbic acid (vitamin C).  These agents 

typically act to neutralize hydroxyl radicals, although they may have other functions as 

well.  Cells require all of these means of protection in order to maintain a correct redox 

balance.  If this balance is disturbed in favor of oxidants, either due to depletion of 

normal protective mechanisms or to their being overwhelmed by elevated levels of 

radicals, the cell’s homeostasis will be tipped towards that of oxidative stress, a condition 

caused by an abundance of various forms of ROS.  An abundance of ROS can wreak 

havoc on a cell by causing oxidation of lipids, crosslinking and deformation of proteins, 

and damage or mutations of DNA (Dhalla et al. 2000).  It is therefore not surprising that 

many forms of disease have some direct or indirect link to damage accrued through ROS.  

Figure 1.1 outlines the sources of and cellular defenses against oxidants as was discussed 

above.  
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2) Implications of Oxidative Stress in Heart Disease: 

  

 There is growing evidence, both in vitro and in vivo, that oxidative stress is 

involved in the initiation and progression of heart disease.  In vivo, oxidants have been 

implicated in the pathology of angina, hypertension, ischemia/reperfusion (infarction), 

and dilated cardiomyopathy (Cipollone et al. 2000; Dhalla et al. 2000; Ungvari et al. 

2005).  The endpoints of many types of heart disease have one thing in common: the loss 

of cardiomyocytes (CMCs) through apoptosis, and the enlargement of those remaining 

(Colucci 1997).  CMCs are generally thought to be terminally differentiated cells, 

although there is evidence that cardiac stem cells may exist (reviewed in (Nadal-Ginard 

et al. 2003)).  Since CMCs generally cannot replicate after birth, their only method of 

responding to an increased workload due to increased exertion through exercise, 

hypertension, or loss of nearby cells, is to become hypertrophic.  The definition of 

cellular hypertrophy is an increase in cell volume, while maintaining the overall ratio of 

protein to water in the cell.  Hypertrophic cells have an increased amount of protein on a 

per cell basis.  If enough individual cells become enlarged, global heart hypertrophy may 

occur. 

 There are two main forms of cardiac hypertrophy: physiological and pathological.  

Physiological hypertrophy occurs throughout mammalian development as a response to 

increased workload as the body grows.  This type of hypertrophy is also observed in 

athletes due to prolonged physical training, and is generally a well-balanced, overall 

thickening of the chamber walls along with proportional increases in the size of 
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individual CMCs.  If an athlete stops training, these changes can be reversed with no ill 

effect (Hunter and Chien 1999).   

 In pathological hypertrophy, stressors can lead to disproportionate changes in the 

shape of individual CMCs.  For instance, patients with dilated cardiomyopathy present 

with eccentric hypertrophy, or a lengthening of CMCs.  This causes the heart as a whole 

to have a larger volume, but thinner walls than normal.  The opposite problem may also 

occur:  patients with pressure overload can present with concentric hypertrophy, or a 

thickening of individual CMCs (Hunter and Chien 1999).  In this case the heart has a 

larger overall mass, but the chamber walls are thicker without enlarging the diameter of 

the heart, leading to a loss of interior volume.  Pathological hypertrophy generally 

develops in an asymmetric or uncoordinated fashion.  Most patients present with left 

ventricular hypertrophy, while the other chambers of the heart remain relatively stable in 

size. 

 Most forms of hypertrophy are marked by the re-expression of embryonic genes 

such as atrial neutriuretic factor (ANF), β myosin heavy chain (βMHC) and skeletal α-

actin (SkA) (Zak 1995; Cooper 1997; Zhu 1997).  The induction of ANF is used as an 

indicator of the severity of heart failure in the clinic (Hall et al. 1994).  Other genes are 

commonly downregulated in hypertrophic CMCs, such as α-myosin heavy chain (αMHC) 

and the calcium pump of the sarcoplasmic reticulum (SR) (Schaub et al. 1997).  

Dysregulation of calcium signaling is emerging as yet another outcome of oxidative 

stress, and intracellular calcium overload due to ROS has been linked with CMC 

apoptosis (Dhalla et al. 2000).  All of these changes in CMCs can lead to generalized 
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cardiac remodeling, which includes decreased individual contractility and reduced overall 

pumping efficiency in hypertrophied hearts (reviewed in (Sawyer et al. 2002)). 

 Pathological hypertrophy is currently being studied as either a compensatory and 

adaptive process, or a maladaptive process that is a gateway towards heart failure.  In the 

instance of myocardial infarction, ischemia can cause the loss of many CMCs in the 

infarcted area due to apoptosis or necrosis.  Nearby surviving CMCs may therefore 

become hypertrophic to compensate for the increased workload.  This type of 

hypertrophy is necessary for the heart to remain viable in the short term.  Thus 

hypertrophy can be initially beneficial and help with muscular economy and 

normalization of wall stress (James et al. 2000).  Differing from physiological 

hypertrophy, pathologically hypertrophied hearts do not actually increase their pumping 

output, possibly due to the re-expression of less efficient, embryonic contractile proteins 

and problems controlling calcium homeostasis (Morgan et al. 1990; Litwin and Bridge 

1997).  Whether this cell enlargement is initially adaptive or maladaptive, it is clear that 

the presence of hypertrophy is associated with an increased risk of heart failure and 

sudden death (Selvetella et al. 2004).  

 Unfortunately, hypertrophy is rarely constrained to one small region and is often 

found in areas far from an initial area of infarction.  This could be due to other causes, 

such as hypertension, new areas of ischemia, or global increases in oxidative stress in the 

myocardium (reviewed in (Dhalla et al. 2000)).  McDonough (1999) has noted that the 

induction of cardiac hypertrophy is linked to an increase in overall antioxidant status, but 

the transition to heart failure is associated with a decline in the antioxidant balance 



 17

(McDonough 1999).  Thus, global changes in the oxidative state and antioxidative 

potential in the heart are linked to the progression of heart disease.   

 Hypertrophy is only one aspect of myocardial remodeling that occurs in the 

diseased heart.  Other features of remodeling include CMC slippage and interstitial 

fibrosis (reviewed in (Sawyer et al. 2002)).  These processes are mediated by heart 

fibroblasts, which are responsible for most of the maintenance of the extracellular matrix 

(ECM) in the heart.  Fibroblasts (and other cells) secrete varying types of collagen, 

elastin, and matrix metalloproteinases (MMPs), all of which are coordinated to provide a 

framework for support of CMC contraction and communication.  Heart fibroblasts are 

also essential in their ability to create scar tissue, such as after a myocardial infarction 

(MI).  Without scar tissue in the infarcted area, after macrophages remove the necrotic 

debris, the infarcted zone would be very weak and life threatening.  Indeed, up to 13% of 

patients with MI experience an external rupture of the infarct at around 4-7 days after the 

initial event.  This is the time in which phagocytosis has occurred but scar tissue has not 

yet formed.  Rupture can occur when blood penetrates this soft tissue, breaks through the 

epicardium and releases blood into the pericardium, blocking the ability of the heart to 

fill properly, an outcome termed cardiac tamponade (Kumar 1997).  The deposition of 

scar tissue in this instance is obviously crucial. 

 Myocardial fibrosis is often found far from the site of initial infarct, and diffuse 

fibrosis is a common diagnosis in the failing heart (Caulfield and Wolkowicz 1990).  

During heart disease, fibroblasts can become overstimulated or begin to malfunction.  

These changes have been linked to oxidative stress responses in vitro and in vivo 
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(Kinugawa et al. 2000; Sawyer et al. 2002).  The secretion and activity of MMPs is 

increased by oxidatively stressed heart fibroblasts, leading to an increased degradation of 

matrix proteins (Siwik et al. 2001). Fibroblasts normally secrete collagen to help repair 

what MMPs degrade, but in the failing heart the ratio of collagen type I to collagen type 

III changes, and deposition is disordered  (Li et al. 2000).  The result of these changes is 

local or global fibrosis of the heart or stiffness of myocardium, slippage of CMCs away 

from each other and therefore blockage of contractile function.  These phenotypes are a 

common endpoint of myocardial remodeling (reviewed in (Fedak et al. 2005)). 

 

3) The Heart in Culture: In Vitro Models of Heart Disease: 

 Neonatal rat CMCs have been used to study the heart in vitro for decades.  This 

system is not ideal: cells cannot divide in culture so they must be freshly isolated from 

the animals for each experiment.  Maintaining consistency in cell survival, contractility 

and confluence is very difficult between each cell preparation, and notable molecular 

differences have been observed between cultured CMCs and the response of cardiac cells 

in vivo.  However, as long as it is recognized that CMCs in culture are a tool upon which 

to base future work, they can serve as an excellent model.  With CMCs in culture, 

multiple pharmacological and genetic manipulations can be done in one easy experiment 

and analyzed many ways, without interference from other cell types.  Most importantly 

for our research, CMCs in vitro develop hypertrophy after oxidative stress (Chen et al. 

2000).  CMC hypertrophy in vitro is accompanied by expression of many hypertrophic 
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markers observed in vivo (Cooper 1997), and the phenotype seems to be initiated through 

similar molecular pathways both in vitro and in vivo (Liang and Molkentin 2003).  

Working with CMCs and heart fibroblasts in vitro can therefore help structure future in 

vivo experiments, which can be costly and time-consuming.    

 

4)  Signaling Events Involved in Heart Disease: 

 Using both cultured CMCs and in vivo studies, several molecular pathways have 

been implicated in the induction and progression of heart disease, specifically cardiac 

hypertrophy.  As will be described below, a common denominator between these 

pathways could be their responsiveness to oxidative stress.  Not all of the pathways 

leading to hypertrophy will be discussed here, but this sampling should illustrate why the 

complexity of these pathways has caused difficulties for those trying to find a “silver 

bullet” against hypertrophic heart disease.  A summary of many of the oxidant-regulated 

signaling pathways described in this chapter is presented in Figure 1.2. 

  

 MAPKs: 
 Mitogen-activated protein kinases (MAPKs) are well-known effectors of many 

receptor-mediated events.   Receptor activation at the plasma membrane leads to 

signaling cascades through MAPKs that regulate changes in gene expression.  These 

changes can dictate the response of the cell to extracellular stimuli such as endocrine 

factors, growth factors, or even stress (Sugden and Clerk 1998).  The three most 
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commonly studied MAPKs are extracellular signal-related kinases 1 and 2 (ERK1/2), c-

Jun N-terminal kinases (JNKs, also known as stress-activated protein kinase or SAPK) 

and p38.  Activation of these MAPKs can regulate cellular decisions as diverse as cell 

division, differentiation, hypertrophy or apoptosis.  The response of the cell to stimuli 

that activate MAPKs depends on factors such as the signaling network of the cell and the 

strength, duration and nature of the stimulus (Bhalla et al. 2002).  There appears to be a 

balancing act in play between these three MAPKs.  For example, in CMCs a pro-

apoptotic signal by p38 or JNKs may be cancelled out by an anti-apoptotic signal from 

ERK1/2 (Yue et al. 2000).   

 The role of MAPKs in CMC hypertrophy has been extensively studied. All three 

of MAPKs mentioned above have been linked to the regulation of neonatal CMC 

hypertrophy secondary to a number of causes, such as endocrine factors and 

ischemia/reperfusion (Chen et al. 2001; Liu et al. 2005).  Inhibition of p38 activity 

resulted in reduced heart failure after surgically induced myocardial infarction in mice, 

and has been shown to mediate hypertrophy after ischemia in vitro and in vivo (Haq et al. 

2001; Liu et al. 2005).  Interestingly, new studies using transgenic mice have suggested 

an anti-hypertrophic role for constitutively-active p38 and JNKs (Liang and Molkentin 

2003).  However, this protection from hypertrophy did not save the hearts from disease: 

heart-specific constitutive JNK activation by an upstream regulator (MKK7D) lead to 

lethal cardiomyopathy, substantial extracellular matrix remodeling and loss of CMC gap 

junctions (Petrich et al. 2004).  Transgenic mice expressing activated MKK3 or MKK6 

(direct upstream kinases of p38) developed juvenile heart failure characterized by fibrosis 
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and reduced efficiency (Liao et al. 2001).  Thus, the role of MAPKs in heart disease may 

differ depending on the condition in question: acute versus chronic activation may have 

different outcomes.   

Recently, a commonly-studied endogenous inducer of cardiac hypertrophy, 

Angiotensin II, was found to exert its effect through formation of small amounts of 

intracellular H2O2, which can trigger MAPK activation (Griendling and Ushio-Fukai 

2000).  This has strengthened the link between oxidants, inducers of hypertrophy (and 

fibrosis) and MAPKs.  The specific regulatory pathways involved in H2O2-initiated 

MAPK signaling in both CMCs and HFs is explored in Chapter II. 

 

 G-proteins, MMPs and the EGFR:  The triple-membrane passage 

method of oxidant signaling: 

 Recently, novel connections have been drawn between G-protein coupled receptor 

(GPCR) activation and tyrosine-kinase receptor-mediated CMC hypertrophy and heart 

failure.  Angiotensin-II, the peptide agonist of a GPCR called AT1, has long been 

associated with hypertrophy both in vitro and in vivo (reviewed in (Shah and Catt 2003).  

Several independent reports have now established that AT1 activation leads to MAPK 

phosphorylation, which is dependant at least in part on EGF-receptor activity (reviewed 

in (Shah and Catt 2003).  Upstream of this tyrosine kinase activity, matrix 

metalloproteinases (MMPs) are responsible in part for relaying the signal between the 

GPCR and EGFR.  These MMPs are usually membrane-bound and act to liberate EGF-
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like ligands or heparin-bound EGF from nearby pro-forms.  These ligands can then bind 

to and activate the EGFR, initiating the remainder of the signaling cascade.  The 

mechanism of MMP activation after GPCR stimulation is not completely understood, but 

is thought to involve one of many constituents such as Src kinase, ROS, or PKC (Shah 

and Catt 2003).  The net effect of this intricate activation mechanism is that the GPCR 

signal ends up passing through the plasma membrane three times before finally starting 

down the Ras/MAPK pathway (see Figure 1.2).   

 It should be noted that oxidants have been shown to activate several of these 

signaling constituents independently and/or in concordance with normal activation 

mechanisms.  For example, H2O2 has been shown to modify Gαo, releasing Gβγ to 

activate ERK signaling in CMCs (Nishida et al. 2000).  Hydrogen peroxide is also known 

to activate the EGFR and Src, and ischemia/reperfusion has been shown to increase MMP 

activity ((Creemers et al. 2001; Huang et al. 2001; Sato et al. 2001)).  The sensitivity of 

this MAPK-responsive signaling cascade to oxidative stress, and its relationship to cell 

growth, apoptosis and interstitial remodeling, make it a crucial pathway to understand if 

we wish to regulate the effects of oxidants on heart disease.   

 PI3-Kinase: 

 Phosphoinositol-3-Kinase (PI3-Kinase) has been extensively studied by our 

laboratory and others in regards to its relationship with CMC hypertrophy and heart 

disease.  PI3-Kinase activation is downstream of many receptors, including EGFR, 

PDGFR, insulin receptor, and GPCRs such as AT-1 (Martin 1998; Nguyen et al. 2000; 
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Shah et al. 2005).  This lipid kinase catalyses the addition of a phosphate group to the 3-

position on the inositol ring of phosphatidylinositol (PtdIns).  There are actually nine 

identified members of PI3-Kinases in mammals, which can be placed into three groups 

based on their substrate specificity and homology (Domin and Waterfield 1997).  PI3-

Kinases can also phosphorylate PtdIns at the 4- and 5-positions, resulting in multiple 

possible combinations of PtdIns phosphorylation, which regulate differing signaling 

pathways.  For example, PtdIns-3-P has been linked to regulation of subcellular 

trafficking and subsequent control of PDGF-receptor degradation (Joly et al. 1995).  

PtdIns-3,4-P2 activates Akt and therefore regulates translational events and possibly cell 

death versus survival decisions (reviewed in (Franke and Cantley 1997)). PtdIns-3,4,5-P3 

has been linked to many cellular functions, such as proliferation, migration and vesicle 

budding (Rameh and Cantley 1999).  Class I PI3-Kinases can be further separated into 

two subclasses: IA and IB.  PI3-Kinase IA contains at least three isozymes (α, β, δ) 

which consist of heterodimers of 110 kDa catalytic subunits and 85 or 55 kDa regulatory 

subunits (Shioi et al. 2000).   

 The most important characteristics of PI3-Kinase relative to my studies is that it is 

known to be a key regulator of translation, and has been shown to be responsible for the 

increase in protein content needed for CMC hypertrophy ((Tu et al. 2002); reviewed in 

(Proud 2004)).  In vitro experiments suggest a role of PI3-Kinase in endocrine-induced 

hypertrophy.  In transgenic animals, overexpression of a constitutively active PI3-Kinase 

in the mouse heart resulted in increased organ size.  The opposite was true when a 

dominant-negative PI3-Kinase variant was overexpressed in the heart.  These changes in 
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organ size were directly correlated to changes in individual cardiomyocyte size (Shioi et 

al. 2000).  Interestingly, the PI3-Kinase enlarged hearts did not present any changes 

which would normally be linked with cardiomyopathy, such as myocyte apoptosis, 

necrosis, interstitial fibrosis or contractile dysfunction (Shioi et al. 2000).  Recently, our 

laboratory was the first to show that PI3-Kinase can be activated by H2O2 in CMCs, and 

that this is linked to hypertrophy (Tu et al. 2002).  We have thus increased the repertoire 

of inducers of hypertrophy in these cells, and have added vigor to the argument that many 

factors that lead to hypertrophy and cardiomyopathy do so through oxidative stress.  As 

Chapter III will show, I have now linked oxidant-induced PI3-Kinase activation to 

transcriptional activation of cytoprotective genes. 

 

5)  The dose response to oxidative stress - cell fate decisions: 

 Ischemia-reperfusion in the heart is known to lead to production of various forms 

of ROS.  In the area of infarct that was most affected by ischemia, where blood flow was 

greatly restricted or lost for a period of time, cells undergo necrosis and are removed by 

macrophages and replaced by scar tissue.  Other CMCs surrounding the necrotic zone 

tend to undergo apoptosis or hypertrophy.  The decision of which fate to choose after 

ischemia/reperfusion, necrosis, apoptosis or hypertrophy, is not well understood, but it is 

thought to relate to the severity of the oxidative stress encountered by the cell after the 

reperfusion event (when most ROS are formed), with low levels inducing hypertrophy 

and higher levels inducing apoptosis or necrosis (reviewed in (Sawyer et al. 2002)).  
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Some additional oxidants may be released by macrophages during the subsequent 

immune response.  Levels of H2O2 have been detected in cardiac tissue during 

ischemia/reperfusion in rabbit hearts, and were found to increase from a baseline of about 

1.8µΜ to about 4.4µΜ during 30min ischemia, and then jumped to about 13µΜ just 60 

seconds after reperfusion.  Unfortunately, measurements at later time points were not 

reported (Grill et al. 1992). 

For my work, I have used H2O2 at the dose of 100 µM for many experiments.  

While 100 µM H2O2 that we use in the following chapters may seem like a dramatically 

different dose than 13µΜ, it should be noted that constituents in the culture medium such 

as albumin act to incapacitate H2O2 very quickly (Cha and Kim 1996).  The actual dose 

that the cell encounters is therefore probably much lower.  Nevertheless, we have 

observed hypertrophic changes in CMCs using this dose, and have recorded changes in 

gene expression and MMP activity levels from heart fibroblasts using 100 µΜ H2O2 as 

well.  Although the precise level of oxidative stress needed to influence the decision to 

undergo hypertrophy or apoptosis is still a mystery, we believe that 100 µΜ H2O2 is a 

good starting point for our model of CMC stress response and adaptation. 

 

6)  Preconditioning may reduce severity of heart disease by inducing 

antioxidants: 

 A surprising “side benefit” of brief periods of ischemia has been reported in 

several animal models of heart failure.  Hearts which are “conditioned” to stress via one 
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or more short bouts of ischemia are much better able to survive a later, more severe 

ischemic event than are their non-adapted controls.  This method of adapting the heart (or 

other organs) to stress is termed preconditioning.  It was actually first called the “cardiac 

warm-up phenomenon” by cardiologists who observed that patients who had prodromal 

angina (unstable angina limited to the 24 hours before a MI) developed less chest pain, 

less severe cardiac dysfunction and smaller infarct sizes than other patients who 

developed similar MI without the prodromal angina (Tomai 2002).  Subsequent studies in 

dogs showed that brief ischemia prior to a severe ischemic event resulted in delayed 

depletion of ATP, preservation of intracellular structures, and delayed or reduced cellular 

necrosis (Shah et al. 2005).  This phenomenon was soon referred to as ischemic 

preconditioning, and was observed to be effective in a number of tissues including liver, 

kidney and brain (Bonventre 2002; Kirino 2002; Jaeschke 2003).  Ischemic 

preconditioning has even been shown to help protect against chronic cardiac disorders 

such as remodeling (Dairaku et al. 2002). 

 Detailed analysis of ischemic preconditioning revealed two “windows” of 

protection: between about 1-3 hours and between about 24-72 hrs after the initial 

ischemia.  Early and late “windows” of adaptation are apparently regulated by similar 

molecules, but the early phase requires rapid molecular changes such as phosphorylation 

events and opening of ion channels, while the later phase is linked to transcription-

mediated events (Sanada and Kitakaze 2004).  The extent and timing of the protective 

effect seems to vary depending on the treatment and model used.   
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 The next step in the study of this adaptive effect would be to try to use it to some 

clinical advantage.  However, inducing ischemia/reperfusion in the patient population is 

not feasible.  Therefore understanding the molecular mechanisms and signaling pathways 

involved in initiating the preconditioning phenotype becomes important, with the hope of 

someday using this knowledge to provide reasonable preventative treatments for 

ischemia-reperfusion related heart disease.  There is mounting evidence suggesting that 

the initiation of the preconditioning effect is mediated through oxidant-related induction 

of protective enzymes in the cell.  GPCRs, adenosine, MAPKs (especially p38), PKC and 

PI3-Kinase are among the many proteins implicated in the regulation of preconditioning.  

Many of these proteins are also linked to oxidant-induced hypertrophy and 

cardiomyopathy.  Preconditioning has been found to upregulate several antioxidant and 

detoxification enzymes, among them SOD, catalase and glutathione peroxidase (Das et 

al. 1993).  Additionally, scavengers of free radicals can block the protective effect of 

preconditioning in dog hearts (Richard et al. 1988).  The low levels of ROS generated 

during the preconditioning phase are thought to be the key mediators of the subsequent 

adaptive effect (Ambrosio et al. 1995).  The induction of antioxidant and protective 

enzymes after oxidative stress therefore becomes a reasonable pathway towards the 

cardiac protection observed in preconditioning.   
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7)  Antioxidant and detoxification genes are upregulated after stress 

through an ARE/Nrf2 mechanism: 

Many types of stress, including oxidative stress, are known to coordinately 

activate several antioxidant and detoxification enzymes in the cell.  This is apparently due 

to these genes containing a common cis-acting element in their promoters, the antioxidant 

response element (ARE).  Examples of these genes include nqo1, ho-1, various gsts and 

thioredoxin ((Nguyen et al. 1994; Jaiswal et al. 1997; Hintze et al. 2003; Martin et al. 

2004)).  The transcription factor responsible for activation of the ARE promoter element 

is the basic region-leucine zipper (bZIP) transcription factor Nf-E2 related factor-2 

(Nrf2).  Nrf2 knockout mice are viable, but are much more sensitive to xenobiotic and 

oxidative stress than their wildtype littermates (Chan et al. 1996; Ramos-Gomez et al. 

2001).  The protective effect of Nrf2 stimulation has been noted for many types of stress 

in various tissues (Lee et al. 2005).  Nrf2 regulation is also starting to be explored, and 

seems to be coordinated through many of the same pathways that lead to preconditioning 

in the heart, such as MAPKs, PKC and P13-Kinase (reviewed in (Nguyen et al. 2003)).  

Given these similarities, it is surprising that no one has postulated a link between Nrf2-

regulation of ARE-stimulated genes and oxidant-induced preconditioning in the heart.  

Indeed, Nrf2 activation and regulation in heart cells (either in vitro or in vivo) has yet to 

be reported.  Chapters III and IV are intended to begin to illuminate the potential role of 

Nrf2 activity after oxidative stress in CMCs. 
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Figure 1.1:  Sources, removal and consequences of oxidative stress in the cell. 
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Figure 1.2:  Signaling pathways of cardiomyocyte hypertrophy and apoptosis 
after H2O2 exposure. 
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CHAPTER II:  EGF RECEPTOR DEPENDENT AND 
INDEPENDENT PATHWAYS IN HYDROGEN PEROXIDE 
INDUCED MAPK ACTIVATION IN CARDIOMYOCYTES AND 
HEART FIBROBLASTS 
 

Introduction: 
 The myocardium is mainly composed of two cell types: cardiomyocytes (CMCs) 

and fibroblasts.  CMCs contribute to two thirds of the total mass of the heart (Sabri et al. 

2002).  This type of cell is traditionally thought to be terminally differentiated and not 

capable of dividing in adult hearts.  In response to an increased workload or cell loss, 

CMCs often enlarge their size and become hypertrophic.  This scenario is evident 

following myocardial infarction, chronic cardiac ischemia or an increase in pressure load 

due to hypertension.  Hypertrophy can be initially beneficial to compensate for the new 

demand on cardiac output.  However, by mechanisms not yet fully understood, sustained 

and extensive hypertrophy of CMCs can spread to initially unaffected areas and 

eventually contribute to heart failure (Francis et al. 1995; Frey and Olson 2003). 

 

After myocardial infarction, heart fibroblasts (HFs) are crucial for healing 

infarcted areas and creating scar tissue.  Normally, these cells provide structural support 

for the contractile function of CMCs by maintaining the homeostasis of the extracellular 

matrix through production of proteases and matrix proteins.  In numerous types of heart 

disease, pathological studies have demonstrated that fibroblasts participate in 

myocardium remodeling.  Fibrosis in the heart derives from over-stimulation or 
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malfunction of fibroblasts, resulting in increased stiffness of local areas or of the heart 

overall.  The consequence of fibrosis is blockage of contractile function. 

 

Oxidative stress has been linked to cardiac remodeling and heart failure (Chen et 

al. 2001).  Reactive oxygen species (ROS) are released during ischemia and ischemic 

reperfusion.  In addition, catecholamines and angiotensin II, two endocrine factors that 

are known to induce cardiac hypertrophy and cardiac remodeling, have been shown to 

induce the production of oxidants (Miller et al. 1996; Griendling and Alexander 1997).  

Three branches of MAPKs have been shown to be activated by ROS: c-Jun N-terminal 

kinases (JNKs, also known as stress-activated protein kinase or SAPK), extracellular 

signal-related kinases 1 and 2 (ERK1/2) and p38.  A number of reports indicate that 

MAPK stimulation precedes and is necessary for CMC hypertrophy or myocardial 

fibrosis (Molkentin and Dorn 2001).  Given this fact, an initiator of the MAPK pathway 

located on the plasma membrane would be a convenient target for designing drugs that 

inhibit ROS from inducing these disease phenotypes in the heart. 

 

One unsolved question is whether different cell types share similar initiation 

pathways of MAPK activation by ROS.  Some reports have linked oxidants with the 

direct activation of the non-receptor tyrosine kinase Src in mouse fibroblasts and 

erythrocytes (Abe et al. 1997; Mallozzi et al. 1999), while others have shown that small 

G proteins like Gαi and Gαo contribute to ROS-induced MAPK activation in CMCs 

(Nishida et al. 2000).  Therefore, it is possible that ROS may activate different upstream 
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pathways that converge to the common end results of JNK, ERK and p38 activation 

among different cell types.  Examining two different cell types within an organ is useful 

for addressing whether different cell types share similar initiators in MAPK activation by 

ROS, as would be indicated during an ischemic event.  Traditionally it is assumed that 

oxidants diffuse through the plasma membrane to initiate the signaling pathways.  Recent 

evidence suggests a role of growth factor receptors on the plasma membrane as the 

initiator of MAPK signaling by ROS. 

 

 Peptide growth factors such as EGF are known to bind to their receptors in the 

plasma membrane and serve as initiators of MAPK signaling.  These receptors are 

transmembrane proteins and many such receptors contain a tyrosine kinase domain in the 

intracellular region.  EGFR was the fist receptor tyrosine kinase discovered and is 

ubiquitously expressed in a variety of cell types with the most abundant expression in 

epithelial cells and many cancer cells (Carpenter 2000; Mendelsohn and Baselga 2000; 

Prenzel et al. 2001).  This receptor belongs to a family containing three other members 

(ErbB2, ErbB3 and ErbB4) (Mendelsohn and Baselga 2000).  Upon ligand binding, the 

receptors undergo homodimerization or heterodimerization with other members within 

the family to induce autophosphorylation, resulting in activation of the receptor tyrosine 

kinase (Schlessinger 2002).  The EGFR dimers are shuttled from the caveolae into 

clathrin-coated pits for internalization and ligand release before recycling to the plasma 

membrane (Carpenter 2000).  Activation of the receptor tyrosine kinase domain is an 

initiation event for downstream Ras-Raf-MAPK signaling.  Specific inhibitors of the 



 34

tyrosine kinase domain have been developed to block the downstream signaling and 

abolish the biological consequence of growth factors (Mendelsohn and Baselga 2000).  

Such inhibitors have been made for the EGF receptor, PDGF receptor and FGF receptor.  

The availability of these inhibitors allows us to test the involvement of these receptors in 

ROS-induced MAPK activation. 

 

The EGF receptor (EGFR) has been shown to mediate ROS-induced MAPK 

activation in vascular endothelial cells and renal epithelial cells (Chen et al. 2001; 

Zhougang and Schnellmann 2004).  In CMCs and vascular smooth muscle cells, 

angiotensin II has been found to transactivate the EGFR upon binding to its own non-

tyrosine kinase receptor AT1 (Frank and Eguchi 2003; Shah and Catt 2003).  Angiotensin 

II (AngII) induces the production of ROS in vascular smooth muscle cells, (Griendling 

and Alexander 1997; Ushio-Fukai et al. 1999).  These findings lead us to test here 

whether EGFR mediates MAPK signaling pathways activated by ROS in CMCs and HFs. 
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Materials and Methods: 
 

Tissue Culture:  CMCs and HFs were derived from the hearts of 1-3 day old Sprague-

Dawley rats.  CMCs were prepared as described (Tu et al. 2002; Coronella-Wood et al. 

2004) and were seeded at a density of 0.5x106 cells per well of a 6-well plate (Falcon) in 

low glucose Delbecco’s Modified Eagle Medium (DMEM) containing 10% FBS.  Two 

days later the cells were rinsed with PBS and the media was replaced with 0.5% FBS low 

glucose DMEM for a two-day starvation.  At the time of H2O2 treatment, over 90% of 

CMCs express myosin heavy chain (Tu et al. 2002; Coronella-Wood et al. 2004). 

 

HFs were retained by differential plating during the preparation of CMCs.  HFs 

were cultured in high glucose DMEM containing 10% FBS and were allowed to grow in 

100 mm dishes.  Since HFs replicate in culture, unlike CMCs or endothelial cells, the 

cells were subcultured once to reduce the possible contamination by CMCs and 

endothelial cells.  The second passage HFs were seeded into 6-well plates at a density of 

0.3x106 cells per well.  One day after seeding, the fibroblasts were rinsed with PBS and 

the media was changed to 0.5% FBS high glucose DMEM for a two day starvation.  

Nearly all of the cells in the HF preparation express vimentin (a marker of fibroblasts), 

but not desmin (a marker for CMCs) or alpha-Von Willebrand factor (a marker for 

endothelial cells).  
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Drug Treatment and Sample Harvesting:  HFs and CMCs were treated and harvested 

identically.  Most inhibitors were purchased from Calbiochem (La Jolla, CA), except for 

BB2516, which was a kind gift of Dr. G. Timothy Bowden. The doses of inhibitors used 

in this study were based upon the literature as follows:  PP2, PP3 and AG1478: (Kim et 

al. 2002); PD158780: (Park and Seol 2002); GM6001: (Nadal et al. 2002); BB2516: 

(Sundareshan et al. 1997; Whittaker et al. 1999); AG1295: (Banai et al. 1998); DMBI: 

(Zaman et al. 1999).   Serum-starved cells were pre-treated with AG1478 for 30 min or 

other inhibitors for one hour before being treated with 100 µM H2O2 for the time 

indicated in the text.  The cells were harvested in a lysis buffer (20 mM HEPES, pH 7.4, 

2 mM EGTA, 50 mM β-glycerophosphate, 1% Triton X-100, 10% glycerol, and 1 mM 

DTT with freshly added 1 mM Na3VO4, 2 µg/mL leupeptin, 10 µg/mL aprotinin and 400 

µM PMSF).  Samples were then stored on ice for 15 minutes before centrifugation at 

12,000 rpm at 4°C for 10 minutes in a Beckman Microfuge R centrifuge.  Supernatants 

were transferred to fresh tubes and protein concentration was determined using the 

Bradford protein assay solution according to the manufacturer’s instructions (BioRad, 

Hercules, CA).   

 

Western Blot Protocol:  Cell lysate containing 20 to 30 µg proteins was loaded in each 

well of a 10% SDS-polyacrylamide gel (BioRad).  The gel was run at 60V for 10 min and 

then 90V for 2.5 hr to achieve the desired separation.  Proteins were then transferred to 

PVDF membranes by electrophoresis at 65V for 3 hrs at 4°C.  Membranes were blocked 

with 5% non-fat milk and rinsed briefly in TBS-Tween before incubation in a primary 
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antibody solution overnight at 4°C with rocking.  All primary antibodies were diluted in 

TBS-Tween solution containing 5% BSA and 0.1% Na Azide (1:400 for p-JNK, catalog 

#9251, 1:1,000 for p-ERK1/2, catalog #9101, 1:500 for p-p38, catalog  #9211, Cell 

Signaling, Beverly, MA).  After the primary antibody incubation, membranes were 

washed 5 times in TBS-Tween and then placed in an anti-rabbit secondary antibody 

conjugated with horse radish peroxidase (Zymed, South San Francisco, #65-6120, 1:2500 

dilution for p-JNK and p-p38 and 1:5000 dilution for p-ERK1/2) for a 2hr incubation at 

room temperature.  Membranes were then washed 5 times before exposure to enhanced 

chemiluminescence reagents (Sigma, St. Louis, MO).  After detection of phosphorylated 

proteins, membranes were stripped from their bound antibodies using either 0.1N NaOH 

or Restore Buffer (Pierce, Rockford, IL).  The membranes were then blotted with 

antibodies to total JNK, ERK or p38 (1:1,000 dilution for all antibodies, catalog #9252 

for JNKs, catalog #9102 for ERK1/2, catalog #9212 for p38, Cell Signaling) as described 

above for measuring the total level of the proteins.  Blots shown in the following figures 

are representative of three independent experiments. 

  

To probe for EGFR and vinculin, cell lysate containing 50 µg proteins were run 

on a 6.5% SDS-polyacrylamide gel and transferred and treated as described above.  

Primary antibodies were diluted 1:2,000 for anti-EGFR (Upstate Biotechnology, 

Charlottesville, VA #06-129) or 1:1,000 for anti-vinculin (Sigma, #V9131).  Secondary 

antibodies were anti-sheep (1:12,000, #61-8620) for the EGFR blot and anti-mouse 
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(1:5,000, #81-6520) for the vinculin blot (both from Zymed).  The EGFR blot was 

developed using Femto ECL reagents (Pierce, #34095). 

 

To quantify the band intensities, the images of Western blot films were scanned 

and the bands were quantitated using software from Alpha Digidoc (Alpha Innotech, San 

Jose, CA) with an output in Excel.  The band intensities of the control groups were set to 

1 and all treatment readings are therefore considered fold increases over the control 

within the same experiment. 

 

Immunoprecipitation: 

 Cell lysates containing 300-500 µg of protein were used for 

immunoprecipitations.  Samples were mixed with the antibody against IRS1 (1:100 

dilution, polyclonal rabbit, catalog #06-248, from Upstate Biotechnology) and rotated at 

4°C for 2hr.  Protein A conjugated Sepharose beads (1:1 dilution, 30 µl) were added to 

the samples and rotated at 4°C for 1 hr.  Beads were collected by centrifugation at 3,000 

rpm for 1 min and the supernatant was aspirated.  Beads were then washed with 1 mL of 

PAN buffer (10 mM PIPES pH 7, 100 mM NaCl, 20 µg/mL Aprotinin) with NP-40 

(0.5%), and then 1 mL PAN buffer without NP-40.  The bound proteins were dissociated 

from the beads by 10 min boiling in 20 µl of 2x Laemmlli Buffer before Western blot 

analysis.  Blots were incubated with primary antibodies (phospho-Tyrosine PY99, 1:500, 

Santa Cruz Biotechnology, Santa Cruz, CA, #sc-7020; phospho-Serine, 1:800, Sigma 
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#P3430; IRS1 1:1,000) and the bound antibody was detected by ECL reaction following 

incubation with secondary antibody conjugated with horse radish peroxidase.  
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Results:  
 Previous studies from our laboratory have found that 100 µM H2O2 induces 

activation of MAPKs in CMCs as measured by phosphorylation of JNKs, ERK1/2 and 

p38 at activation signature sites (Tu et al. 2003; Coronella-Wood et al. 2004).  The 

conserved phosphorylation sites for activation of JNKs, ERK1/2 or p38 are 

Thr183/Tyr185, Thr202/Tyr204 or Thr180/Tyr182, respectively.  Dose response studies 

were performed to confirm that 100 µM H2O2 is indeed the appropriate concentration to 

use for identifying the upstream regulators of MAPKs in two cell types, CMCs and HFs.  

The results show that although 30 µM H2O2 can induce phosphorylation of JNKs and 

ERKs in CMCs (Fig. 2.1A), obvious increases of phosphorylated forms of all three 

MAPKs at the signature activation sites were observed with H2O2 at 40 µM or higher for 

both cell types (Fig. 2.1).  The highest levels of phospho-JNKs, -ERKs, or -p38 were 

observed with 100 or 200 µM H2O2 (Fig. 2.1).  The dose response study suggests that 100 

µM is the most appropriate dose to use since 200 µM H2O2 caused a decline of phospho-

ERKs from its peak level in CMCs (Fig. 2.1A) and reduced the level of total ERKs in 

HFs (Fig. 2.1B).  Measurements of total JNKs, ERK1/2 and p38 protein levels indicate 

that H2O2 at 100 µM or less did not appear to alter the protein level of these kinases (Fig. 

2.1).  Time course studies comparing HFs to CMCs found that all three MAPKs 

increased their phosphorylation at the signature sites within 30 min of treatment with 100 

µM H2O2 (Fig. 2.2).  The induction of phosphorylated forms of JNKs, ERK1/2 and p38 

appeared to reach a peak at 30 min, and then began to decline after 60 min in both cell 

types (Fig. 2.2), with an exception of p38 in CMCs, which remained at a considerable 
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level of phosphorylation even 2 hrs after H2O2 treatment (Fig. 2.2A).  These data suggest 

30 min as a suitable time frame for testing the upstream regulators of MAPK activation 

by oxidants. 
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Figure 2.1: H2O2 dose dependent induction of phosphorylation/activation of JNKs, 
ERK1/2 and p38 in CMCs (A) and HFs (B).  Serum-starved CMCs or HFs were treated 
with various doses of H2O2 as indicated.  Cells were harvested at 30 mins for 
measurements of phosphorylated forms or total JNKs, ERK1/2 or p38, except for p38 
measurement in HFs, which were harvested after 10 mins H2O2 treatment.  Phospho 
(labeled with P) or total JNKs, ERK1/2 or p38 were measured by Western blot as 
described in the Methods (25 µg protein per lane).  Vinculin was measured to show equal 
protein loading between samples. 
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Figure 2.2:  Time course of H2O2 induced phosphorylation/activation of JNKs, 
ERK1/2 and p38 in CMCs (A) and HFs (B).  Serum-starved cells were treated with 100 
µM H2O2 and harvested at the times indicated for Western blot analysis using antibodies 
against phospho-JNKs, ERK1/2 or p38 as described in the Methods. 
 

 

 

 



 44

 

We determined the presence of EGFR in CMCs and HFs by Western blot and 

found detectable levels of the receptor in both cell types (Fig. 2.3A).  CMCs appear to 

contain a higher level of EGFR compared to HFs (Fig. 2.3A).  Treatment with EGF (5 

ng/mL, 10min) or H2O2 (100 µM, 10min) did not appear to alter the level of the receptor 

(Fig. 2.3A).  In certain experimental systems, chemical stress causes covalently linked 

dimerization of EGFR.  We did not observe an increase in intensity of the bands at the 

molecular weight corresponding to EGFR dimers with H2O2 treatment in either cell type 

(Fig. 2.3A).  

 

One way to determine the involvement of the EGFR in mediating MAPK 

activation by oxidants is to measure the impact of EGF pretreatment, assuming that the 

pretreatment induces receptor internalization.  EGF treatment alone caused peak 

phosphorylation of JNKs and ERK1/2 at 10 min in CMCs and HFs (Fig. 2.3B&C).  The 

levels of phosphorylated JNKs and ERK1/2 returned towards the basal level after 20 min 

(Fig. 2.3B&C).  The activation of p38 by EGF was minimal in either cell type at 10 min 

and was not detectable at other time points (Fig. 2.3B&C).  Given the decline of EGF-

induced MAPK activation after 20 min, this time point allows us to examine whether 

H2O2 can subsequently cause further activation of these kinases.  Following EGF 

pretreatment in CMCs, H2O2 failed to further activate JNKs and ERK1/2 (Fig. 2.3B).  In 

contrast, EGF pretreatment in HFs did not appear to alter the response to H2O2 in 

activation of JNKs and ERK1/2 (Fig. 2.3C).  In both cell types, EGF pretreatment slightly 
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reduced the level of p38 activation by H2O2 without changing the time course (Fig. 

2.3B&C). 

 

AG1478 [4-(3-Chloroanilino)-6,7-dimethoxyquinazoline] is an ATP binding site 

inhibitor of EGFR tyrosine kinase, providing a tool to determine the involvement of 

EGFR in H2O2-induced MAPK activation.  Treating cells with AG1478 at 250nM 

prevented EGF from activating JNKs, ERK1/2 and p38 in either cell type (Fig. 2.3B&C).  

The presence of AG1478 also prevents EGF from altering the overall pattern of response 

to H2O2 (Fig. 2.3B&C).  In contrast, with H2O2 treatment, AG1478 partially inhibited 

JNK and ERK1/2 activation without affecting p38 activation in CMCs and HFs 

significantly (Fig. 2.3B&C).
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Figure 2.3.  Role of EGFR in H2O2 induced activation of JNKs, ERK1/2 and p38.  
The presence of EGFR was shown in CMCs and HFs with or without treatment with 
H2O2 (100 µM, 10 min) or EGF (5 ng/mL, 10 min) by Western blot analysis (50 µg 
protein/lane) using Femto ECL reagents (A).  Vinculin serves as a loading control (A).  
Serum-starved CMCs (B) or HFs (C) were subjected to H2O2 or EGF treatment in the 
absence or presence of AG1478.  AG1478 (250 nM) was added to cells 30 mins prior to 
the treatment with H2O2 (100 µM) or EGF (5 ng/ml) for indicated time (B, C).  For EGF 
pretreatment, cells were treated with 5 ng/mL EGF for 20 mins before addition of H2O2 
to 100 µM.  Phosphorylation of JNKs, ERK1/2 and p38 was measured by Western blot 
(25 µg protein /lane) using regular ECL regents. 
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PD158780 {4-[(3-Bromophenyl)amino]-6-(methylamino)-pyrido[3,4-

d]pyridimine}, a competitive inhibitor of EGFR tyrosine kinase ATP binding site, differs 

from AG1478 structurally and was used to verify the inhibitory effect of AG1478 on 

H2O2 induced activation of JNKs, ERK1/2, and p38.  CMCs or HFs were treated with 

10µM PD158780 prior to exposure of H2O2 for verifying the results obtained with 

AG1478.  Results from PD158780 were essentially comparable to that of AG1478 

between the two cell types (Fig.2.4). 

 

The non-receptor Src family tyrosine kinase is known to be a key relay of signals 

from activated tyrosine kinase receptors such as EGFR to downstream targets.  To inhibit 

Src family of tyrosine kinase, we used the pharmacological inhibitor PP2 ([4-amino-5-(4-

chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine, 10 µM).   PP3 is a structural analog 

of PP2 but does not have a Src inhibitory effect and therefore serves as a negative 

control.  In both CMCs and HFs, PP2 could inhibit the phosphorylation of JNKs and 

ERK1/2 after H2O2 treatment, while PP3 had no such inhibitory effect (Fig. 2.4 & 2.5).  

The inhibitory effect of PP2 on p38 activation was less significant in CMCs and was not 

detected in HFs (Fig.2.6). 

 

Several lines of evidence link metalloproteinases (MMPs) to transactivation of 

EGFR (Prenzel et al. 2001).  Inhibitors of MMPs, GM6001 {N-[(2R)-2-

(Hydroxamidocarbonylmethyl)-4-methylpentanoyl]-L-tryptophan Methylamide} and 

BB2516 (Marimastat, [2S-[N4(R*),2R*,3S*]]-N4-[2,2-dimethyl-1-
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[(methylamino)carbonyl]propyl]-N1,2-dihydroxy-3-(2-methylpropyl)butanediamide), 

were used to test whether MMPs contribute to H2O2-induced MAPK activation.  

GM6001 and BB2516 are both broad-spectrum hyroximate inhibitors of MMPs, but are 

structurally distinct and have different potencies (Whittaker et al. 1999).  An insignificant 

inhibition, if any, was observed on JNKs or ERK1/2 activation by H2O2 in CMCs with 

these two chemicals (Fig. 2.4A&2.5A).  In contrast, these two inhibitors were found to 

abolish JNK or ERK1/2 activation by H2O2 treatment in HFs (Fig. 2.4B&2.5B).  Neither 

MMP inhibitor significantly reduced the level of oxidant-induced p38 phosphorylation in 

each cell type (Fig. 2.6). 
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Figure 2.4:  The effects of Src, EGFR and MMP inhibitors on H2O2 induced JNKs 
phosphorylation in CMCs (A) and HFs (B).   Cells were pretreated with PP2 (10 µM), 
PP3 (10 µM), AG1478 (250 nM), PD158780 (10 µM), GM6001 (25 µM) or BB2516 (10 
µM) 1hr (30 min for AG1478) before addition of H2O2 (100 µM).  Cells were harvested 
after 30 mins H2O2 treatment for measurement of phosphorylated JNKs using Western 
blot.  The result from one representative experiment is shown, whereas quantitative graph 
values are means + SE of band intensities from three independent experiments. 
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Figure 2.5:  The effects of Src, EGFR and MMP inhibitors on H2O2 induced ERK1/2 
phosphorylation in CMCs (A) and HFs (B).  Cells were pretreated with inhibitors as 
described in the legend of Figure 3 and were harvested after 30 mins H2O2 (100 µM) 
treatment for measurement of phosphorylateed ERK1/2 using Western blot (20 µg 
protein/lane).  The blot from one representative experiment is shown and quantitative 
graph values are means + SE of band intensities from three independent experiments. 
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Figure 2.6. The effects of Src, EGFR and MMP inhibitors on H2O2 induced p38 
phosphorylation in CMCs (A) and HFs (B).  Cells were pretreated with inhibitors as 
described in the legend of Figure 3 and were harvested after 30 mins (CMCs) or 10 mins 
(HFs) H2O2 (100 µM) treatment for measurement of phosphorylateed p38 using Western 
blot analysis (20 µg protein/lane).  The blot from one representative experiment is shown 
and quantitative graph values are means + SE of band intensities from three independent 
experiments. 
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CMCs and HFs also express the Fibroblast Growth Factor Receptor (FGFR) (Liu 

et al. 1995), Platelet-Derived Growth Factor Receptor (PDGFR) (Brostrom et al. 2002), 

and Insulin-like Growth Factor Receptor (Velloso et al. 1998).  The pharmacological 

inhibitors of the FGFR tyrosine kinase or PDGFR tyrosine kinase allowed us to test 

whether these receptors serve as upstream regulators of ROS- induced MAPK activation.  

As Figure 7 shows, inhibitors of FGFR and PDGFR, AG1295 (6,7-Dimethyl-2-

phenylquinoxaline, 20 µM) and (Z)-3-[4-(dimethylamino) benzylidenyl] indolin-2-one 

(DMBI, 10 µM) respectively did not affect the phosphorylation of JNKs, ERK1/2 and 

p38 in CMCs or HFs after H2O2 treatment (Fig. 2.7A&B). 

 

To explore whether the insulin receptor, which is known to be present on CMCs, 

might be activated by H2O2, we tested for tyrosine phosphorylation of Insulin Receptor 

Substrate-1 (IRS-1), since this event is immediately downstream of insulin receptor 

activation (Velloso et al. 1998).  IRS-1 was isolated by immunoprecipitation followed by 

Western blot analysis for tyrosine and serine phosphorylation.  In contrast to the positive 

control treatment of insulin, IRS-1 was not tyrosine phosphorylated by H2O2 treatment 

(Fig. 2.7C).  Serine phosphorylation measurements also failed to detect a positive sign of 

IRS-1 phosphorylation in H2O2 treated cells (Fig. 2.7C).  Together, these results suggest 

that the FGFR, PDGFR or insulin receptor may not be significant contributors to MAPK 

activation by H2O2 treatment in CMCs and HFs. 
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Figure 2.7.  Effect of PDGF receptor tyrosine kinase inhibitor, FGF receptor 
tyrosine kinase inhibitor and phosphorylation of Insulin Receptor Substrate-1 (IRS-
1) on the response to H2O2 in CMCs and HFs.  CMCs (A) or HFs (B) were pretreated 
with AG1295 (20 µM) or DMBI (10 µM) for 1 hr before treatment with 100µM H2O2 for 
30 min.  Samples were harvested for Western blot analysis using antibodies against 
phospho-JNKs, phospho-ERK1/2, or phospho-p38 (A, B).  CMCs were treated with H2O2 
(100 µM) or insulin (350 nM) for the time indicated (C).  Cell lysates were 
immunoprecipitated against IRS1 and products were used for Western blots to determine 
the level of phospho-tyrosine, phospho-serine or IRS1 (C).  The results show one 
experiment representative of three. 
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Discussion: 
 

The data presented here suggest the pathway as outlined in Figure 2.8.  EGFR 

inhibitors can partially inhibit H2O2 from activating JNKs and ERK1/2 in CMCs and 

HFs.  The Src inhibitor PP2 efficiently blocks H2O2-induced JNK and ERK activation in 

both cell types.  MMP inhibitors prevented JNK and ERK activation in HFs but not 

effectively in CMCs.  None of the inhibitors appear to block p38 activation in CMCs or 

HFs, except PP2, which inhibited p38 activation partially in CMCs.  Pretreatment with 

EGF prevented further activation of JNKs and ERK1/2 by H2O2 in CMCs.  This was not 

the case in HFs, where EGF pretreatment seemed to have little effect on JNK and ERK 

activation induced by H2O2.  These observations suggest a non-uniform nature among the 

upstream regulators of the three branches of MAPKs activated by H2O2. 

 

Whether EGFR mediates oxidative stress signaling during the progression of heart 

failure in vivo remains to be determined.  It is commonly thought that the extracellular 

concentration of H2O2 due to ischemia is about 6 µM, which increases to 11 µM during 

reperfusion in the myocardium (Zweier et al. 1987).  Many cell types have been found to 

release H2O2 at a rate of 0.02 to 30 nmol per min per 106 cells (Kinnula et al. 1991), 

suggesting the possibility that the lower doses of H2O2 used in this study are somewhat 

relevant to pathophysiological conditions.   Nevertheless, ischemia and reperfusion have 

been shown to induce activation of JNKs, ERKs and p38 in the myocardium 

(Bogoyevitch et al. 1996; Yue et al. 2000).  Ideally a signature of EGFR activation, such 

as oxidant-specific phosphorylation sites, will be useful in determining the role of EGFR 
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in MAPK activation in vivo and in understanding the mechanism underlying H2O2-

induced EGFR activation.  As the natural ligand of EGFR, EGF causes 

autophosphorylation of the EGFR at key residues, including Tyr1068, Tyr1148 and 

Tyr1173, which are critical for the propagation of the stimulatory signal through creation 

of binding sites for adaptors such as Grb2 and PLCγ (Bertics et al. 1988; Sorkin et al. 

1992).  More recently, phosphorylation of Tyr845 in the kinase domain of EGFR has 

been linked to Src activity (Tice et al. 1999).  However, our primary cell culture model 

did not afford reliable analysis of specific tyrosine phosphorylation sites on EGFR.  

Compared to renal proximal tubule epithelial cells or tumor cells, primary CMCs and 

HFs may not contain the level of EGFR sufficient for analysis of phosphorylation sites 

using traditional technology such as immunoprecipitation and Western blot.  Detection of 

the level of EGFR protein in our experimental systems requires a method that is much 

more sensitive than regular Western blot analysis (see Methods).  In A549 lung 

carcinoma cells, H2O2 treatment led to strong phosphorylation of EGFR at Tyr845, and 

weaker phosphorylation of Tyr1068 and Tyr1173 (Ravid et al. 2002).  In renal proximal 

tubular cells, H2O2 stimulates phosphorylation of EGFR at Tyr845 and Tyr1068 residues 

via a Src-mediated pathway (Zhougang and Schnellmann 2004).  These reports suggest 

the possibility that H2O2 may activate EGFR through multiple phosphorylation sites. 
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Figure 2.8.  Schematic postulation of signaling pathways implicated in the induction 
of MAPKs by H2O2 in CMCs and HFs.  H2O2 treatment leads to the stimulation of the 
EGFR either through 1) MMP activation and release of an EGF-like signal from the 
extracellular space to induce ligand-mediated activation (HFs only), 2) phosphorylation 
by an oxidant-activated Src, or 3) EGFR autophosphorylation through an as-yet unproven 
means.  EGFR and Src play prominent roles in mediating the phosphorylation of JNKs 
and ERKs after H2O2 treatment in both cell types.  p38 activation by H2O2 does not 
appear to be regulated by the MMP or EGFR pathway in either cell type, although Src 
may participate p38 activation in CMCs . 
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 Pretreatment with EGF before H2O2 stimulation showed the relative importance 

of the EGFR in mediating oxidant signaling in CMCs as compared to HFs.  In CMCs, 

EGF pretreatment presumably leads to EGFR internalization and the lack of EGFR on the 

surface of the cells causes an inability of subsequent H2O2 treatment to activate JNKs and 

ERK1/2.  An alternative explanation is that EGF pretreatment had drained the reservoir 

of intermediate signaling molecules needed to mediate H2O2 induced JNK and ERK1/2 

activation.  In either case, the dependence on EGFR is clear for JNKs and ERK1/2 

activation in CMCs after oxidative stress.  In contrast to the finding in CMCs, HFs failed 

to respond to EGF pretreatment by down regulating H2O2 induced activation of JNKs and 

ERK1/2.  AG1478 appears to be a specific inhibitor for EGFR with IC50 < 3 nM and is 

not effective in inhibiting ErbB2 or other members of EGFR family (IC50 >10,000nM for 

ErbB2) (Mendelsohn and Baselga 2000).  The apparently conflicting data between EGF 

pretreatment and AG1478 pretreatment in HFs suggest the possibility that dimerization 

with other members of the EGFR family may participate in regulation of oxidant 

signaling in these cells.  EGF can activate EGFR homodimers and EGFR-ErbB2 

heterodimers, but it’s less effective with ErbB1-3 and 1-4 heterodimers, and has no effect 

on other combinations (2-3, 2-3, 3-4) (Riese and Stern 1998).  The homodimers of EGFR 

undergo rapid internalization, while association of the activated EGFR with ErbB2 has a 

reduced internalization capacity but comparable signaling capacity relative to EGFR 

homodimers (Carpenter 2000).  Given the lower abundance of EGFR in HFs as compared 

to CMCs (Fig. 2A), it is possible that heterodimerization with other ErbB family 
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members is more significant upon EGF stimulation in HFs and therefore EGFR is not as 

vulnerable to downregulation in HFs as in CMCs.    

 

Our data with MMP inhibitors suggest that H2O2 may activate extracellular or 

membrane-bound MMPs in HFs.  MMPs are capable of cleaving and therefore activating 

EGF-like factors from the extracellular matrix or those bound to the cell exterior.  For 

example, the matrix protein laminin-5 contains an EGF-like domain that can be released 

by MMPs and therefore activate the EGFR (Schenk et al. 2003).  In the case of EGFR 

transactivation by angiotensin II, activated MMPs release heparin-binding EGF (HB-

EGF) from the extracellular matrix to activate EGFR (Shah and Catt 2003).   H2O2 has 

been shown to activate MMPs in HFs (Siwik et al. 2001).  Therefore, there are two 

scenarios that may mediate MAPK activation by H2O2: H2O2 activates EGFR via a ligand 

independent manner, or H2O2 causes release of an EGF-like factor that in turn activates 

EGFR.  The ligand mediated activation of EGFR in HFs is supported by our data with 

MMP inhibitors.  Failure of EGF pretreatment to alter H2O2 induced activation of 

ERK1/2 and JNKs also indirectly supports this theory of ligand-dependent activation of 

EGFR in HFs.  In contrast, the lack of an MMP inhibitor effect on CMCs suggests the 

possibility of ligand-independent activation of EGFR by H2O2 in these cells.  The data 

with EGF pretreatment is consistent with this possibility, since downregulation of EGFR 

in CMCs by EGF pretreatment inhibited JNK or ERK1/2 activation by H2O2.  In addition 

to these simplistic explanations, a triple-membrane-passing signaling mechanism is 

postulated to link G-protein coupled receptors (GPCRs) to receptor tyrosine kinase 
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activation through membrane-bound MMPs (Prenzel et al. 2001).  Kim and colleagues 

have shown that just such a system is activated when HFs are stimulated by the GPCR 

agonist isoproterenol (Kim et al. 2002).  Both MMP-1 and MMP-2 are expressed in heart 

fibroblasts, and recent evidence suggests that MMP-2 is also expressed in CMCs (Funck 

et al. 1997; Mookerjee et al. 2005; Sawicki et al. 2005).  This suggests the possibility that 

HFs may possess this type of signaling web in mediating MAPK activation by H2O2.  

 

Our data with the Src inhibitor PP2 parallel those observed with EGFR inhibitors, 

suggesting that Src and EGFR may lie in the same pathway leading to JNKs and ERK1/2 

activation.  Under most circumstances, PP2 displayed a higher efficiency in inhibiting 

activation of ERK1/2 and JNKs by H2O2 than other inhibitors used in this study.  

Evidence has been accumulated indicating that H2O2 activates Src, which can mediate 

MAPK signaling during oxidative stress (Gawler 1998; Chen et al. 2001).  Src can 

phosphorylate EGFR at Tyr845, causing stabilization of the activated state of the kinase 

domain (Sato et al. 1995; Leu and Maa 2003).  Upon phosphorylation of these sites, a 

well-known network of SH2 and SH3 domain-containing proteins such as Grb2, Ras, 

Raf, and Shc are activated and mobilized from their membrane-associated positions to 

start the MAPK signaling cascade (Gawler 1998).  On the other hand, Src is also a well-

known downstream target of EGFR tyrosine kinase.  Therefore in the case of ligand 

independent activation of EGFR, the sequential relationship between Src and EGFR 

remains an open question.  In conclusion, despite the fact that H2O2 can enter into cells 
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through diffusion, we show here a role of a trans-membrane protein EGFR in mediating 

activation of MAPKs. 
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CHAPTER III:  CYTOPROTECTIVE RESPONSE TO OXIDANTS IN 
CARDIOMYOCYTES IS MEDIATED BY NRF2. 
 

Introduction: 
 

The role of oxidative stress in heart disease has been studied for some time.  It is 

well established that oxidants play a crucial role in the cell injury that occurs during 

ischemia/reperfusion, as well as in the initiation and progression of cardiac hypertrophy 

and subsequent cardiomyopathy.  Oxidative metabolites can be measured in human 

cardiac patients both during angina (Cipollone et al. 2000) and after emergency 

reperfusion procedures (Reilly et al. 1997).  Treatment of cardiomyocytes in culture with 

oxidants induces hypertrophy (Chen et al. 2000).  Overexpression of antioxidant enzymes 

such as HO-1 and MnSOD protect mouse hearts against damage from 

ischemia/reperfusion (Chen et al. 1998; Yet et al. 2001).    Cardiac remodeling and 

fibrosis have also been linked to oxidative stress (Siwik et al. 2001). 

Observational studies have suggested that a diet containing the proper balance of 

antioxidants has may be beneficial for heart health, presumably due to reduced oxidative 

damage to cells (reviewed in (Kritharides and Stocker 2002)).  This observation has lead 

to several clinical trials testing the benefits of administration of antioxidant vitamins such 

as C and E on heart health (reviewed in (Riley and Stouffer 2003)).  However, these 

studies have not yielded reduced morbidity or mortality in the treatment group compared 

to placebo, suggesting that either the doses used were not correct, there was reduced 

bioavailability of the specific compounds used, or simply that chronic administration of 
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antioxidants of this sort is not protective.  Although we know that reactive oxygen 

species are involved in the development of heart disease, there is still much to learn about 

how the heart deals with oxidants.  It is therefore important to understand how different 

types of cells in the heart respond to oxidative stress.   

Cardiomyocytes and cardiac fibroblasts are two main cell types in the heart.    

Despite the fact that cardiomyocytes and heart fibroblasts are commonly used models for 

understanding molecular mechanisms of heart disease, whether they respond to oxidants 

by elevating similar or different sets of genes is not known.  Gene expression profiling 

depicts a specific state of cells.  Microarray technology therefore allows us to address the 

question of how many genes change their expression status in each cell type when the 

cells experience oxidative stress.  Using this technology, we analyzed gene expression 

profiles of H2O2-treated neonatal cardiomyocytes (CMCs) and heart fibroblasts (HFs). 

Preconditioning is a well-known phenomenon in which hearts that are initially 

subjected to a relatively mild stress can survive a second, more severe incident much 

more successfully than can non-preconditioned controls.  This suggests that the first 

stress has conditioned or adapted the heart and initiated protective responses that help it 

survive the second insult.  There is evidence that similar preconditioning phenomena may 

occur in humans and that oxidative stress is responsible for this adaptation (reviewed in 

(Anderson and Vanden Hoek 2003; Das and Maulik 2003)).  This preconditioning effect 

can potentially be linked to activation of a battery of genes that play a role in 

cytoprotection.  Many such cytoprotective genes have been shown to contain an 



 63

antioxidant response element (ARE) in their promoter which is regulated by Nf-E2 

related factor 2 (Nrf2).  

Nrf2 is a basic region-leucine zipper (bZIP) transcription factor which is known to 

bind and activate the ARE in response to electrophiles, oxidants or other forms of stress.  

Activity of Nrf2 and ARE-responsive genes has been deemed vital for protective 

responses in organs as diverse as the brain, liver, lung and spleen, but the relationship of 

Nrf2-driven cytoprotection to preconditioning and oxidative stress in the heart has not 

been explored (Lee et al. 2005).  Therefore, the purpose of this study is to determine 

whether low or mild doses of oxidants can act as a preconditioning factor and induce the 

expression of cytoprotective genes in heart cells.  We test the mechanism triggering these 

cytoprotective genes by examining the activity and functional consequence of Nrf2 

overexpression in CMCs.  
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Materials and Methods: 
 

Tissue Culture:  Ventricular cardiomyocytes (CMCs) and heart fibroblasts (HFs) were 

derived from the hearts of 1-2 day old Sprague-Dawley rats.  CMCs were prepared as 

described (Tu et al. 2002; Coronella-Wood et al. 2004) and were seeded in low glucose 

Delbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 

1mM sodium pyruvate, 100 units/mL penicillin G and 100 units/mL streptomycin.  At the 

time of H2O2 treatment, over 90% of CMCs express myosin heavy chain (Tu et al. 2002; 

Coronella-Wood et al. 2004).  HFs were retained by differential plating during the 

preparation of CMCs as described (Purdom and Chen 2005).  HFs were cultured in high 

glucose DMEM containing 10% FBS and were allowed to grow in 100 mm dishes.  Since 

HFs are not growth inhibited, unlike CMCs or endothelial cells, the cells were 

subcultured once to reduce the possible contamination by CMCs and endothelial cells.  

The second passage HFs were used for each experiment.  Nearly all of the cells in the HF 

preparation express vimentin (a marker of fibroblasts), but not desmin (a marker for 

CMCs) or alpha-Von Willebrand factor (a marker for endothelial cells). 

 

H2O2 treatment:  Freshly isolated CMCs or HFs were serum-starved in 0.5% FBS DMEM 

for 24 hrs after the 4th day of plating.  Cells were then treated with 100 µM H2O2 for one 

hour.  Controls were treated with an equal volume of PBS.  Following H2O2 treatment, 

the media was changed to fresh 0.5% FBS DMEM to avoid nutrient deprivation due to 
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oxidation of the medium by H2O2.  The cells were allowed to recover for 24 hrs before 

various measurements unless otherwise indicated. 

 

RNA isolation and Microarray Analysis:  At 24 hr after H2O2 treatment, the cells were 

rinsed twice with PBS and harvested in TRIzol Reagent (#11596-026, Invitrogen, 

Carlsbad, CA).  The TRIzol manufacturer’s protocol was used to extract RNA from each 

sample.  The initial RNA isolation was further purified using an RNeasy kit from Qiagen.  

Purified RNA was submitted to the Genomic Core facility at the Arizona Cancer Center 

at the University of Arizona, where it was processed and hybridized to Affymetrix rat-

specific RAE230A gene chips, one chip per sample as described previously (Chen et al. 

2005).  Raw data was analyzed using Microarray Suite 5.0.  A cross-comparison of the 

control versus treated data from each experiment in silico lead to a total of four data sets 

from which to draw conclusions.  Only genes which passed the criteria of being up or 

down-regulated by 1.2 fold or greater in three or more of the data sets (two of which were 

the original data sets) were judged as valid data. 

 

Gene Expression Profile Display:  Cytoscape 2.1 (www.cytoscape.org) is an open source 

project undertaken by a collaboration of workers from The Institute for Systems Biology, 

UCSD, Memorial Sloan-Kettering Cancer Center, and Institut Pasteur.  The Cytoscape 

2.1 software creates visual maps of networks of any type but was created to aide in 

visualizing complex biological data.  In this experiment, Cytoscape was used in 



 66

conjunction with Gene Ontology Molecular Function categories to visualize Microarray 

gene expression data with respect to the Gene Ontology Molecular Function. 

 Each gene with an expression fold change greater than 1.2 fold as determined by 

the Microarray experiment was categorized by its most specific Molecular Function in 

the Gene Ontology (GO) tree.  The GO categories were obtained from a batch query 

expression search of the Affymetrix database (www.affymetrix.com/analysis).  A Java 

script removed each category containing fewer than 3 genes from the list if the genes in 

that category did not appear in any other GO Molecular Function category.  A Cytoscape 

network was then constructed from the remaining categories of genes.  Each gene appears 

as a circular node on the network and is attached by a line (edge) to each GO Molecular 

Function to which the gene belongs.  The categories appear as square nodes.  Genes and 

categories appearing in both Fibroblast and Cardiomyocyte trials are shown with bold 

labels and thick outlines to aid in visual comparison of gene expression in the two cell 

types.  Four important GO Molecular Function categories (oxidoreductase activity, 

transferase activity, protein binding, and DNA binding) are displayed with colored edges 

to define the associated nodes.  Each node is colored on a gradient representing the 

magnitude of Microarray measured fold change.  If the fold change of the gene indicates 

downregulation, the node is colored on a white to blue gradient that is white at zero and 

saturates blue at greater than 2.5 fold.  If the gene is upregulated it is colored on a white 

to red gradient that is white at zero and saturates red at greater than 2.5 fold.  The purpose 

of this figure is to present the Microarray data in an intuitive way, so that one can visually 
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compare the change in gene expression occurring in fibroblasts to that of cardiomyocytes 

in response to oxidative stress. 

 

RT-PCR:  The same RNA that was used for Microarray analysis was used for semi-

quantitative RT-PCR analysis.  The primers used for confirmation of the microarray 

results are presented in Table 3.2. 

 

Transfection and Luciferase Assay:  Two days after seeding in 6-well plates, CMCs were 

transfected using Fugene 6 transfection reagent (Roche), following the manufacturer’s 

protocol.  In brief, 1.5 µL Fugene/100 uL DMEM (0% FBS) was mixed in a Falcon 

352058 tube and the appropriate DNA was added.  ARE-luciferase reporter plasmid 

DNA (0.2 µg) was cotransfected with 0.04 µg of Renilla-luciferase plasmid DNA (0.04 

µg).  The Firefly luciferase reporter gene is under the control of Antioxidant Response 

Element (ARE) from the human NAD(P)H:quinone oxidoreductase (NQO1) gene.  The 

Renilla luciferase reporter is under the control of a thymidine kinase (TK) promoter and 

is used to correct for transfection efficiency.  The ARE-luciferase constructs were kindly 

provided by Dr. Jeff Johnson at the University of Wisconsin, Maryland.  The TK-renilla 

construct was a kind gift of Dr. G. Timothy Bowden.  The Fugene/DNA mixtures were 

incubated at room temperature for 30 min, and were then added to wells containing 1.5 

mL of 0% FBS DMEM.  The transfection mixture was incubated on the cells for 5 hr at 

37°C, and was then replaced with 1.5 mL 10% FBS DMEM for an overnight recovery.  

The next morning, the media was changed to 1.5 mL of 0.5% FBS DMEM for 24 hr 
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starvation.  Cells were then treated with the indicated doses of H2O2 (or PBS control) for 

10 min, after which time the media was changed to fresh 0.5% FBS DMEM and the 

plates were incubated for the times indicated.  Cells were then washed twice with cold 

PBS and harvested with 60 uL of 1x Passive Lysis Buffer with scraping for use with the 

Dual Luciferase Assay System (Promega).  Firefly luciferase and Renilla luciferase were 

measured using this kit and a Turner Designs Luminometer.  All ARE and Nrf2-related 

plasmids were a kind gift of Dr. Jeff Johnson at the University of Wisconsin, Madison. 

 

Western Blot Protocol:  Cells were harvested after 2 PBS washes using one of two lysis 

buffers.  Laemmli Lysis Buffer (70 uL) was used for total protein extractions (120 mM 

Tris, pH 6.8, 50% (v/v) glycerol, 2.4% (w/v) SDS, and freshly added 100 µΜ 

phenylmethylsulfonyl fluoride and 10 ug/mL aprotinin).  After the cells were scraped and 

transferred into tubes, 35 uL of Laemmli Sample Buffer (65 mM Tris, pH 6.8, 10% (v/v) 

glycerol, 2% (w/v) SDS and 5% freshly added beta-mercaptoethanol) was added and 

samples were boiled for 10min.  Protein concentrations were determined using the 

Warburg–Christian method (Layne 1957) at an absorbance of 280 nm.  For cytosolic 

versus nuclear-enriched fractionation, cells were initially lysed with EB buffer (1% 

Triton X-100, 10 mM Tris, pH 7.4, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, and freshly 

added 2 mM DTT, 1 mM Na2VO3, 1 mM phenylmethylsulfonyl fluoride, 100 ug/mL 

leupeptin and 10 ug/mL aprotinin).  Samples were then centrifuged at 13,000 g at 4°C for 

10 min, the supernatant was saved (cytosolic fraction) while the pellet was lysed in 

Laemmli Lysis buffer (40 uL).   The lysate was then subjected to three rapid freeze-thaw 
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cycles before continuing with the addition of Laemmli Sample Buffer (20 uL) and treated 

as described above to obtain the nuclear-enriched fraction.  Cell lysates containing 20 to 

30 µg of protein were loaded in each well of a 10% SDS-polyacrylamide gel.  The gel 

was run at 60V for 15 min and then at 90V to achieve the desired separation (2.5 hr for 

Nrf2).  Proteins were then transferred to PVDF membranes by electrophoresis at 65V for 

3.5 hrs at 4°C.  Membranes were blocked with 5% non-fat milk in TBS-Tween and rinsed 

briefly in TBS-Tween before incubation in a primary antibody solution overnight at 4°C 

with rocking.  All primary antibodies were diluted in TBS-Tween solution containing 5% 

BSA and 0.1% Na Azide.  Primary antibodies were obtained from various sources:  anti-

Nrf2 (sc 722), Bcl-2 (sc 7382), Bcl-xL (sc 8392) and p53 (sc 6243) antibodies were all 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  Anti-cardiac troponin I 

(ab10225) and cardiac myosin light chain 1 (ab680) antibodies were from Abcam 

(Cambridge, MA).  The anti-vinculin antibody (V 9131) was purchased from Sigma (St. 

Louis, MO). The NQO1 antibody was a kind gift of Dr. David Ross at the University of 

Colorado.  After the primary antibody incubation, membranes were washed 5 times in 

TBS-Tween and then placed in the appropriate secondary antibody conjugated with horse 

radish peroxidase (Zymed – now Invitrogen, Carlsbad, CA) for a 2 hr incubation at room 

temperature.  Membranes were then washed 5 times before exposure to enhanced 

chemiluminescence reagents (Sigma).  To quantify the band intensities, the films were 

scanned and the bands were quantified using Image J software (NIH).  Blots shown in the 

following figures are representative of three independent experiments. 
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Adenoviral infection of CMCs:  Replication-deficient adenoviral vectors were kindly 

provided by Dr. Jeff Johnson, who made them in collaboration with the Canadian Stroke 

Network core facility at the University of Ottowa (Ottowa, Canada).  Nrf2 or dominant-

negative (DN)-Nrf2 cDNA were excised from their pEF vectors using NotI or NotI and 

HindIII respectively, and then inserted into GFP-expressing adenoviral constructs using 

the Cre-lox system (Hardy et al. 1997).  Therefore all constructs coexpress GFP along 

with the transgene, although they are not fused. The expression of these two genes is 

regulated by a CMV-driven promoter. 

 For infection, adenovirus was added to CMCs in 6-well plates two days after 

seeding.  Vectors were added directly to the culture medium (10% FBS low glucose 

DMEM) at a multiplicity of infection (MOI) of 50, and then incubated for 5 hr.  The 

media was then replaced with fresh 10% FBS DMEM for overnight recovery, and the 

next morning the media was changed again to 0.5% FBS DMEM for a 24 hr serum 

starvation before final treatment. 

 

Caspase Assay:  CMCs were treated with H2O2 in the same manner as was used for the 

Affymetrix experiment (100 µΜ, 1 hr).  Twenty-four hours after H2O2 treatment, 

Doxorubicin (Sigma, D1515) was added to wells in the indicated doses and incubated for 

16 hr to induce apoptosis.  Media containing detached cells was collected and combined 

with a 1 mL PBS wash of each well, centrifuged, and the supernatant was aspirated.  

Adherent cells were lysed in 200 uL of lysis buffer (0.5% Nonidet P-40, 0.5 mM EDTA, 

150 mM NaCl, and 50 mM Tris, pH 7.5) and mixed with the appropriate detached cell 
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pellet to obtain a lysate of the entire contents of each well.  The resultant solution was 

then used to measure for caspase-3 activity using the substrate 40 µM N-acetyl-Asp-Glu-

Val-Asp-7-amino-4-methylcoumarin (Nacetyl-DEVD-AMC; Alexis Biochemicals, San 

Diego, CA).  The resulting fluorescent AMC was measured using a 96-well fluorescence 

plate reader (Spectra Max Gemini XS, Molecular Devices, Sunnyvale, CA) at an 

excitation wavelength of 365 nm and an emission wavelength of 450 nm.  Protein 

concentrations were determined for each sample using the Bradford protein assay 

solution according to the manufacturer’s instructions (BioRad, Hercules, CA). 

 

MTT Assay:  The metabolic indicator dye MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyl tetrazolium bromide, Sigma-Aldrich) was added at a final concentration of 62.5 

ug/mL to each well of six-well plates at the indicated time point.  Cells were then 

incubated at 37°C for 25 min, at which time they were washed once with warm PBS, then 

1 mL DMSO per well was used to lyse the cells and dissolve the resultant formazan 

crystals.  Lysates were scraped and transferred into tubes, centrifuged, and the 

supernatant was transferred to a 96-well plate, using 3 wells per sample, 200 µL per well.  

The plate was then read at an absorbance of 540 nm using a 96-well plate reader 

(Versamax Microplate Reader, Molecular Devices, Sunnyvale, CA).   

 

Statistics:  Statistical analyses were performed using one-way analysis of variance 

(ANOVA) followed by Bonferroni analysis for cross comparisons.  Stata 8.2 software 

was used for all analyses.  Each group of means that is not significantly different from 
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each other is indicated by a common letter symbol.  Therefore, means in the “a” group 

are significantly different than means in the “b” group, and so on.  Alternatively, an 

asterix (*) is used to indicate a significant difference when necessary. 
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Results: 
 

Microarray techniques allow us to simultaneously measure the expression of 20 - 

30,000 genes.  The purpose of our set of microarray experiments was to characterize the 

response of heart cells after a mild but hypertrophy-linked dose of oxidative stress.  We 

chose to treat the cells with 100 µΜ H2O2, which has been shown to induce mild 

hypertrophy in CMCs (Chen et al. 2000).  The harvest time of twenty-four hours was 

ideal for observing early stages of recovery; fragile cells should have already undergone 

necrosis or apoptosis, and surviving cells were not yet hypertrophic.  This was also an 

optimal time to study cells in order to understand their transcriptional activity and 

observe basic differences between the cell types at a functional level.  CMCs and HFs are 

two of the major players in the cellular changes leading to heart disease – CMC 

hypertrophy and HF-induced extracellular matrix remodeling are implicated in many 

cardiomyopathies.  It is therefore crucial to understand how these diverse, yet closely-

associated cells may differentially respond to oxidants.   

We determined global changes in gene expression in both CMCs and HFs after 

H2O2 treatment using Affymetrix microarrays.  After stringent selection criteria were 

met, only 2.16% (342) of genes in CMCs and 1.56% (247) of genes in HFs had changed 

significantly and reliably 24 hr after treatment (Table 3.1 – see end of document).  In 

CMCs, 51 genes had increased and 291 genes had decreased.  In HFs 138 genes had 

increased and 109 genes had decreased.  Of the upregulated genes in CMCs, 19.6% can 

be classified as being related to antioxidant and detoxification responses, while no other 
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category was comparably upregulated in these cells.  In HFs, 13.7% of upregulated genes 

were in the antioxidant and detoxification response category, while metabolic enzymes, 

signaling molecules and cell surface/extracellular matrix proteins each made similar 

contributions (8%, 8% and 7.3% respectively).  The same Affymetrix data was imported 

into the Cytoscape software in order to provide better visualization of the results and to 

sort the data using a non-biased approach (Figure 3.1).  Although stringency restrictions 

in the Cytoscape software reduced the number of upregulated oxidoreductase genes in the 

CMC analysis, both manual and Cytoscape-based sorting of the Affymetrix data output 

showed a common trend of upregulation of antioxidant and detoxification-related genes 

(termed oxidoreductases and transferases in the Cytoscape output), many of which are 

known to be regulated via activation of the cis-acting ARE in their promoters. 
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A.  CMCs 
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B.  Heart Fibroblasts 

 

 

Figure 3.1:  Functional characterization of the microarray data based on Cytoscape 
software analysis.  Analyses of expression data from CMCs (A) or heart fibroblasts (B) 
are shown above.  Circles indicate individual genes, while boxes or diamonds indicate 
functional groups.  Diamonds are shown when the functional group is found in both the 
CMC and heart fibroblast analyses.  Increasing shades of red indicate increasing fold 
upregulation, while increasing shades of blue indicate increasing fold downregulation.  
Genes which are changed in both the CMC and heart fibroblast analyses are indicated by 
a bold circle.   
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Several outstanding groups of genes were downregulated in each cell type.  These 

included metabolism enzymes, cell cycle regulators, muscle and contractile-specific 

proteins in CMCs.  Only cell surface/extracellular matrix proteins were greatly 

downregulated in HFs.  Genes which were either not yet identified, not well 

characterized, or had poor homology to known rat proteins were placed in the 

miscellaneous category, which is by far the largest category in this data set (43.6% of 

total gene changes in CMCs, and 42.1% of total gene changes in HFs). 

As was noted above, analysis of our microarray results indicated that a group of 

antioxidant and detoxification genes were significantly upregulated by oxidant treatment 

in both cell types.  This group of genes is known to contain the cis-acting Antioxidant 

Response Element (ARE) in their promoters.  Electrophilic agents, reactive oxygen 

species and antioxidants are all known to activate the ARE.  Cells may therefore respond 

to certain forms of stress by activating the ARE and upregulating cytoprotective genes.  

ARE induction by electrophilic agents or their progenitors, and even by anticarcinogenic 

agents, has been verified in several cell types using several chemical species, such as 

tBHQ, sulforophane, diethylmalate, and N-iodoacetly-N-biotinylhexylenediamine 

(Nguyen et al. 2003; Hong et al. 2005).  However, no one has yet studied whether 

activation of the ARE is a common mechanism of stress response in the heart.   

Reverse-transcriptase PCR experiments on selected genes qualitatively confirmed 

the results of the microarray analysis (Figure 3.2A, 3.2B).  These include commonly 

studied ARE-regulated genes such as nqo1, ho-1, microsomal gst1 and 2 and cyp1b1.  

Other antioxidant or detoxification genes which were confirmed were genes such as 
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monoamine oxidase A, transaldolase 1 and catalase.  In general, trends observed in RT-

PCR analysis followed those found in the microarray analysis: HO-1 was upregulated 

strongly in CMCs but not in HFs, but UGT1A6 was upregulated strongly in HFs and not 

CMCs, while several other examples were increased in both cell types.  We also 

confirmed the downregulation of two isoforms of myosin heavy chain (4 and 7), myosin 

light chain 3 and troponin I, isoforms 1 and 3. 
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A. 

 

 

Figure 3.2:  Confirmation of microarray results using semi-quantitative 
reverse-transcriptase PCR.  The same RNA used for the microarray experiments were 
used for confirmation of selected up (A) or downregulated (B) genes.  Conditions were 
optimized individually for each gene of interest.  See Table 3.2 for primers.  * Indicates 
that the gene was upregulated in the microarray results for both CMCs and heart 
fibroblasts.  ** Indicates that the gene was upregulated in only CMCs in the microarray 
results, and *** indicates that the gene was upregulated only in heart fibroblasts in the 
microarray results. 

 

B. 
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Although our initial analysis included the responses of both main cell types 

present in the heart to oxidative stress, further studies involving luciferase constructs 

were limited to CMCs, since CMCs are the cell type responsible for the contractile 

function of the heart.  Transient transfection of a luciferase reporter plasmid under the 

control of ARE promoter was used to investigate the effects of oxidative stress on ARE-

containing genes in CMCs.  This construct contains 41 bp of the promoter from the 

human NQO1 gene, which has been shown to contain the core ARE sequence of 

RTGACnnnGC.  Our results show that the ARE-driven luciferase construct was 

significantly upregulated by 10 min 100 µΜ H2O2 treatment, peaking at about a 7.5 fold 

increase over control at 4 hr post exposure.  Activation of ARE driven luciferase was first 

detected at 2 hr and started to decline 6 hr after the pulse H2O2 treatment (Figure 3.3).  

We have also performed a dose response study by harvesting cells at 4 hr after H2O2 

treatment.  Dose-response experiments indicated that 100 µΜ H2O2 was optimal for ARE 

activation (Figure 3.4). 

 

 

 

 

 

 

 

 



 81

 

Figure 3.3:  ARE-luciferase is induced by H2O2 in CMCs in a time-dependant 
manner.  Cells were cotransfected with 0.2 ug of ARE-luciferase and 0.04 ug of TK-
driven renilla luciferase reporters.  Serum-starved cells were treated with 100 µΜ H2O2 
for 10 min, the media was changed, and cells were harvested for luciferase assay at the 
indicated timepoints. 

 

 

Figure 3.4:  Dose-dependant ARE-luciferase induction by H2O2 in CMCs.  Cells 
were transfected as described in Figure 3.3.  Serum-starved cells were then treated with 
the indicated doses of H2O2 for 10 min, the media was changed and cells were harvested 
4hr after treatment began.  The (*) indicates that 100uM is significantly different than ctr. 
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We also examined the specificity of the observed luciferase activity to the 

presence of the ARE in the promoter construct.  To ensure that the response we have 

obtained was indeed due to ARE activation, we have used a sister luciferase construct 

containing the same sequence as the ARE core sequence except that the last two GCs of 

the ARE had been mutated to AT.  Using cells transfected with this sister plasmid, we 

found that H2O2 failed to activate luciferase under the control of the mutant ARE.  In 

addition, the basal level of luciferase activity was inhibited with this mutant construct.  

The empty parent vector for both luciferase constructs also had low baseline levels and 

failed to respond to oxidant treatment (Figure 3.5).  This suggests that the positive data 

from the promoter-reporter gene assay is quite reliant on a functional ARE for proper 

oxidant response. 

The transcription factor Nrf2 is known to bind to and activate the ARE.  To 

confirm that H2O2 induced ARE activation results from Nrf-2 activity, we used a 

dominant-negative Nrf2 construct to test for the contribution of this transcription factor to 

ARE-induced oxidant signaling.  Dominant-negative Nrf2 has the dimerization and 

DNA-binding domains but lacks the N-terminal half of the protein, which contains the 

transcription activation domain (Alam et al. 1999).  Co-transfection of dominant-negative 

Nrf2 with the ARE-luciferase construct greatly reduced the basal and induced luciferase 

activity (Figure 3.6). 
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Figure 3.5:  ARE-luciferase activity is dependant on a functional ARE.  
CMCs were transfected with 0.2 ug of either ARE-luciferase, mutant ARE-luciferase or 
the empty vector and 0.04 ug of TK-driven renilla luciferase, then treated with 100 µΜ 
H2O2 as described in Figure 3.3 and harvested 4hr later. 

 

 

 

 

Figure 3.6:  Dominant-negative Nrf2 blocks activation of the ARE-luciferase 
by H2O2 in CMCs.  Equal amounts (0.05 ug) of either vector or dominant-negative Nrf2 
plasmids were cotransfected with the ARE-luciferase and TK-renilla into CMCs, treated 
with H2O2 as described in Figure 3.3, and harvested 4 hr later.   An (*) indicates that the 
H2O2 treated sample is significantly different than its control. 
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Microarray analyses indicated the induction of several antioxidant/detoxification 

genes by a mild dose H2O2 treatment.  The inducibility of ARE-regulated genes by Nrf2 

after H2O2 treatment in CMCs lead us to investigate whether H2O2 pretreatment or Nrf-2 

expression could be linked to a cytoprotective effect.  In Figure 3.7A we pretreated a 

group of CMCs with H2O2, and then added a cardiac toxin Doxorubicin (Dox), which is 

known to produce oxidants in vivo and cause cardiomyopathy.  Dox has been used in 

various experimental systems as an inducer of apoptosis.  The fluorometric assay of 

caspase-3 activity is commonly used as a quantitative measurement of apoptosis.  Using 

this assay, we found that H2O2-pretreated CMCs had much lower levels of apoptosis 16 

hr post-Dox than their controls which were not subjected to H2O2 pretreatment, indicating 

a resistance to Dox-induced apoptosis.  As a complementary assay, absorbance of the 

mitochondrial metabolite MTT is often used as an indicator of metabolic activity and cell 

viability.  However, MTT assays revealed that H2O2 pretreated cells had much lower 

mitochondrial metabolism or cell viability than their untreated controls, regardless of Dox 

exposure (Figure 3.7B).  Cell number counting indicates a loss of about 20% of cells due 

to 100 µΜ H2O2 treatment (Chen et al. 2000).  The observed 50% loss of MTT 

absorbance by H2O2 treatment indicates that H2O2 suppresses mitochondrial activity and 

overall metabolism.  The loss of metabolic enzymes as shown in the microarray analyses 

supports the conclusion that H2O2 treatment caused suppression of biochemical 

metabolism.  Notably, H2O2-pretreated cells may still show some of the Dox resistance in 

the MTT assay that was exhibited in the caspase assay.  In Figure 3.7B, H2O2-pretreated 
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cells lose viability at a slower rate with increasing doses of Dox compared to their 

controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 86

 

 

Figure 3.7:  H2O2 pretreatment reduces Doxorubicin (Dox)-induced Caspase-3 
activity and loss of MTT absorbance.  Serum-starved CMCs were treated with 100 µΜ 
H2O2 for 1hr, at which time the media was replaced and the cells recovered for 24 hr 
before the addition of different doses of Dox.  Cells were harvested for caspase (A) or 
MTT (B) assays 16 hr later.  In (A), an asterix (*) indicates that the control samples are 
significantly different than their matched pretreated counterparts. 

 

 

*

* *
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Based on the literature, since many of the antioxidant/detoxification genes 

induced by H2O2 are thought to be regulated by the Nrf-2 transcription factor, we tested 

whether overexpression of Nrf-2 can arbitrarily induce a cytoprotective effect.  We 

therefore explored whether overexpression of Nrf2, as delivered by a replication-deficient 

recombinant adenovirus, could affect the ability of CMCs to withstand oxidative stress.  

As Figure 3.8A shows, infection of CMCs with Ad-Nrf2 and Ad-DN-Nrf2 indeed cause 

the increased expression of Nrf-2 or DN-Nrf-2.  Cells containing high levels of Nrf-2 

protein as a result of adenoviral delivery show Nrf-2 translocation to the nucleus. There is 

an increase in endogenous Nrf-2 protein level due to H2O2 treatment.  Chapter 3 

investigates the mechanism of Nrf2 accumulation.  Reverse-transcription PCR analysis of 

control or Ad-infected cells confirm that adenovirus can deliver the Nrf-2 gene efficiently 

and cause increased baseline expression of two well-known ARE-regulated genes: nqo1 

and ho-1 (Figure 3.8B).  The efficient overexpression of Nrf2 by replication-deficient 

adenoviral infection gives us a powerful tool to examine the functional impact of 

increased Nrf2 expression on cell death and preconditioning. 
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A. 

 

B. 

 

C. 

 

Figure 3.8:  Recombinant adenoviral Nrf2 (Ad-Nrf2) and dominant-negative 
Nrf2 (Ad-DN) can efficiently infect CMCs, affect the expression of ARE-related 
genes, and translocate to the nucleus.  CMCs were infected with replication-deficient 
adenoviral constructs containing either GFP alone or GFP and wild type or DN-Nrf2 in 
separate expression cassettes.  48 hr after infection, cells were treated with 100 µΜ H2O2 
for 1 hr, at which time they were harvested for Western Blot analysis (A) or RT-PCR 
analysis (B), which was quantified in order to better visualize the results (C).   

H2O2 
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Functional assays of the response of CMCs to oxidants after Ad-Nrf2 infection 

varied depending on the timepoint and the method utilized.  MTT assays were used once 

again, this time to look for increased cell viability after Ad-Nrf2 infection.  In Figure 

3.9A, decreased MTT activity and protein loss due to H2O2 treatment was inhibited by 

Nrf-2 overexpression, yet cells infected with Ad-Gfp and Ad-DN-Nrf2 both lost about 

40% of their MTT absorbance 24hr after H2O2 treatment.  However, a caspase-3 activity 

assay indicated that Ad-Nrf2 cells had no protection from Dox-induced apoptosis (Figure 

3.9B). 
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 B. 

 
Figure 3.9:  Ad-Nrf2 infection blocks loss of cell viability and loss of protein 

at 24 hr after H2O2 treatment, but does not reduce Dox-induced Caspase-3 activity.  
Serum-starved adenoviral-infected CMCs were treated with 100 µΜ H2O2 for 1 hr, the 
media was changed and cells were harvested for MTT assay or Western blot 24 hr later 
(A).  Serum-starved infected CMCs were also subjected to Dox treatment without H2O2 
pretreatment, and harvested for Caspase-3 activity assay 16 hr later (B).  An asterix (*) in 
(B) indicates a significant difference between the Nrf2 sample and its matched Gfp 
control. 

 

*
*

A. 
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MTT analysis of cells exposed to Dox versus those pretreated with H2O2 24 hr 

before Dox upheld the observation that overexpression of Nrf2 in CMCs improved cell 

viability after H2O2 exposure.  As is shown in Figure 3.10A, Ad-Nrf2 cells maintained a 

higher absorbance rate in the H2O2 pretreated cells than did their Ad-Gfp controls.  The 

presence of Ad-Nrf2 also allowed cells to resist increasing doses of Dox slightly better 

than Ad-Gfp cells when subjected to Dox alone.  However, ctr and H2O2-pretreated Ad-

Nrf2 cells both succumbed to Dox treatment at the same dose-related increments (Figure 

3.10B).  Ad-Gfp cells that were pretreated with H2O2 did not lose viability significantly 

when exposed to Dox, indicating an increased resistance to further stress. 

 The above observations prompted us to explore whether Ad-Nrf2 was affecting 

ARE-responsive genes at the protein level, and whether other genes involved in cell 

survival or CMC function might be affected by this overexpression.  At the time of 

harvest for the caspase and MTT assays, NQO1 protein levels are increased in both Ad-

Nrf2 cells and to a lesser extent in H2O2 pretreated cells (Figure 3.11A).  This increase in 

antioxidant gene expression, along with increased cell viability of Nrf2 overexpressing 

cells observed above, would seem to indicate that the presence of excess Nrf2 could be 

linked to changes in pro and anti-apoptotic genes, and could potentially rescue cells from 

loss of some of the contractile-specific genes that were observed to be downregulated en-

masse in the microarray study.  Western blots of cardiac myosin light chain 1, which was 

downregulated (4.83 +/- 1.98 fold) by H2O2 treatment in the microarray analysis, showed 

that this protein was actually repressed by the presence of Ad-Nrf2 (Figure 3.11B).  A 

similar pattern was found when we analyzed another contractile-specific gene, cardiac 
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troponin I (cTnI).  This protein was found to be completely blocked by Ad-Nrf2 infection 

when observed 1hr after H2O2 treatment, and still repressed slightly when cells were 

harvested 16 hr after Dox exposure (the same time frame for caspase and MTT assays – 

Figure 3.11B).   

 Results of Western blots for apoptosis-related genes in Ad-Nrf2 cells were 

ambiguous.  The anti-apoptotic factor Bcl-xL showed no change in the presence of Ad-

Nrf2 when compared to mock, Ad-Gfp or Ad-DN-Nrf2 cells.  However, Bcl-2 seemed to 

be repressed by oxidative stress in Ad-Gfp and mock infected cells: H2O2 treatment 

lowered the protein level, and Dox+ H2O2 lanes are weaker still.  Levels of Bcl-2 in Ad-

Nrf2 cells are consistently lower in oxidant-treated cells than in Ad-Gfp or mock infected 

cells.  This loss of an anti-apoptotic protein is in contrast to our MTT assay results 

(Figure 3.11C).  Paradoxically, p53 protein levels may be stabilized in Ad-Nrf2 cells.  In 

mock-infected, Ad-Gfp and Ad-DN-Nrf2 cells, H2O2 pretreatment dramatically reduced 

total p53 levels in the cell.  This reduction was much less significant in Ad-Nrf2 cells 

(Figure 3.11C).  Finally, preliminary results indicate that Ad-Nrf2 overexpression may 

lead to increased levels of phosphorylated Bad protein, which could protect the cell 

against apoptosis (Figure 3.11D).   
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   A. 

 

Figure 3.10:  Ad-Nrf2 reduces loss of cell viability due to H2O2 pretreatment and 
may protect against increasing doses of Dox.  Adenovirally-infected CMCs were 
pretreated with H2O2, treated with Dox 24 hr later and harvested for MTT assay as 
described in Figure 3.7.  
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A. 
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C. 

 

D. 

 

Figure 3.11:  Western blot analysis of the affect of Ad-Nrf2 on expression of ARE-
containing genes, apoptosis-related genes, and contractile-specific genes.  
Adenoviral-infected CMCs were pretreated with H2O2, then treated with either 0.8 µΜ or 
1 µΜ Dox (or no Dox for control) following the protocol described in Figure 3.7, but 
were harvested for Western blot after Dox incubation (A-D). 
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Discussion: 
 

 This study is the first to compare genomic expression profiles of isolated neonatal 

cardiomyocytes (CMCs) and heart fibroblasts (HFs) after H2O2-induced oxidative stress. 

Manual sorting and Cytoscape-based functional genomics analyses of microarray data 

suggest that activation of antioxidant/detoxification genes is a common response between 

CMCs and HFs.  These data lead us to explore the activation and regulation of ARE-

containing genes.  We have shown a Nrf2-dependant regulation of ARE-regulated genes 

after exposure to H2O2 in CMCs.  H2O2 pretreatment was also shown to induce a 

preconditioned-like phenotype in these cells, as judged by apoptosis and cell viability 

assays.  Overexpression of Nrf2 in these cells also protects the cells against oxidative 

stress and enhances the preconditioned phenotype when cells are screened via the MTT 

assay.  Thus, Nrf2 contributes to enhanced cell survival after oxidative stress, but not 

necessarily through the apoptotic pathway.  Judging from a surprising Nrf2-dependant 

decrease in two contractile-specific proteins, it would seem that overexpression of this 

transcription factor could regulate more pathways than expected. 

 Data from our microarray experiments provides a snapshot of how two main cell 

types in the heart respond to a non-lethal dose of H2O2 at the transcriptional level 24 hr 

after treatment.  As expected, the overall picture of transcriptional changes is quite 

different between the two cell types based on functional genomic mapping of genes that 

change expression with H2O2 treatment (Figure 3.1, Table 3.1). 
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 While relatively few genes were upregulated by H2O2 treatment in CMCs, many 

of these genes could be classified as constituents of the antioxidant and detoxification 

pathways.  Several of these genes were also upregulated in HFs (Table 3.1).  This 

coordinated upregulation of cytoprotective genes could be indicative of cells initiating an 

adaptive response to the oxidative stress, a response that could be linked to 

preconditioning.  In animal work on ischemia/reperfusion, preconditioning produces two 

“windows” of adaptation: one at 2-3 hr and one at 24-96 hr after the initial stress, 

depending on the model and treatment used (Yamashita et al. 1998; Zubakov et al. 2003).  

This phenomenon has also been linked to oxidative stress and the upregulation of 

protective enzymes such as glutathione peroxidase, SOD and catalase (Richard et al. 

1988; Das et al. 1993; Dhalla et al. 2000).  However, our data indicate that not only are 

cytoprotective genes upregulated 24 hr after oxidant exposure, many contractile-specific 

genes are significantly downregulated by this treatment.  Dysregulation of myosin/other 

genes has been linked to heart failure, and therefore complicate our view of H2O2-

induced preconditioning in this case. It should be noted that several 

antioxidant/detoxification genes were also downregulated by H2O2 treatment in CMCs, 

suggesting that the cytoprotective effect is not due to a universal increase in antioxidant 

gene expression. 

 Luciferase-based promoter assays confirmed that the antioxidant response 

element (ARE) is significantly upregulated by H2O2 in CMCs and the Nrf2 transcription 

factor is responsible for much of the control of the ARE activation.  Nrf2 is a basic 

region-leucine zipper (bZIP) transcription factor which requires heterodimerization with 
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a partner in order to bind to the ARE and activate transcription.  This heterodimerization 

usually involves small Maf proteins, but regulation of ARE activity has also been 

attributed to the binding of Nrf2 by c-jun proteins or Bach-1 or -2 proteins.  It is thought 

that there is potentially competitive binding between Nrf2/Maf complexes and other 

transcription factors such as AP-1 for overlapping binding sites (Venugopal and Jaiswal 

1996).  The specific binding partner which contributes to H2O2-induced ARE activation 

remains to be determined. 

 We have used two assays to determine the functional impact of H2O2 

pretreatment.  The caspase and MTT assays are commonly used to study the 

preconditioning effect in CMCs (Liu et al. 2003; Germack and Dickenson 2005).  Initial 

findings using CMCs revealed that H2O2 induces a preconditioning effect as measured by 

both MTT and caspase-3 assays.  When cells were challenged with increasing doses of 

Dox as a classical oxidant-mediated inducer of apoptosis, caspase-3 activity assays 

indicated that pretreatment with H2O2 substantially reduced Dox-induced cell death 

(Figure 3.7A).  This could be interpreted as an adaptation to stress brought about by H2O2 

pretreatment.  Also, although H2O2 pretreated cells had lower total levels of MTT 

absorbance, they still resisted increasing Dox doses better than their non-pretreated 

controls (Figure 3.7B).  Both caspase-3 and MTT assay indicate that H2O2 pretreatment 

induces cytoprotection. 

 Since Nrf-2 has been reported to control many of the antioxidant/detoxification 

genes activated by H2O2, we addressed whether overexpression Nrf-2 is sufficient to 

induce cytoprotection.  Replication-deficient adenoviral infection was used to transfect 
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primary CMCs, since plasmid-based transient transfection may only affect 10% of the 

cells, and stably transfected lines cannot be made because primary CMCs do not replicate 

in culture.  Ad-Nrf2 and Ad-DN-Nrf2 were both expressed well in CMCs and 

translocated to the nucleus.  Not only was Ad-Nrf2 protein expressed, but it was 

functional in the nucleus, as is demonstrated by the induction of ARE-regulated genes in 

Ad-Nrf2 infected cells (Figure 3.8B).    

 Nrf2 overexpression was able to completely block the effects of H2O2 treatment 

when cells were observed via MTT assay 24 hr later.  However, the potency of the 

protection was temporary, as cells harvested just 16 hr after the first harvest (40 hr post 

H2O2) exhibited about 25% less absorbance than their non-pretreated controls (see Figure 

10A, Ad-Nrf2 0 µΜ Dox).  Yet Ad-Nrf2+ H2O2 cells did consistently maintain higher 

viability readings than did their Ad-Gfp+H2O2 counterparts.  However, this protection did 

not translate into resistance to apoptosis, as measured by the caspase-3 assay.  The fact 

that Nrf2 overexpression enhanced viability but did not protect cells against caspase-3 

associated apoptosis suggests that either 1) the mechanism of Dox-induced apoptosis is 

such that Nrf2 overexpression cannot affect it, or 2) Nrf2 overexpression blocks necrosis 

induced by the first round of H2O2, but cannot block caspase-3 induced apoptosis.  In the 

MTT assay, since Ad-Nrf2 cells maintained viability better than their Ad-Gfp 

counterparts when increasing doses of Dox were used (slopes of Ad-Nrf2 cells were less 

than Ad-Gfp), we would consider this to be a form of resistance to Dox, i.e. Nrf2-induced 

cytoprotection.  Again, this resistance may be in the form of blocking necrosis, and 

would therefore not be shown by caspase assay.  We know that Ad-Nrf2 is still strongly 
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expressed at this 40 hr-post H2O2 timepoint, and that its presence is still affecting at least 

one crucial ARE-induced gene, NQO1.  Dox at a dose of 0.8 µΜ does not block Ad-Nrf2 

expression nor its activity.  Then why can’t Nrf2 overexpression block Dox-induced 

apoptosis, and why do the cells still lose so much viability over time?  In addition to 

producing ROS, Dox can interchelate into DNA and is a known inhibitor of 

topoisomerase II.  The interaction of Dox with DNA may contribute to caspase activation 

and therefore apoptosis in a manner that cannot be affected by Nrf2 overexpression. 

 Incidentally, we have observed that overexpression of Nrf2 in CMCs causes 

dysregulation of certain non-ARE-related genes.  Ad-Nrf2 caused significant repression 

of two contractile-specific genes at the protein level: cardiac myosin light chain 1 and 

cardiac troponin I (Figure 3.11C).  The loss of these proteins indicates that either the Nrf2 

transcription factor is causing changes in the promoter activity of these genes, or that the 

change in oxidative balance in the cell brought about by coordinated upregulation of 

antioxidant and detoxification genes has caused these particular proteins to be degraded.  

Previous reports using microarrays and nrf2 knockout mice have indicated that Nrf2 

activity can cause upregulation of genes not directly associated with antioxidant and 

detoxification function, such as genes for chaperones, protein trafficking and 

ubiquitination (Kwak et al. 2003).  The effect of Nrf-2 on suppressing the expression of 

contractile genes MLC and troponin demands further investigation. 

 Ad-Nrf2 cells had lower than expected levels of Bcl-2, but higher levels of Bad 

phosphorylation, which is inhibitory of apoptosis.  These cells may also stabilize p53 

despite oxidative stress.  All of these factors indicate that the overexpression of Nrf2 in 
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CMCs may lead to increased viability and resistance to some stressors in the short term, 

but may also lead to some undesirable side-effects long-term.  The timing of Nrf2 

stimulation, its intensity, and its effect on genes which are not normally thought to be 

ARE-regulated should all be taken into account in future studies of the affect of Nrf2 on 

CMC preconditioning.  Recent reviews on Nrf2 and ARE-induced gene activity have 

implicated this pathway as a universal organ protection mechanism.  Nrf2 activity has 

been linked to stress resistance in diverse organs such as brain, kidney, lungs and liver.  

Several chemopreventative compounds have been shown to induce antioxidant and 

detoxification genes (reviewed in (Zhang and Gordon 2004)).  Although Nrf2 has been 

studied in many tissues, ours is the first to demonstrate endogenous Nrf2 accumulation 

and nuclear translocation by H2O2 in CMCs.  However, as our study shows, enhancing 

Nrf2 activity in the heart may lead to short-term viability, but long-term cardiomyopathy.  

The high metabolic potential of the heart, which contains a high density of mitochondria, 

may create a more complex and sensitive oxidative balance than most other tissues.  

Overexpression of Nrf2 and long-term stimulation of ARE-containing genes may tip that 

oxidative balance and change cellular responses in ways we don’t yet understand.   
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Table 3.1:  Microarray Results            
 
Antioxidant/detoxification enzymes 

CMC      HF 

1387599_a
_at 

Rn.11234 NAD(P)H 
dehydrogenase, 
quinone 1 (NQO1) 

3.11 +-   0.48 4.14 +-   1.90 

1388122_at Rn.44821 glutathione S-
transferase, pi 2 
(GSTP2) 

1.81 +-   0.25 1.97 +-   0.20 

1367612_at Rn.2580 microsomal glutathione 
S-transferase 1 
(mGST1) 

1.72 +-   0.18 2.73 +-   0.81 

1372599_at Rn.7854 microsomal glutathione 
S-transferase 2 
(mGST2) 

2.31 +-   0.26 2.26 +-   0.68 

1372297_at Rn.15990 glutathione S-transferase 8  
(GST class alpha) 

1.64 +-   0.31 

1367774_at Rn.10460 glutathione S-transferase, alpha 1 1.81 +-   0.16 
1369926_at Rn.1491 glutathione peroxidase 

3 
 1.87 +-   0.13 

1387759_s_
at 

Rn.26489 UDP glycosyltransferase 1, A6  
(UGT1A6) 

2.66 +-   0.88 

1370613_s_
at 

Rn.64664 UDP glycosyltransferase 1, A7 2.21 +-   0.40 

1370080_at Rn.3160 Heme oxygenase 
(HO1) 

2.22 +-   0.49 

1367995_at Rn.3001 Catalase  1.58 +-   0.19 
1370172_at Rn.10488 superoxide dismutase 2  1.49 +-   0.10 
1387669_a
_at 

Rn.3603 epoxide hydrolase 1 
(Ephx1) 

2.47 +-   0.25 2.50 +-   0.51 

1368990_at Rn.10125 cytochrome P450 1B 1 
(Cyp1b1) 

1.84 +-   0.22 1.60 +-   0.10 

1369940_at Rn.3136 transaldolase 1 
(Taldo1) 

1.99 +-   0.36 2.31 +-   0.26 

1370902_at Rn.23676 aldose reductase-like 
protein 

3.06 +-   0.52 4.02 +-   1.26 

1370678_s_
at  

Rn.102240 monoamine oxidase A 
gene (MAOA) 

1.92 +-   0.35 1.60 +-   0.05 

1386958_at Rn.67581 thioredoxin reductase 1  1.50 +-   0.26 
1367870_at Rn.3578 thioredoxin-like 2  1.38 +-   0.05 
1367613_at Rn.2845 peroxiredoxin 1  1.36 +-   0.15 

   
1388300_at Rn.1916 microsomal glutathione 

S-transferase 3 
-2.92 +-   1.13 
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1370708_a
_at 

Rn.10021 3-alpha-hydroxysteroid 
dehydrogenase 

-1.90 +-   0.43 

1367979_s_
at 

Rn.107152 cytochrome P450, 
subfamily 51 

-1.47 +-   0.13 

1371912_at Rn.2855 Similar to NADH 
dehydrogenase 
(ubiquinone) Fe-S 
protein 7  

-1.36 +-   0.23 

1387891_at Rn.17958 peroxiredoxin 4 -1.36 +-   0.15 
1371041_at Rn.11092 24-kDa subunit of 

mitochondrial NADH 
dehydrogenase 

-1.45 +-   0.16 

1389012_at Rn.18013 NADH dehydrogenase 
(ubiquinone) 1 beta 
subcomplex, 2 

-1.46 +-   0.24 

1389288_at Rn.14785 NADH dehydrogenase 
(ubiquinone) 1 alpha 
subcomplex, 2 (8kD, 
B8)  

-1.42 +-   0.20 

1389964_at Rn.1318 NADH dehydrogenase 
(ubiquinone) (EC 
1.6.5.3) acyl carrier 
chain, mitochondrial - 
human (fragment) 

-1.53 +-   0.21 

   
   

Metal binding proteins  
1367559_at Rn.1905 ferritin light chain 1  1.32 +-   0.11 
1367565_a
_at 

Rn.54447 ferritin, heavy 
polypeptide 1 

 1.38 +-   0.11 

1368420_at Rn.32777 Ceruloplasmin  1.99 +-   0.73 
   

1370282_at Rn.94754 cysteine rich protein 2  -1.76 +-   0.33
   
   

Metabolic enzymes  
1386953_at Rn.888 hydroxysteroid 11-beta 

dehydrogenase 1 (11-β-
HSD1) 

2.38 +-   0.78 3.37 +-   1.58 

1370154_at Rn.2283 lysozyme 1.73 +-   0.36 
1367734_at Rn.107801 aldehyde reductase 1 (low Km aldose 

reductase) 
1.39 +-   0.14 

1387022_at Rn.6132 aldehyde dehydrogenase family 1, membe
A1 

1.75 +-   0.47 
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1367856_at Rn.11040 glucose-6-phosphate dehydrogenase  1.92 +-   0.28 
1386859_at Rn.5950 transketolase  1.55 +-   0.22 
1367982_at Rn.97126 aminolevulinic acid 

synthase 1 
 1.80 +-   0.34 

1371521_at Rn.11126 pyruvate dehydrogenase E1 alpha-like 1.39 +-   0.14 
1369931_at Rn.1556 pyruvate kinase, muscle  1.39 +-   0.14 
1371455_at Rn.2969 similar to phosphomannomutase  

Sec53p homolog 
1.35 +-   0.14 

1372523_at Rn.8365 glutamate-cysteine ligase catalytic  
subunit 

1.46 +-   0.24 

1368976_at Rn.11414 CD38 antigen  1.72 +-   0.29 
   

1369629_at Rn.3329 adenosine kinase -1.84 +-   0.31 
1370230_at Rn.5790 ATP synthase, H+ 

transporting, 
mitochondrial F0 
complex, subunit F6 

-1.42 +-   0.13 

1370276_at Rn.1817 ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, O subunit 

-1.53 +-   0.21 

1370278_at Rn.3879 ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, delta subunit 

-1.49 +-   0.22 

1370284_at Rn.3454 ATP synthase, H+ 
transporting, 
mitochondrial F1 
complex, epsilon 
subunit 

-1.45 +-   0.21 

1371335_at Rn.107458 ATP synthase, H+ 
transporting, 
mitochondrial F0 
complex, subunit g 

-1.42 +-   0.20 

1367626_at Rn.10756 creatine kinase, muscle -2.44 +-   0.96 
1370218_at Rn.1785 lactate dehydrogenase 

B 
-1.83 +-   0.54 

1367739_at Rn.10325 Cytochrome c oxidase 
subunit VIII-H 
(heart/muscle) 

-4.71 +-   3.19 

1367782_at Rn.5119 cytochrome c oxidase, 
subunit VIa, polyp. 2 

-2.97 +-   1.37 

1387773_at Rn.2202 cytochrome c, somatic -1.52 +-   0.33 
1375197_at Rn.3254 Ubiquinol-cytochrome -1.38 +-   0.11 
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C reductase complex 
6.4 kDa protein 
(Complex III subunit 
XI) 

1367707_at Rn.9486 fatty acid synthase -1.45 +-   0.17 
1367857_at Rn.28161 fatty acid desaturase 1 -1.69 +-   0.23 
1370355_at Rn.1023 stearoyl-Coenzyme A 

desaturase 1 
-1.78 +-   0.25 

1367668_a
_at 

Rn.83595 stearoyl-Coenzyme A 
desaturase 2 

-1.76 +-   0.25 

1372462_at Rn.106162 acetyl-CoA C-
acetyltransferase, 
cytosolic 

-1.71 +-   0.37 

1387271_at Rn.7279 phytanoyl-CoA 
hydroxylase (Refsum 
disease) 

-1.73 +-   0.63 

1367932_at Rn.5106 3-hydroxy-3-
methylglutaryl-
Coenzyme A synthase 1 

-1.42 +-   0.14 

1370939_at Rn.6215 fatty acid Coenzyme A 
ligase, long chain 2 

-1.80 +-   0.54 

1386965_at Rn.3834 Lipoprotein lipase -1.58 +-   0.11 
1368878_at Rn.10780 isopentenyl-

diphosphate delta 
isomerase 

-1.59 +-   0.26 

1370191_at Rn.6290 ornithine decarboxylase 
antizyme inhibitor 

-1.78 +-   0.42 

1372012_at Rn.9470 similar to 24-
dehydrocholesterol 
reductase 

-1.41 +-   0.00 

1370235_at Rn.3285 diazepam binding 
inhibitor 

-1.67 +-   0.18 

1367667_at Rn.2622 farensyl diphosphate 
synthase 

-1.78 +-   0.16 

1388403_at Rn.3490 Isocitrate 
dehydrogenase [NADP] 
cytoplasmic 
(Oxalosuccinate 
decarboxylase) 

-1.65 +-   0.33 

1372665_at Rn.100813 Psat1: Phosphoserine aminotransferase 1 -1.32 +-   0.09
1373240_at Rn.12011 similarity to retinal short-chain 

dehydrogenase 
/reductase 1 

-1.56 +-   0.50

1375213_at Rn.35508 similar to phosphoenolpyruvate -1.29 +-   0.11
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carboxykinase 2 
 (mitochondrial)   

1388643_at Rn.1717 moderate similarity to glycoprotein 6-
alpha-L- 
fucosyltransferase precursor 

-1.25 +-   0.04

   
   

Endocrine factors or their binding partners  
1373882_at Rn.4256 VEGF-D 1.74 +-   0.13 
1370082_at Rn.40136 TGF beta 1 1.60 +-   0.24 

   
1368044_at Rn.45602 secretogranin 2 -3.87 +-   2.38 -2.73 +-   1.15
1376425_at Rn.24539 Tgfb2: Transforming 

growth factor, beta 2 
-1.32 +-   0.07 

1369519_at Rn.10918 endothelin 1  -1.56 +-   0.50
1370012_at Rn.73051 prostaglandin I2 

synthase 
 -1.36 +-   0.15

   
   

Receptors   
1369146_a
_at 

Rn.91370 Aryl hydrocarbon 
receptor (Ahr) 

1.96 +-   0.20 1.79 +-   0.19 

1367940_at Rn.12959 chemokine orphan 
receptor 1 

2.33 +-   0.71 

1367619_at Rn.102356 progesterone receptor membrane  
component 1 

1.49 +-   0.15 

1367636_at Rn.270 insulin-like growth factor 2 receptor 1.45 +-   0.11 
1387273_at Rn.10072 interleukin 1 receptor-

like 1 
 1.55 +-   0.22 

1368742_at Rn.10680 complement component 5, receptor 1 2.03 +-   0.89 
1370249_at Rn.1820 benzodiazepin receptor  1.42 +-   0.20 
1373575_at Rn.9277 moderate similarity to A35241 IgE Fc  

receptor gamma chain precursor - human 
3.11 +-   1.58 

   
1376089_at Rn.10483 low density lipoprotein 

receptor 
-1.54 +-   0.31 

1371840_at Rn.4102 endothelial 
differentiation 
sphingolipid G-protein-
coupled receptor 1 

-4.15 +-   2.29 

1373661_a
_at 

Rn.44431 Chemokine receptor 
(LCR1) 

-1.83 +-   0.54 

1373803_a
_at 

Rn.2178 growth hormone 
receptor (somatotropin 

-1.71 +-   0.18 
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receptor precursor) 
1370462_at Rn.92304 Hyaluronan mediated 

motility receptor 
(RHAMM) 

-3.08 +-   0.93 

1370541_at Rn.10055 nuclear receptor 
subfamily 1, group D2 

-1.45 +-   0.06 

1371113_a
_at 

Rn.98672 transferrin receptor -1.49 +-   0.35 

1368553_at Rn.10631 activin A receptor type 
II-like 1 

 -1.38 +-   0.05

1374616_at Rn.24538 strong similarity to platelet-derived  
growth factor receptor-like protein 

-1.44 +-   0.09

   
   

Signaling molecules  
1387450_at Rn.9952 Transforming growth factor, alpha 1.93 +-   0.62 
1367973_at Rn.4772 small inducible 

cytokine A2 
 2.84 +-   1.07 

1370445_at Rn.10696 phosphatidylserine-
specific phospholipase 
A1 

1.72 +-   0.29 1.70 +-   0.07 

1387822_at Rn.21925 G-protein alpha 11 
subunit 

1.52 +-   0.11 

1368332_at Rn.25736 guanylate binding 
protein 2, interferon-
inducible 

2.25 +-   0.23 

1368144_at Rn.1892 regulator of G-protein signaling protein 2 2.20 +-   0.61 
1369294_at Rn.10728 bone marrow stromal cell antigen 1 1.51 +-   0.27 
1371353_at Rn.107103 sequestosome 1  1.37 +-   0.05 
1371680_at Rn.36100 similar to gamma-aminobutyric acid 

GABA(A)  
receptor-associated protein like 1 

1.28 +-   0.05 

1372017_at Rn.9090 Direct IAP binding protein with low pI 1.37 +-   0.12 
1372031_at Rn.14763 Dab2: Disabled homolog 2, mitogen-

responsive  
phosphoprotein (Drosophila) 

1.75 +-   0.47 

1373863_at Rn.101820 similar to Traf2 and NCK interacting 
kinase,  
splice variant 4 

1.39 +-   0.14 

1383180_at Rn.4016 protein phosphatase 1, regulatory 
(inhibitor)  
subunit 2 

1.53 +-   0.21 

   
1368988_at Rn.10111 calsequestrin 2 -2.36 +-   1.03 
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1388604_at Rn.38090 Calsequestrin, cardiac 
muscle isoform 
precursor  

-3.82 +-   1.91 

1368101_at Rn.2892 calmodulin 3 -1.52 +-   0.00 
1379375_at Rn.10999 Pdgfa: Platelet derived growth factor, 

alpha 
-1.39 +-   0.14

1372133_at Rn.3271 Similar to Ras-related protein R-Ras2 (Ra
like  
protein TC21) (Teratocarcinoma oncogen

-1.49 +-   0.22

1368983_at Rn.10148 heparin-binding EGF-like growth factor 
precursor 

-1.50 +-   0.32

1373082_at Rn.94808 Pkia: Protein kinase inhibitor, alpha  -1.42 +-   0.20
1370064_at Rn.11045 presenilin-2 -1.42 +-   0.20 -1.38 +-   0.05
1369097_s_
at 

Rn.87228 guanylate cyclase 1, soluble, beta 3 -1.35 +-   0.05 

1371500_at Rn.7961 latent transforming 
growth factor beta 
binding protein 1 

-1.83 +-   0.15 

1371873_at Rn.4268 lecuine-rich acidic 
protein-like protein 

-2.04 +-   0.18 

1373658_at Rn.19950 Rac GTPase-activating 
protein 1  

-5.44 +-   2.20 

1375303_at Rn.17340 enigma -2.60 +-   0.94 
1371984_at Rn.17340 enigma homolog -2.15 +-   1.01 
1372745_at Rn.17933 enigma homolog -1.94 +-   0.61 
1387232_at Rn.10318 bone morphogenetic 

protein 4 
-1.42 +-   0.11 

   
   

Cell cycle regulators  
1387391_at Rn.10089 cyclin-dependent kinase 

inhibitor 1A (p21) 
3.91 +-   1.10 4.92 +-   2.82 

1367764_at Rn.5834 cyclin G1  1.56 +-   0.26 
1383485_at Rn.91829 Mdm2  1.99 +-   0.36 

   
1370346_at Rn.9232 Cyclin B1 -3.79 +-   1.35 
1389566_at Rn.23351 strong similarity to 

cyclin B2 [Homo 
sapiens] 

-3.68 +-   0.88 

1369935_at Rn.3483 cyclin D3  -1.39 +-   0.21
1372685_at Rn.25026 cyclin-dependent kinase 

inhibitor 3 
-4.71 +-   1.18 

1367671_at Rn.223 Proliferating cell 
nuclear antigen 

-2.01 +-   0.25 -1.52 +-   0.15 
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1372406_at Rn.12916 replication licensing 
factor MCM3 

-1.63 +-   0.17  

1373557_at Rn.8341 replication licensing 
factor MCM4 

-2.48 +-   0.63 -1.55 +-   0.12

1373823_at Rn.6116 cell division control 
protein CKS2 - human 

-4.08 +-   1.24  -1.83 +-   0.19

1367776_at Rn.6934 cell division cycle 2 
homolog A (S. pombe) 

-4.74 +-   0.86 

1374449_at Rn.3246 cell division cycle 
associated 3; gene rich 
cluster, C8 gene; 
trigger of mitotic entry 
1 

-2.31 +-   0.29 

1371480_at Rn.91 strong similarity to cell 
division control protein 
CKS1 - human 

-1.45 +-   0.11 

1371074_a
_at 

Rn.33226 mini chromosome 
maintenance deficient 6 
(S. cerevisiae) 

-2.25 +-   0.64 

1367894_at Rn.772 growth response 
protein (CL-6) 

-1.91 +-   0.20 

1367657_at Rn.1000 B-cell translocation 
gene 1 

-1.29 +-   0.11 

1370294_a
_at 

Rn.9262 cell cycle protein 
p55CDC 

-1.81 +-   0.37 

1374063_at Rn.9002 similar to Splicing 
factor, arginine/serine-
rich 3 (Pre-mRNA 
splicing factor SRP20) 
(X16 protein) 

-1.52 +-   0.18 

1376758_at Rn.16754  similar to ING1 
protein 

-1.49 +-   0.15 

1388395_at Rn.1040 Putative lymphocyte 
G0/G1 switch protein 2 

-2.53 +-   1.25 

1375532_at Rn.3272 Inhibitor of DNA binding 2, dominant 
negative helix-loop-helix protein 

-1.47 +-   0.13

   
   

Cytoskeletal proteins and their regulators  
1371618_s_
at 

Rn.8216 tubulin, beta 3 1.93 +-   0.32 

1388460_at Rn.8945 macrophage capping 
protein 

2.10 +-   0.07 

1387843_at Rn.2743 Follistatin 2.46 +-   0.68 
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1386857_at Rn.555 Stathmin 1 -3.64 +-   0.60 -1.96 +-   0.39
1367785_at Rn.31788 Calponin 1 -2.04 +-   0.21 -1.53 +-   0.26
1388718_at Rn.1646 tropomodulin 1 -2.39 +-   0.76 
1371339_at Rn.11675 cofilin 1 -2.76 +-   1.35 
1388928_at Rn.101880 strong similarity to 

cofilin 2 (muscle) 
-2.04 +-   0.13 

1373897_at Rn.11362 lamin B1 -2.99 +-   0.31 
1373439_at Rn.6499 lamin B receptor -1.52 +-   0.11 
1372595_at Rn.3970 similar to actinin, alpha 

2 
-2.23 +-   1.05 

1370875_at Rn.773 villin 2 -1.52 +-   0.11 
1370949_at Rn.9560 myristoylated alanine 

rich protein kinase C 
substrate 

-1.39 +-   0.21 

1387373_at Rn.48693 myomegalin -1.79 +-   0.59 
1376098_a
_at 

Rn.2799 Similar to Myosin Id (Myosin heavy chain 
myr 4) 

-1.48 +-   0.21

   
 
 

  

Cell surface and extracellular matrix proteins  
1388985_at Rn.25004 Human Collagen alpha 

1(V) chain precursor 
homologue 

1.72 +-   0.29 

1389966_at Rn.2157 Human  collagen alpha 
3 (VI) homologue 

1.49 +-   0.13 

1393891_at Rn.53843 similar to Collagen alpha 1(VIII) chain 
precursor 

1.32 +-   0.07 

1367581_a
_at 

Rn.8871 Secreted 
phosphoprotein 1 

2.25 +-   0.67 2.19 +-   0.55 

1367784_a
_at 

Rn.1780 Clusterin  1.91 +-   0.20 

1368474_at Rn.11267 Vascular cell adhesion molecule 1 1.80 +-   0.25 
1387687_at Rn.16316 immunoglobulin superfamily, member 6 2.81 +-   1.03 
1370043_at Rn.5789 Activated leukocyte cell adhesion molecul 1.37 +-   0.16 
1388255_x
_at 

Rn.39743 MHC nonclassical class I 
histocompatibility  
antigen, soluble precursor (RT1 class Ib 
gene) 

3.33 +-   0.92 

1386879_at Rn.764 lectin, galactose binding, soluble 3 2.06 +-   0.86  
1374620_at Rn.91235 Ceacam1 2.10 +-   0.17 
1390325_at Rn.11414 ADP-ribosyl cyclase/cyclic ADP-ribose  

hydrolase (CD38) 
1.38 +-   0.05 
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1392784_at Rn.52228 growth arrest specific 6  1.35 +-   0.11 
1368187_at Rn.13778 glycoprotein (transmembrane) nmb 2.05 +-   0.76 
1372750_at Rn.2743 Follistatin 1.91 +-   0.20 2.30 +-   0.87 

   
1369955_at Rn.117 collagen, type V, alpha 

1 
 -1.35 +-   0.11

1367880_at Rn.774 laminin, beta 2  -1.39 +-   0.21
1388111_at Rn.54384 elastin -1.80 +-   0.39 -3.23 +-   2.46
1367866_at Rn.1699 fibulin 5  -2.13 +-   0.97
1370937_a
_at 

Rn.54492 integrin alpha 7 -2.00 +-   0.71 

1388961_at Rn.39792 integrin beta 1 binding 
protein (melusin) 2 

-3.00 +-   1.84 

1368448_at Rn.40921 latent transforming growth factor beta 
binding  
protein 2 

-1.46 +-   0.20

1371500_at Rn.7961 moderate similarity to latent transforming
growth 
 factor beta binding protein 4 (46%) 

-1.72 +-   0.29

1369943_at Rn.10 tissue-type 
transglutaminase 

-2.04 +-   0.48 -1.81 +-   0.25

1368171_at Rn.11372 lysyl oxidase -1.64 +-   0.31 -1.69 +-   0.40
1369736_at Rn.19723 Epithelial membrane 

protein 1 
 -1.80 +-   0.31

1387850_at Rn.44829 transmembrane protein 
with EGF-like and two 
follistatin-like domains 
1 

-3.21 +-   1.23 

1381504_at Rn.45067 Biglycan precursor 
(Bone/cartilage 
proteoglycan I) (PG-
S1) 

-1.42 +-   0.10 

1389020_at Rn.8430 moderate similarity to immunoglobulin 
superfamily 
 containing leucine-rich repeat 

-2.10 +-   0.38

1373401_at Rn.12723 tenascin C  -2.49 +-   1.37
1373617_at Rn.21730 Similar to XMP  -1.91 +-   0.53
1387280_a
_at 

Rn.32261 tumor-associated 
protein 1 

 -1.57 +-   0.32

1368822_at Rn.95652 follistatin-like  -1.33 +-   0.16
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Muscle protein and contractile proteins  
1368415_at Rn.9692 Myosin heavy chain, 

skeletal muscle, 
perinatal 

-14.38 +-  4.05 

1367928_at Rn.48663 myosin heavy chain, 
polypeptide 7, cardiac 
muscle, beta 

-3.87 +-   2.42 

1371293_at Rn.23925 Myosin light chain 1, 
atrial isoform 

-4.83 +-   1.98 

1367572_at Rn.1955 myosin, light 
polypeptide 3 

-2.57 +-   1.50 

1388298_at Rn.6870 Myosin regulatory light 
chain 2, smooth muscle 
isoform 

-1.38 +-   0.05 

1376789_at Rn.43838 myosin-light-chain 
kinase 

-2.12 +-   0.82  

1371933_at Rn.48693 myomegalin -1.57 +-   0.29 
1386931_at Rn.64141 troponin 1, type 3 -2.88 +-   1.68 
1386873_at Rn.4035 Troponin I, slow 

isoform 
-2.55 +-   0.94 

1373130_at Rn.33916 moderate similarity to 
Myomesin 2 (M-
protein) 

-6.98 +-   4.93 

1387768_at Rn.40511 myoglobin -5.95 +-   4.75 
1371554_at Rn.4012 moderate similarity to 

protein Telethonin 
-5.03 +-   2.96 

1371801_at Rn.12931 calcineurin-binding 
protein calsarcin-1; 
muscle-specific protein; 
FATZ related protein 2 

-3.58 +-   1.81 

1398243_at Rn.11345 cysteine-rich protein 3; 
muscle LIM protein 

-3.17 +-   1.69 

1388597_at Rn.28286 moderate similarity to 
cardiac myosin-binding 
protein C - human 

-3.11 +-   1.58 

1369928_at Rn.82732 actin alpha 1 -3.05 +-   2.04 
1370165_at Rn.4123 small muscle protein, 

X-linked 
-2.60 +-   0.94 

1375518_at Rn.4008 moderate similarity to 
titin, cardiac muscle 

-2.47 +-   1.37 

1368252_at Rn.28875 sarcomeric muscle 
protein 

-2.30 +-   0.82 

1390049_at Rn.34417 four and a half LIM 
domains 1 

-2.12 +-   0.93 
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Channel proteins  
1370583_s_
at 

Rn.82691 P-glycoprotein, 
multidrug resistance 1 
(Pgy1) 

5.02 +-   1.52 4.72 +-   1.64 

1368207_at Rn.24997 FXYD domain-
containing ion transport 
regulator 5 

1.73 +-   0.36 

1367959_a
_at 

Rn.4958 sodium channel, voltage-gated, type I,  
beta 

2.89 +-   1.33 

1370516_at Rn.17317 peptide/histidine transporter PHT2 2.14 +-   0.79 
1373054_at Rn.97686 Ctl1: Transporter-like 

protein 
 1.43 +-   0.23 

1388325_at Rn.106041 similar to vacuolar ATPase subunit D 1.44 +-   0.15 
   

1369960_at Rn.3828 FXYD domain-
containing ion 
transport regulator 1 

-2.60 +-   1.27 

1367683_at Rn.2949 karyopherin (importin) 
alpha 2 

-1.62 -1.64 +-   0.31

1367660_at Rn.32566 fatty acid binding 
protein 3 

-2.06 +-   0.73 

1370281_at Rn.98269 fatty acid binding 
protein 5, epidermal 

-1.45 +-   0.20 

1386901_at Rn.3790 fatty acid 
binding/transport 
protein (cd36 antigen) 

-2.60 +-   1.52 

1368965_at Rn.10826 monocarboxylate 
transporter 

-2.36 +-   0.65 

1371883_at Rn.34134 solute carrier family 1, 
member 3 

-1.85 +-   0.23 

1372527_at Rn.3210 Rtn2: Reticulon 2 (Z-
band associated 
protein) partial cds 

-2.27 +-   0.76 

1369625_at Rn.1618 aquaporin 1 -2.38 +-   1.27 
1369652_at Rn.82724 similar to ATPase, H+ 

transporting, V1 
subunit G isoform 1; 
ATPase, H+ 
transporting, lysosomal 

-1.52 +-   0.19  

1370850_at Rn.3402 sodium channel beta 3 
subunit 

-2.63 +-   1.51 

1375669_at Rn.65866 similar to FK506 -1.55 +-   0.14 
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binding protein 2 
1389967_at Rn.3366 ADP-ribosylation-like 

factor 6-interacting 
protein 

-1.50 +-   0.15  

1398974_at Rn.36664  moderate similarity to 
cellular apoptosis 
susceptibility protein 
CAS - human 

-1.29 +-   0.11 

1369065_a
_at 

Rn.2305 ATPase, Ca++ 
transporting, cardiac 
muscle, slow twitch 2 

-1.87 +-   0.70 

1389986_at Rn.58137 synaptic vesicle glycoprotein 2 b -1.46 +-   0.24
1398370_at Rn.45761 rexo70  -1.82 +-   0.45

   
   

Protease or protease inhibitors  
1368530_at Rn.33193 matrix 

metalloproteinase 12 
 2.15 +-   0.82 

1368590_at Rn.52536 matrix 
metalloproteinase 16 

1.79 +-   0.19 

1368280_at Rn.11559 cathepsin C  2.01 +-   0.54 
1387005_at Rn.11347 cathepsin S  2.24 +-   0.92 
1368215_at Rn.43558 ceroid-lipofuscinosis, neuronal 2  1.42 +-   0.18 
1368512_a
_at 

Rn.53979 aminopeptidase A  2.24 +-   0.92 

1368544_a
_at 

Rn.86956 nucleolar protein 3 (apoptosis repressor 
with  
CARD domain) 

1.32 +-   0.09 

1369977_at Rn.107213 ubiquitin carboxy-terminal hydrolase L1 1.39 +-   0.21 
   

1368961_at Rn.22562 Matrix 
metalloproteinase 23 

 -1.28 +-   0.05

1368519_at Rn.29367 serine (or cysteine) proteinase inhibitor, 
member 1 

-1.75 +-   0.50

1372440_at Rn.2271 serine (or cysteine) 
proteinase inhibitor, 
clade E, member 2 

-1.60 +-   0.48 -1.80 +-   0.25

1389408_at Rn.99540 neural precursor cell 
expressed, 
developmentally down-
regulated gene 4A 

-5.78 +-   0.52 -3.55 +-   1.36

1387804_at Rn.40636 muscle ring finger 
protein 1; ring finger 
protein 28 

-1.97 +-   0.56 
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Nucleic acid metabolism  
1368311_at Rn.9836 O6-methylguanine-

DNA methyltranferase 
1.97 +-   0.17 1.36 +-   0.15 

1387659_at Rn.24783 guanine deaminase  1.91 +-   0.27 
1389135_at Rn.13683 moderate similarity to CTP synthetase 

type 2 
1.46 +-   0.24 

   
1373772_at Rn.6955 DNA (cytosine-5)-

methyltransferase 1 
-1.63 +-   0.11 

1371862_at Rn.22094 Ribonucleoside-
diphosphate reductase 
M1 chain 
(Ribonucleotide 
reductase large chain). 

-2.64 +-   0.15 

1387865_at Rn.6102 Deoxyuridinetriphosph
atase (dUTPase) 

-1.69 +-   0.15 

1371350_at Rn.103392 similar to S-adenosylmethionine 
synthetase gamma 
(Methionine adenosyltransferase) (MAT-
II)  

-1.29 +-   0.05

   
   

Cytokines and inflammation-related genes  
1367973_at Rn.4772 small inducible 

cytokine A2 
3.85 +-   2.70 

1371210_s_
at 

Rn.39743 MHC nonclassical class 
I histocompatibility 
antigen 

2.88 +-   0.68 

1368490_at Rn.42942 CD14 antigen  1.56 +-   0.22 
1368238_at Rn.9727 pancreatitis-associated 

protein 
4.23 +-   2.16 

1386879_at Rn.764 lectin, galactose 
binding, soluble 3 

3.22 +-   1.24 

1390507_at Rn.16103 interferon stimulated 
gene (20kD) 

1.99 +-   0.36 

1367850_at Rn.6050 Fc receptor, IgG, low affinity III 3.28 +-   1.81 
1370154_at Rn.2283 Lysozyme  3.05 +-   1.35 
1387029_at Rn.101777 complement component factor h 4.13 +-   2.42 
1387316_at Rn.10907 gro  4.33 +-   1.37 
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1367650_at Rn.1256 lipocalin 7 (glucocorticoid-inducible 
protein) 

-2.09 +-   0.81

   
   

Chromosomal or DNA binding proteins  
1374293_at Rn.40496 Histone H2A.l  1.49 +-   0.22 
1388309_at Rn.83614 non-histone 

chromosomal 
architectural protein 
HMGI-C 

1.75 +-   0.22 

   
1388827_at Rn.100938 H2A histone family, 

member V (predicted) 
-1.48 +-   0.24 

1386861_at Rn.3636 H2A histone family, 
member Z 

-1.62 +-   0.09 -1.30 +-   0.04

1368042_a
_at 

Rn.4121 high mobility group box 
1 

-1.39 +-   0.14 

1367676_at Rn.2874 high mobility group box 
2 

-2.93 +-   0.19 -1.56 +-   0.28

1371887_at Rn.13669  high-mobility group 
(nonhistone 
chromosomal) protein 4

-1.66 +-   0.17 

1371352_at Rn.3517 high mobility group 
protein 17 

-1.58 +-   0.19 

1371989_at Rn.106652 similar to high mobility group 
nucleosomal binding 
 domain 3 isoform HMGN3a 

-1.72 +-   0.29

1369996_at Rn.28212 polymerase II -1.37 +-   0.05 
1368136_at Rn.3364 lamina-associated 

protein 2 
-2.04 +-   0.21 -1.73 +-   0.38

1388504_at Rn.3991 RAD21 homolog; 
protein involved in 
DNA double-strand 
break repair; nuclear 
matrix protein 1 

-1.46 +-   0.06 

1372516_at Rn.8601 kinesin-like 4; Kid; 
origin of plasmid DNA 
replication-binding 
protein 

-2.89 +-   0.34 

1388135_at Rn.40389 p32-subunit of 
replication protein A 

-2.00 +-   0.11 

1371395_at Rn.4175 similar to chromobox 
homolog 3; 
heterochromatin 

-1.34 +-   0.09 
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protein HP1 gamma 
   
   

Transcription factors  
1387087_at Rn.6479 CCAAT/enhancer binding protein 

(C/EBP), beta 
1.50 +-   0.26 

   
1389528_s_
at 

Rn.93714 v-jun sarcoma virus 17 
oncogene homolog 

-1.72 +-   0.26 

1376569_at Rn.114645 Kruppel-like factor 2 -1.38 +-   0.11 -1.95 +-   0.28
1389555_at Rn.14867 transcription factor 19 

(SC1); transcription 
factor like 

-3.03 +-   0.61 

1387769_a
_at 

Rn.2760 Inhibitor of DNA 
binding 3, dominant 
negative helix-loop-
helix protein 

-1.46 +-   0.20 

1388426_at Rn.95306 sterol regulatory 
element binding factor 
1 

-1.57 +-   0.32 

1367664_at Rn.3789 ankyrin-like repeat 
protein 

 -1.99 +-   0.91 

1374335_at Rn.8701 GATA binding protein 6  -1.44 +-   0.09
   
   

Protein synthesis and conformation  
1371378_at Rn.4113 Protein translation 

factor SUI1 homolog 
-1.26 +-   0.05 

1371421_at Rn.98472 translation elongation 
factor eEF-1 alpha 
chain 

-1.81 +-   0.56 

1372431_at Rn.105932 mitochondrial 
ribosomal protein L12 

-1.37 +-   0.12 

1398926_at Rn.919 similar to prefoldin 1 -1.42 +-   0.08 
1370007_at Rn.39305 protein disulfide isomerase related 

protein  
(calcium-binding protein, intestinal-
related) 

-1.38 +-   0.05

   
 
 

  

Stress genes  
1387047_at Rn.20155 heat shock 27kD 

protein family, member 
-3.79 +-   2.62 
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3 
   
   

Phosphatase/Phosphatase Inhibitors  
1372084_at Rn.106043 tyrosine phosphatase 

type IVA, member 3 
isoform 1; potentially 
prenylated protein 
tyrosine phosphatase 

-1.63 +-   0.37 

   
   

Miscellaneous  
1369008_a
_at 

Rn.11005 olfactomedin related 
ER localized protein 

1.78 +-   0.12 1.57 +-   0.06 

1370459_at Rn.38451 A5D3 protein 2.46+-0.0 1.45 +-   0.16 
1388674_at Rn.36610 tumor protein, 

translationally-
controlled 1 

3.08 +-   0.11 2.46 +-   0.70 

1372510_at Rn.2835 weak similarity to 
S43056 hypothetical 
protein 

1.92 +-   0.27 2.19 +-   0.52 

1388848_at Rn.2343 moderate similarity to 
hypothetical protein 
FLJ22056 [Homo 
sapiens] 

1.87 +-   0.22 1.56 +-   0.17 

1389600_at Rn.78670 R.n. trans. seq.s 2.36 +-   0.81 1.86 +-   0.33 
1390192_at Rn.6552 strong similarity to 

hypothetical protein 
MGC4365 [Homo 
sapiens] 

2.32 +-   0.40 2.78 +-   0.84 

1390208_at Rn.19124 similar to HIV-1 tat 
interactive protein 2, 
homolog 

1.92 +-   0.27 1.45 +-   0.16 

1399019_at Rn.1831 strong similarity to 
hypothetical protein 
FLJ12816 [Homo 
sapiens] 

1.71 +-   0.06 1.75 +-   0.20 

1370770_s_
at 

Rn.44216 Kit ligand, stem cell 
factor 

2.26 +-   0.68 1.88 +-   0.26 

1373138_at Rn.2456 similar to nudix 
(nucleoside diphosphate 
linked moiety X)-type 
motif 5 

1.63 +-   0.18 

1375997_at Rn.3768 R.n. trans. seq.s 1.68 +-   0.28 
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1376788_at Rn.1031 R.n. trans. seq.s 1.79 +-   0.19 
1386160_at Rn.42981 similarity to protein 

pir:A45973 (H.sapiens) 
A45973 trichohyalin – 
human 

3.08 +-   1.10 

1390156_a
_at 

Rn.24136 R.n. trans. seq.s 2.07 +-   0.34 

1368006_at Rn.24799 lysosomal-associated protein 
transmembrane 5 

2.39 +-   0.76 

1368013_at Rn.19672 Smhs1 protein  1.66 +-   0.42 
1371131_a
_at 

Rn.2758 upregulated by 1,25-dihydroxyvitamin 
D-3 

1.69 +-   0.15 

1371646_at Rn.915 moderate similarity to phosphogluconate  
dehydrogenase [Homo sapiens] 

1.52 +-   0.17 

1372475_at Rn.103380 moderate similarity to PTEN induced 
putative  
kinase 1; protein kinase BRPK [Homo 
sapiens] 

1.33 +-   0.16 

1373932_at Rn.98491 Cybb: Endothelial type gp91-phox gene 2.93 +-   1.42 
1387081_at Rn.6133 reticulocalbin 2  1.42 +-   0.18 
1387770_at Rn.3867 interferon, alpha-inducible protein 27-

like 
1.23 

1387946_at Rn.3251 peptidylprolyl isomerase C-associated 
protein 

1.59 +-   0.32 

1388642_at Rn.6593 similar to EI24 (LOC300514), mRNA  1.34 +-   0.05 
1389039_at Rn.7736 strong similarity to beta lactamase IRT-4  

[Escherichia coli] 
1.87 +-   0.54 

1389179_at Rn.8171 similar to cell death activator CIDE-A  
(LOC291541), mRNA 

1.26 +-   0.05 

1389210_at Rn.14256 Rattus norvegicus lymphocyte cytosolic  
protein 1 (predicted) (Lcp1_predicted), 
mRNA 

2.36 +-   0.84 

1389553_at Rn.18460 weak  similarity to C-type lectin, 
superfamily  
member 6; dendritic cell 
immunoreceptor 

4.24 +-   2.46 

1390192_at Rn.6552 strong similarity to hypothetical protein 
MGC4365  
[Homo sapiens] 

2.78 +-   0.84 

1390383_at Rn.101967 ADRP: Adipose differentiation-related 
protein 

1.73 +-   0.41 

1390423_at Rn.13538 strong similarity to T14792 hypothetical 
protein DKFZp586G0322.1 - human 
(fragment) 

1.32 
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1389618_at Rn.12529 R.n. trans. seq.s  3.09 +-   1.71 
1383225_at Rn.2894 R.n. trans. seq.s  1.92 +-   0.30 
1388102_at Rn.10656 dithiolethione-inducible gene-1 (24%) 3.75 +-   1.41 
1370942_at Rn.23055 RAS p21 protein activator 3 (49%) 1.73 +-   0.63 
1371432_at Rn.9118 moderate similarity to protein 

ref:NP_006364.2 
vesicle amine transport protein 1[Homo 
sapiens] (33%) 

1.70 +-   0.42 

1367881_at Rn.53971 protein tyrosine phosphatase, non-
receptor type substrate 1 (23% homol.) 

1.51 +-   0.27 

1371595_at Rn.103672 R.n. trans. seq. weakly similar to 
XP_346694.1 Rattus norvegicus 
LOC360381 gene 

1.49 +-   0.10 

1371799_at Rn.60475 glucosidase, alpha; acid (Pompe disease, 
glycogen storage disease type II) (35%) 

1.50 +-   0.33 

1372606_at Rn.16408 R.n. trans. seq.s  1.44 +-   0.09 
1373158_at Rn.17812 R.n. trans. seq.s  1.60 +-   0.24 
1373797_at Rn.72927 R.n. trans. seq. with moderate similarity 

to protein ref:NP_036323.1 (H.sapiens)  
putative tumor suppressor FUS2 (38%) 

1.42 +-   0.10 

1374622_at Rn.9546 R.n. trans. seq. with moderate similarity 
to protein pdb:1LBG (E. coli) B Chain 
B, Lactose Operon Repressor Bound To 
21-Base Pair Symmetric Operator Dna, 
Alpha Carbons Only 

1.71 +-   0.52 

1375003_at Rn.12754 serine (or cysteine) proteinase inhibitor, 
clade B (ovalbumin), member 6 (low 
homol) 

1.35 +-   0.11 

1375010_at Rn.12478 R.n. trans. seq. with weak  similarity to 
protein ref:NP_001242.1 (H.sapiens)  
CD68 antigen; Macrophage antigen 
CD68 (microsialin) [Homo sapiens] 
(28%) 

2.43 +-   0.93 

1375374_at Rn.62530 R.n. trans. seq.s  1.76 +-   0.31 
1377966_at Rn.22923 R.n. trans. seq.s  1.63 +-   0.23 
1386653_at Rn.85011 R.n. trans. seq.s  1.80 +-   0.34 
1388127_at Rn.8023 cytochrome P450-like protein (30%) 1.73 +-   0.41 
1388460_at Rn.8945 R.n. similar to Capg protein 

(LOC297339), mRNA (40%) 
1.44 +-   0.09 

1388662_at Rn.17619 R.n. trans. seq. with moderate similarity 
to protein pdb:1LBG (E. coli) B Chain 
B, Lactose Operon Repressor Bound To 
21-Base Pair Symmetric Operator Dna, 
Alpha Carbons Only 

1.42 +-   0.10 
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1389166_at Rn.46320 R.n. trans. seq. with strong similarity to 
protein sp:O75838 (H.sapiens) 
KIP2_HUMAN Kinase interacting 
protein 2 (KIP 2) (30%) 

2.00 +-   0.51 

1390386_at Rn.4185 R.n. trans. seq.s  1.47 +-   0.13 
   

1388340_at Rn.7233 moderate similarity to 
Y101_HUMAN 
Hypothetical protein 
KIAA0101 

-3.86 +-   0.81 -2.00 +-   0.11

1388422_at Rn.115282 moderate similarity to 
JC2324 LIM protein – 
human 

-1.53 +-   0.21 -1.32 +-   0.09

1372156_at Rn.20057 R.n. tran. seq.s -1.37 +-   0.09 -1.54 +-   0.10
1372316_at Rn.27 R.n. tran. seq.s -2.30 +-   0.84 -1.79 +-   0.49
1372820_at Rn.3225 R.n. tran. seq.s -1.47 +-   0.13 -1.35 +-   0.14
1373250_at Rn.14943 R.n. tran. seq.s -2.83 +-   0.16 -1.76 +-   0.77
1373283_at Rn.14096 R.n. tran. seq.s -1.38 +-   0.05 -1.49 +-   0.22
1373415_at Rn.18217 R.n. tran. seq.s -1.76 +-   0.33 -2.20 +-   0.91
1374496_at Rn.25045 moderate similarity to 

protein pdb:1LBG (E. 
coli) B Chain B, 
Lactose Operon 
Repressor Bound To 
21-Base Pair 
Symmetric Operator 
Dna, Alpha Carbons 
Only 

-1.81 +-   0.22 -1.78 +-   0.12

1374172_at Rn.12548 R.n. tran. seq.s -1.42 +-   0.10 -2.25 +-   0.63
1376105_at Rn.99441 moderate similarity to 

collagen alpha 1(XIV) 
chain - human 
(fragments) (29%) 

-1.32 +-   0.09 -1.42 +-   0.20

1387588_at Rn.21938 EH-domain containing 
3 (43%) 

-2.06 +-   0.22 -1.57 +-   0.28

1391125_at Rn.33461 R.n. tran. seq.s -1.63 +-   0.13 -2.17 +-   0.75
1370697_a
_at 

Rn.107975 Nexilin -1.63 +-   0.18 -1.64 +-   0.31

1368174_at Rn.10994 EGL nine homolog 3 
(C. elegans) 

-1.85 +-   0.39 

1368566_a
_at 

Rn.6452 MIPP65 protein 
(mitochondrial 
phosphoprotein) 

-1.85 +-   0.40 

1368870_at Rn.3272 Inhibitor of DNA -1.83 +-   0.55  
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binding 2, dominant 
negative helix-loop-
helix protein 

1370062_at Rn.2084 hypoxia induced gene 1 -1.39 +-   0.14 
1370189_at Rn.8538 splicing factor, 

arginine/serine-rich 
(transformer 2 
Drosophila homolog) 
10 

-1.42 +-   0.18 

1370252_at Rn.13633 Esau -1.39 +-   0.14 
1370828_at Rn.17310 zinc finger, DHHC 

domain containing 2 
-1.85 +-   0.28 

1371298_at Rn.6171 H19 fetal liver mRNA -1.26 +-   0.05 
1371365_at Rn.3460 ubiquitin carrier 

protein E2 – human 
-1.48 +-   0.24 

1371379_at Rn.2487  hypothetical protein 
DKFZp564B167.1 – 
human 

-1.26 +-   0.05 

1371381_at Rn.35208 Ubiquinol-cytochrome 
C reductase complex 
7.2 kDa protein 
(Cytochrome C1, 
nonheme 7 kDa 
protein) (Complex III 
subunit X) (HSPC119) 

-1.46 +-   0.20 

1371677_at Rn.3817 similar to Esophagus 
cancer-related gene-2 
protein precursor 
(ECRG-2) 

-2.71 +-   0.97 

1371712_at Rn.37193 strong similarity to 
LSM2_HUMAN U6 
snRNA-associated Sm-
like protein LSm2 

-2.02 +-   0.34 

1372296_at Rn.4128 SH3 domain-binding 
glutamic acid-rich 
protein (SH3BGR 
protein) (21-glutamic 
acid-rich protein) (21-
GARP) 

-2.44 +-   1.07 

1372646_at Rn.16593  esophageal cancer 
related gene 4 protein 

-1.99 +-   0.34 

1372886_at Rn.39396 Transforming acidic 
coiled-coil-containing 
protein 3 

-3.71 +-   1.36 
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1373722_at Rn.30660 strong similarity to 
T51168 anaphase-
promoting complex 
subunit 8 [imported] – 
human 

-9.18 +-   5.20 

1373865_at Rn.86542 strong similarity to 
A180_MOUSE Clathrin 
coat assembly protein 
AP180 

-2.50 +-   1.13 

1374775_at Rn.12774 cell proliferation 
antigen Ki-67 - mouse 

-20.54 +- 15.03 

1374951_at Rn.45300 obscurin, cytoskeletal 
calmodulin and titin-
interacting RhoGEF 

-1.50 +-   0.26 

1375220_at Rn.96380  RE70703p-like protein 
(E. coli) 

-1.46 +-   0.26 

1376084_a
_at 

Rn.24582 extra spindle poles like 
1 (S. cerevisiae) 

-2.47 +-   0.54 

1376684_at Rn.3137 weak similarity to 
Y008_HUMAN 
Hypothetical protein 
KIAA0008 

-1.88 +-   0.26 

1376749_at Rn.12119  osteoinductive factor -1.32 +-   0.09 
1377190_at Rn.12822 transcription activator 

of D-serine dehydratase 
- Escherichia coli 

-3.66 +-   1.29 

1389367_at Rn.22212 similar to schwannomin 
interacting protein 1 
(LOC295105), mRNA  

-1.42 +-   0.10 

1389908_at Rn.73738 Beta-galactosidase 
(Lactase) 

-1.42 +-   0.10 

1390137_at Rn.20235 TRAF4 associated 
factor 1 homolog 

-5.42 +-   3.32 

1370176_at Rn.26957 amyotrophic lateral 
sclerosis 2 (juvenile) 
chromosome region, 
candidate 3 

-1.57 +-   0.29 

1370805_at Rn.8163 melanocyte-specific 
gene 1 protein 

-5.97 +-   2.34 

1371336_at Rn.104570 R.n. similar to HN1 
(LOC287828), mRNA 

-1.32 

1371347_at Rn.992 R.n. tran. seq.s -1.49 +-   0.15 
1371355_at Rn.1128 R.n. similar to Aa2-258 

(LOC296658), mRNA 
-1.38 +-   0.11 
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1371358_at Rn.3380 synaptic glycoprotein 
SC2 (32%) 

-1.42 +-   0.20 

1371525_at Rn.6967 moderate similarity to 
solute carrier family 
12, member 7; 
potassium/chloride 
transporter KCC4 
[Homo sapiens] 

-2.36 +-   0.99 

1371566_at Rn.53443 weak  similarity to 
hypothetical protein 
MGC15482 [Homo 
sapiens] 

-2.64 +-   1.09 

1371577_at Rn.1467 strong similarity to 
S17854 NADH 
dehydrogenase 
(ubiquinone) (EC 
1.6.5.3) 75K chain 
precursor - human 

-1.50 +-   0.15 

1371636_at Rn.4196 R.n. tran. seq.s -1.37 +-   0.12 
1371679_at Rn.7078 R.n. tran. seq.s -2.20 +-   0.79 
1371771_at Rn.12602 moderate similarity to 

heparan sulfate 
proteoglycan 2 
(perlecan); Heparan 
sulfate proteoglycan of 
basement membrane 
[Homo sapiens] 

-1.39 +-   0.14 

1371830_at Rn.9014 moderate similarity to 
SUMO-1 activating 
enzyme E1 N subunit; 
sentrin/SUMO-
activating protein 
AOS1; ubiquitin-like 
protein SUMO-1 
activating enzyme 
[Homo sapiens] 

-1.26 +-   0.05 

1371839_at Rn.2951 R.n. cDNA clone 
MGC:73009 
IMAGE:6889746, 
complete cds 

-1.38 +-   0.11 

1371904_at Rn.7052 moderate similarity to 
HSKM-B protein 
[Homo sapiens] 

-1.72 +-   0.29 

1371970_at Rn.98247 R.n. trans. seq.s -3.77 +-   1.21 
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1371976_at Rn.106191 strong similarity to 
protein 
ref:NP_080909.1 
(M.musculus)  RIKEN 
cDNA 9530058B0 

-1.63 +-   0.23 

1372065_at Rn.4077 ADP-ribosyltransferase 
3 

-2.60 +-   0.94 

1372106_at Rn.7379 Pincher -1.61 +-   0.34 
1372109_at Rn.7347 moderate similarity to 

T12479 hypothetical 
protein 
DKFZp564N1362.1 - 
human (fragment) 

-1.61 +-   0.34 

1372144_at Rn.4189 R.n. tran. seq.s -3.24 +-   0.77 
1372259_at Rn.17161 strong similarity to 

S26059 probable 
transforming protein 
(dek) - human 

-1.79 +-   0.28 

1372280_at Rn.97630 R.n. ankyrin repeat and 
SOCS box-containing 
protein 2 (predicted) 
(Asb2_predicted), 
mRNA 

-2.24 +-   0.54 

1372369_at Rn.1105 R.n. tran. seq.s -1.46 +-   0.26 
1372542_at Rn.6495 R.n. tran. seq.s -1.50 +-   0.18 
1372585_at Rn.107400 R.n. tran. seq.s -1.42 +-   0.11 
1372720_at Rn.104757 similar to BTB/POZ 

domain containing 
protein 1 (Glucose 
signal repressing 
protein) (LOC293060), 
mRNA 

-1.59 +-   0.17 

1372727_at Rn.15045 R.n. trans. seq.s -2.43 +-   0.58 
1372744_at Rn.32322 weak similarity to 

ref:NP_003619.1  
plakophilin 4 [Homo 
sapiens] 

-1.90 +-   0.38 

1388539_at Rn.27944 strong similarity to 
plakophilin 2 [Homo 
sapiens] 

-1.68 +-   0.32 

1372803_at Rn.35882 weak  similarity to 
hypothetical protein 
FLJ13263 [Homo 
sapiens] 

-1.29 +-   0.05 
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1372886_at Rn.58838 Similar to ERIC1 -3.71 +-   1.36 
1372903_at Rn.12616 R.n. tran. seq.s -10.08 +-  2.63 
1373011_at Rn.1498 strong similarity to 

protein pdb:1BGM (E. 
coli) O Chain O, Beta-
Galactosidase (Chains 
I-P) 

-2.17 +-   0.88 

1373026_at Rn.18387 R.n. tran. seq.s -2.92 +-   0.52 
1373074_at Rn.16742 R.n. similar to RIKEN 

cDNA 2700002I20 
(LOC307210), mRNA 

-1.61 +-   0.35 

1373082_at Rn.8002 R.n. tran. seq.s -2.27 +-   0.65 
1373108_at Rn.47439 similar to Phosphatase 

1, regulatory inhibitor 
subunit 5 
(LOC309513), mRNA 

-1.63 +-   0.15 

1373175_at Rn.3413 moderate similarity to 
hypothetical protein 
FLJ22662 [Homo 
sapiens] 

-2.57 +-   1.31 

1373617_at Rn.21730 similar to XMP 
(LOC360468), mRNA 

-1.57 +-   0.28 

1373648_at Rn.28176  moderate similarity to 
JE0209 brain-specific 
angiogenesis inhibitor-
associated protein 1 – 
human 

-3.39 +-   1.73 

1373656_at Rn.41381 R.n. tran. seq.s -1.97 +-   0.34 
1373684_at Rn.1412 R.n. tran. seq.s -2.34 +-   0.98 
1373818_at Rn.13832 R.n. tran. seq.s -1.42 +-   0.16 
1373858_at Rn.3195  moderate similarity to 

protein pdb:1LBG (E. 
coli) B Chain B, 
Lactose Operon 
Repressor Bound To 
21-Base Pair 
Symmetric Operator 
Dna, Alpha Carbons 
Only 

-1.38 +-   0.11 

1373903_at Rn.14510 R.n. tran. seq.s -1.38 +-   0.11 
1373920_at Rn.3090 similar to 106 kDa O-

GlcNAc transferase-
interacting protein 
(LOC316085), mRNA 

-2.57 +-   1.06 
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1374088_at Rn.3872 R.n. tran. seq.s -8.12 +-   5.93 
1374273_at Rn.45690 R.n. tran. seq.s -1.60 +-   0.14 
1374276_at Rn.26660 R.n. tran. seq.s -2.79 +-   1.14 
1374487_at Rn.8196 R.n. similar to RIKEN 

cDNA 5730536A07 
(LOC300797), mRNA 

-1.45 +-   0.16 

1374520_at Rn.24564 R.n. tran. seq.s -3.48 +-   1.76 
1374660_at Rn.8649 moderate similarity to 

hypothetical protein 
FLJ20003 [Homo 
sapiens] 

-1.52 +-   0.15 

1374672_at Rn.3434 cardiac ankyrin repeat 
kinase 

-7.97 +-   7.22 

1374710_at Rn.41040 R.n. tran. seq.s -3.56 +-   1.59 
1374762_at Rn.9069 R.n. tran. seq.s -1.87 +-   0.52 
1374816_at Rn.2307 R.n. tran. seq.s -1.57 +-   0.29 
1375031_at Rn.20503 weak similarity to 

NEO1_HUMAN 
Neogenin precursor 

-2.63 +-   1.11 

1375990_a
_at 

Rn.34609 R.n. tran. seq.s -2.23 +-   0.73 

1376040_at Rn.44190 weak  similarity to  
KIAA0440 protein 
[Homo sapiens] 

-1.50 +-   0.15 

1376185_at Rn.38181 R.n. kinesin-related 
protein KRP1 mRNA, 
partial cds 

-2.77 +-   0.55 

1376687_at Rn.12053 moderate similarity to 
Ubiquitin carboxyl-
terminal hydrolase 1 - 
human (hUBP) 

-1.94 +-   0.08 

1376771_at Rn.39269 R.n. tran. seq.s -1.48 +-   0.12 
1376831_at Rn.35007 R.n. tran. seq.s -4.52 +-   2.55 
1377271_at Rn.61093 R.n. similar to striated 

muscle UNC45 
(LOC303373), mRNA 

-2.09 +-   0.68 

1377772_at Rn.43072 R.n. tran. seq.s -2.38 +-   0.87 
1379429_at Rn.16505 moderate similarity to 

BGAL_ECOLI Beta-
galactosidase (Lactase) 

-1.42 +-   0.10 

1383058_at Rn.4287 R.n. tran. seq.s -1.42 +-   0.18 
1385889_at Rn.3412 R.n. Ac1054 mRNA, 

complete cds 
-1.61 +-   0.24 

1387111_at Rn.7398 R.n. tran. seq.s  -1.29 +-   0.11 
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1387398_at Rn.98294 R.n. tran. seq.s -2.46 +-   0.82 
1387957_a
_at 

Rn.24200 SH3-domain kinase 
binding protein 1 

-3.23 +-   1.50 

1388348_at Rn.4243 fatty acid elongase 1 -1.29 +-   0.05 
1388405_at Rn.6646 moderate similarity to 

S68176 TOG protein – 
human 

-1.66 +-   0.17 

1388484_at Rn.3102 strong similarity to 
UBCC_HUMAN 
Ubiquitin-conjugating 
enzyme E2 C 
(Ubiquitin-protein 
ligase C) (Ubiquitin 
carrier protein C) 
(UbcH10) 

-3.04 +-   0.74 

1388493_at Rn.8389 R.n. tran. seq.s -1.60 +-   0.27 
1388523_at Rn.5953 weak  similarity to 

hypothetical protein 
LOC51060 [Homo 
sapiens] 

-1.29 +-   0.05 

1388557_at Rn.33787 R.n. tran. seq.s -1.79 +-   0.90 
1388744_at Rn.113 strong similarity to 

2115257B p85Mcm 
Protein [Homo 
sapiens] 

-1.75 +-   0.24 

1388750_at Rn.13151 R.n. tran. seq.s -1.89 +-   0.33 
1388822_at Rn.18315 R.n. similar to short 

coiled-coil protein; 
short coiled coil protein 
(LOC364981), mRNA 

-1.32 +-   0.09 

1388916_at Rn.3821 R.n. tran. seq.s -2.15 +-   0.57 
1389066_at Rn.24428 R.n. tran. seq.s -1.78 +-   0.42 
1389111_at Rn.17462 R.n. tran. seq.s -1.55 +-   0.22 
1389143_at Rn.12805 R.n. tran. seq.s -1.85 +-   0.31 
1389580_at Rn.1039 R.n. tran. seq.s -2.21 +-   0.37 
1389718_at Rn.23170 R.n. tran. seq.s -3.87 +-   0.86 
1390404_at Rn.21475 R.n. similar to laminin-

2 alpha2 chain 
precursor 
(LOC309368), mRNA 

-1.74 +-   0.44 

1390481_a
_at 

Rn.18835 moderate similarity to 
HSPC150 protein 
similar to ubiquitin-
conjugating enzyme 

-6.90 +-   6.10 
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[Homo sapiens] 
1390852_x
_at 

Rn.3917 moderate similarity to 
I60307 beta-
galactosidase, alpha 
peptide - E. coli 

-1.75 +-   0.20 

1393251_at Rn.86568 moderate similarity to 
BGAL_ECOLI Beta-
galactosidase (Lactase) 

-1.45 +-   0.16 

1399106_at Rn.14866 R.n. tran. seq.s -1.39 +-   0.21 
1367604_at Rn.4267 cysteine-rich protein 2 (not well char.) -1.50 +-   0.23
1367666_at Rn.23677 heterogeneous nuclear 

ribonucleoprotein H1  
-1.36 +-   0.15

1367744_at Rn.11984 melanoma antigen, 
family D, 2 

 -1.33 +-   0.16

1370000_at Rn.41602 NEFA precursor  -1.39 +-   0.21
1370248_at Rn.839 FXYD domain-containing ion transport 

regulator 6 
-1.52 +-   0.42

1370829_at Rn.8873 farnesyltransferase beta subunit -1.70 +-   0.42
1371560_at Rn.1499 moderate similarity to Interferon 

regulatory factor 3 (IRF-3) 
-1.43 +-   0.27

1373000_at Rn.33831 strong similarity to sushi-repeat protein 
[Homo sapiens] 

-1.49 +-   0.10

1373195_at Rn.9404 orphan seven transmembrane receptor -1.42 +-   0.10
1374316_at Rn.59805 strong similarity to hypothetical protein 

DKFZp564H2023.1 - human 
(fragments) 

-1.49 +-   0.23

1375751_at Rn.41422 weak similarity to PIHUB6 salivary 
proline-rich protein precursor PRB1 
(large allele) – human 

-4.28 +-   3.15

1376623_at Rn.16780 moderate similarity to hypothetical 
protein FLJ20898 [Homo sapiens] 

-1.32 

1383263_at Rn.12119 moderate similarity to osteoinductive 
factor – human 

-1.50 +-   0.32

1388791_at Rn.14294 similar to 2810022L02Rik protein 
(LOC316426), mRNA 

-1.52 +-   0.09

1389146_at Rn.105966 moderate similarity to hypothetical 
protein MGC11034 [Homo sapiens] 

-1.64 +-   0.31

1389720_at Rn.28849 weak similarity to WASL_RAT Neural 
Wiskott-Aldrich syndrome protein (N-
WASP) 

-1.42 +-   0.18

1371838_at Rn.2951 cDNA clone MGC:73009 
IMAGE:6889746, complete cds 

-1.46 +-   0.20

1372653_at Rn.100569 moderate similarity to FK506 binding 
protein precursor [Homo sapiens] 

-1.61 +-   0.34
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1372870_at Rn.16696 strong similarity to ER lumen protein 
retaining receptor 3 (KDEL receptor 3) 

-1.49 +-   0.15

1373642_at Rn.28451 R.n. tran. seq.s  -1.55 +-   0.06
1374086_at Rn.35082 R.n. tran. seq.s  -1.63 +-   0.47
1374089_at Rn.15749 R.n. tran. seq.s  -2.13 +-   0.46
1374525_at Rn.16844 R.n. tran. seq.s  -1.46 +-   0.20
1374535_at Rn.25160 R.n. tran. seq.s  -1.55 +-   0.40
1374749_at Rn.66203 R.n. tran. seq.s  -1.48 +-   0.12
1374934_at Rn.62890 R.n. tran. seq.s  -1.60 +-   0.24
1375638_at Rn.2472 moderate similarity to serum deprivation 

response protein; phosphatidylserine-
binding protein [Homo sapiens] 

-1.62 +-   0.59

1375680_at Rn.41252 weak similarity to Ser/Arg-related 
nuclear matrix protein (plenty of 
prolines 101-like) 

-3.05 +-   1.44

1376198_at Rn.40141 visceral adipose tissue-specific 
transmembrane protein OL-16 

-1.79 +-   0.74

1376418_a
_at 

Rn.238 R.n. tran. seq.s  -1.39 +-   0.14

1376905_at Rn.3706 R.n. tran. seq.s  -1.43 +-   0.27
1376924_a
_at 

Rn.24602 similar to palmdelphin (LOC310811), 
mRNA 

-1.66 +-   0.43

1386041_a
_at 

Rn.92653 strong similarity to KLF2_HUMAN 
Kruppel-like factor 2 (Lung kruppel-like 
factor) 

-2.04 +-   0.18

1386296_at Rn.43507 R.n. tran. seq.s  -1.73 +-   0.36
1388618_at Rn.8963 strong similarity to osteonidogen – 

human 
-1.46 +-   0.20

1389271_at Rn.98402 R.n. tran. seq.s  -1.29 +-   0.05
1389295_at Rn.13880 strong similarity to hypothetical protein 

DKFZp586L151.1 - human (fragment) 
-1.80 +-   0.34

1389496_at Rn.53944 R.n. tran. seq.s  -1.35 +-   0.05
1389573_at Rn.23367 R.n. tran. seq.s  -1.32 +-   0.09
1390075_at Rn.3505 R.n. tran. seq.s  -1.91 +-   0.49
1390101_at Rn.41038 R.n. tran. seq.s  -1.92 +-   0.80
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Table 3.2:  Primers 
used for RT-PCR.   
   
Name: Abbreviation: Primer: 
Aryl hydrocarbon 
receptor Ahr F TGCGGGGCTCGAAAGAAGACAGAG 
 Ahr R GGAGGTGGGTCCAGTCCAATGCAC 
Cytochrome p450 1B1 CYP1B1 F GAGCTCGCTGTCTACCCAAC 
 CYP1B1 R GATCTGAAAAACGTCGCCAT 
Microsomal glutatione 
S-transferase 1 mGst1 F TCAAGCAGCTCATGGACAAC 
 mGst1 R GCAATGGTGTGGTAGATCCG 
Glutathione S-
transferase, pi 2 GSTP2 F GGGCATCTGAAACCTTTTGA 
 GSTP2 R AGGAGTTCCTGTCCCTTCGT 
Hydroxysteroid 11-beta 
dehydrogenase 1  HSD1 F AAAGCTTGTCACTGGGGCCAGCAAA
 HSD1 R AGGATCCAGAGCAAACTTGCTTGCA 
NAD(P)H 
dehydrogenase, 
quinone 1  NQO1 F CATTCTGAAAGGCTGGTTTGA 
 NQO1 R CTAGCTTTGATCTGGTTGTCAG 
P-glycoprotein, 
multidrug resistance 1 Pgy1 F AAAGCTGTCAAGGAAGCCAA 
 Pgy1 R CAAGCGGTGAGCTATCACAA 
Heme oxygenase-1 HO1 F CACGCATATACCCGCTACCT 
 HO1 R AAGGCGGTCTTAGCCTCTTC 
Catalase Cat F ACATGGTCTGGGACTTCTGG 
 Cat R CAAGTTTTTGATGCCCTGGT 
Nf-E2 related factor-2 Nrf2 F GCCAGCTGAACTCCTTAGAC 
 Nrf2 R GATTCGTGCACAGCAGCA 
Monoamine oxidase A MAOA F GCCAGGAACGGAAATTTGTA 
 MAOA R TCTCAGGTGGAAGCTCTGGT 
Transaldolase 1 Taldo 1 F GTAAAACGCCAGAGGATGGA 
 Taldo 1 R CCCCAAACAGCACAAAAAGT 
Troponin I, type 1 Tnni1 F TCATGCTGAAGAGCCTGATG 
 Tnni1 R TGGACACCTTGTGTTTGGAA 
Troponin I, type 3 Tnni3 F TAAGATCTCCGCCTCCAGAA 
 Tnni3 R AGAGTGGGCCGCTTAAACTT 
Myosin, light 
polypeptide 3 Myl3 F AATCCTACCCAGGCAGAGGT 
 Myl3 R GCATTATGGTTGGGAGATGG 
Myosin heavy chain, 
polypeptide 7 Myh7 F CGCAACAGAGAACAAGGTGA 



 132

 Myh7 R TCATCCAACTGCTGCTTGTC 
Myosin heavy chain, 
polypeptide 4 Myh4 F AGTGAGCAGAAGCGGAATGT 
 Myh4 R TGCCTCTCTTCGGTCATTCT 
Aldose reductase like 
protein ARL F CGTCCTCCCCAGTAAAACAA 
 ARL R CTCTGGATGTGGAACCGAAT 
Epoxide hydrolase 1 Ephx1 F CGAGTTTGACTGGAGGAAGC 
 Ephx1 R CTGGATGCCTCTGAGTAGCC 
Microsomal glutatione 
S-transferase 2 mGST2 F TGCAGTCTCCCTTCTGTGTG 
 mGST2 R CAGGAATCTGCTTGCTACCC 
UDP 
glycosyltransferase 1, 
A6  UGT1A6 F TCTTCATTGGAGGGACCAAC 
 UGT1A6 R TTGGAACCCCATTGCATATT 
glyceraldehyde-3-
phosphate 
dehydrogenase GAPDH F AGACAGCCGCATCTTCTTGT 
 GAPDH R CCACAGTCTTCTGAGTGGCA 
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CHAPTER IV:  THE ACTIVATION AND REGULATION OF NRF2: 
EVIDENCE OF TRANSLATIONAL NRF2 ACTIVATION 
THROUGH PI3-KINASE AFTER H2O2 TREATMENT. 
 

Introduction: 
 

 Heart failure is the leading cause of death worldwide.  In many forms of heart 

failure, an initial event such as ischemia or hypertension can lead to an intermediate 

hypertrophic phenotype of the heart, which may then deteriorate into more severe heart 

failure.  Adaptive cardiac hypertrophy is characterized by an increase in tissue mass or 

chamber volume without increasing pumping capacity.  Patients with congestive heart 

failure exhibit decreased cardiac pumping capacity often along with arrhythmias, diffuse 

fibrosis and ventricular dilation.  Oxidative stress is thought to be a key mediator of these 

forms of heart disease.  The mechanism for the switch from adaptive hypertrophy to heart 

failure is not well understood, but it is thought that this transition is related to a loss of 

antioxidant defenses in heart tissue (McDonough 1999).  Hypertrophied hearts contain 

higher levels of SOD, glutathione peroxidase and total glutathione, as well as lower 

levels of lipid peroxidation, when compared to controls (Gupta and Singal 1989; Ji et al. 

1994).  Levels of SOD and the GSH to GSSG ratio both decreased when hearts 

transitioned from hypertrophy to failure (Dhalla and Singal 1994).  We are interested in 

exploring the mechanism of this adaptive response, in an effort to understand the 

underlying trigger responsible for the transition from adaptive hypertrophy to heart 

failure. 
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 Nf-E2 related factor-2 (Nrf2) is a bZIP transcription factor which, after 

heterodimerizing with binding partners, can bind and activate the Antioxidant Response 

Element (ARE) in the promoters of many antioxidant and detoxification-related genes. 

Examples of such genes include gsts, ho-1, sod, and thioredoxin.  Activation of Nrf2-

regulated transcription has been linked to cytoprotection and cancer prevention (Zhang 

and Gordon 2004; Lee et al. 2005).  Although the inducers of Nrf2 come in a variety of 

forms, such as metals, quinines and isothiocyanates, many of these are known to induce 

oxidative stress.  Nrf2 and ARE activation has been studied in multiple tissues under 

various forms of induction.  However, this pathway has not been well characterized in the 

heart. 

 Three primary signaling pathways have been postulated to be involved in the 

regulation of Nrf2: MAPKs, PI3-Kinase, and PKC.  However, little is known about the 

precise mechanisms that these pathways use to regulate Nrf2 activity.  Interestingly, in 

our experimental system, oxidative stress is also known to activate MAPKs and PI3-

Kinase in a time and dose-specific manner, and PKC has been implicated in oxidant-

induced CMC preconditioning (Vanden Hoek et al. 2000).  Thus, it is possible that 

activation of these signaling pathways lead to Nrf-2 activation in the heart. 

 Nrf2 accumulation and activity have been reported in the literature to be regulated 

at several levels, including transcription, translocation, degradation and post-translational 

modifications such as phosphorylation and ubiquitination.  A positive feedback loop 

through an ARE-like element in the promoter of Nrf-2 gene is thought to regulate Nrf2 

transcription after treatment with the anticarcinogen 3H-1,2-dithiole-3-thione (D3T) 
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(Kwak et al. 2002).  Nrf2 can be phosphorylated at Ser40 by PKC (Huang et al. 2002). 

Ubiquitination of Nrf2 is currently under intensive investigation.  The inhibitor of Nrf2, 

Keap1, is known to bind Nrf2 and hold it in the cytoplasm, where it recruits an E3 

ubiquitin ligase, resulting in Nrf2 ubiquitination and degradation by the proteasome.  

However the role of translation in Nrf-2 protein accumulation and activity has not been 

explored. 

 Chapter III shows that oxidants activate Nrf-2, leading to increased expression of 

antioxidants and detoxification genes.  Here pharmacological and genetic methods have 

been used to examine the regulatory pathway responsible for H2O2-mediated Nrf2 

activation in CMCs.  A better understanding of Nrf2 regulation after oxidative stress in 

the heart should aid in the development of drugs aimed at increasing the reservoir of 

cardiac antioxidant response and reducing oxidant-related heart disease. 
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Materials and Methods: 
 

Tissue Culture:  All cells used in this study were neonatal rat CMCs, and were isolated as 

described in Chapter II and Chapter III. 

 

Pharmacological Inhibitors:  All small molecule inhibitors used in this study were 

purchased from Calbiochem (San Diego, CA) unless otherwise indicated. Doses of 

inhibitors were determined based on previously published data as follows:  PD98059 and 

SB202190: (Tu et al. 2003); Wortmannin, Rapamycin: (Tu et al. 2002); LY294002: (Wu 

et al. 2000); PP2: (Purdom and Chen 2005). 

 

H2O2 and pharmacological inhibitor treatment: Unless indicated otherwise, cells were 

pretreated with pharmacological inhibitors for one hour prior to the 10 min treatment of 

100 µΜ H2O2.  After H2O2, the media was changed to fresh starvation media and the 

inhibitors were added back.   

 

Luciferase Assay:  Details of transfection, the ARE reporter construct and luciferase 

activity assay are described in Chapter III.  Cells were harvested 4hr after H2O2 

treatment, the peak induction time for the ARE-luciferase.  Dominant-negative p85 and 

its vector were obtained from Dr. Wataru Ogawa at Kobe University, Kobe Japan.   
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Western Blot Protocol:  All treatment and harvesting procedures were described in 

Chapter III.  Cytosolic lysates were obtained by using EB buffer (1% Triton X-100, 10 

mM Tris, pH 7.4, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, and freshly added 2 mM 

DTT, 1 mM Na2VO3, 1 mM phenylmethylsulfonyl fluoride, 100 ug/mL leupeptin and 10 

ug/mL aprotinin).  Total or nuclear lysates were obtained using Laemmli Lysis Buffer 

(125 mM Tris, pH 6.8, 50% (v/v) glycerol, 2.4% (w/v) SDS, and freshly added 100 µΜ 

phenylmethylsulfonyl fluoride and 10 ug/mL aprotinin), which were then diluted in ½ the 

volume of Laemmli Sample Buffer (65 mM Tris, pH 6.8, 10% (v/v) glycerol, 2% (w/v) 

SDS and 5% freshly added beta-mercaptoethanol) and boiled for 10 min.  The lysates 

were subjected to Western Blot analysis as described in Chapter III using primary 

antibodies from the following sources: anti-Nrf2 (sc 722) was from Santa Cruz 

Biotechnology, Santa Cruz, CA.   Phospho-p70S6 Kinase (Thr389) (#9205), total p70S6 

Kinase (#9202), phospho-eIF4E (Ser209) (#9741), total eIF4E (#9742), phospho-eIF2α 

(Ser51) (#9721), and total eIF2α (#9722) were all obtained from Cell Signaling 

Technology (Beverly, MA).  Secondary antibodies were purchased from Zymed 

(Invitrogen, Carlsbad, CA).  Blots shown in the following figures are representative of 

three independent experiments.  

 

Reverse-Transcriptase PCR and Real-Time RT-PCR:  CMCs were harvested using 

TRIzol reagent (#15596-026, Invitrogen, Carlsbad, CA) and RNA was extracted 

according to the manufacturer’s instructions.  Two ug of total RNA were used to perform 

a reverse-transcriptase reaction, and 2 uL of the resultant cDNA were used for each PCR 
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reaction.  The primers used for the Nrf2 PCR are as follows: Nrf2 F: 

GCCAGCTGAACTCCTTAGAC, Nrf2 R:  GATTCGTGCACAGCAGCA.  For real-

time RT-PCR, total RNA samples were submitted to the Genomics Core at the Arizona 

Cancer Center (NCI grant CA23074, NIEHS grant ES06694).  The primers used for Nrf2 

and beta-glucoronidase real-time RT-PCR were purchased from ABI (beta-

glucoronidase:  Rn00566655_m1; Nrf2:  Rn00477784_m1). 

 

siRNA:  Primers used for eIF4E siRNA were purchased from Ambion, catalogue #16704, 

siRNA ID #56139 and #56229.  CMCs were transfected with siRNA using 

oligofectamine (Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions.  

Briefly, 200 nM siRNA (100 nM each) was mixed with oligofectamine in the presence of 

Opti-MEM media and incubated with CMCs in low glucose DMEM without penicillin, 

streptomycin or FBS for 6 hr, at which time FBS and pen/strep was added to stop the 

transfection.  The media was changed to 0.5% FBS low glucose DMEM the next day in 

order to serum-starve the cells.  48 hr after transfection, cells were treated with H2O2 (100 

µΜ, 10 min), the media was changed to fresh starvation media, and the cells were 

harvested at the appropriate timepoints.    

 

35S-Methionine Labeling and Immunoprecipitation:  Serum-starved CMCs in 100 mm 

dishes were washed twice with labeling medium (DMEM without methionine, cysteine or 

L-glutamine, [#21013-024, Invitrogen, CA], but with 0.5% FBS as in starvation media). 

Cells were then incubated in 10 mL labeling medium for 20 min to reduce the 
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intracellular pools of methionine.  Inhibitors (LY294002 and cycloheximide) were added 

immediately prior to H2O2 treatment (100 µΜ, 10 min).  After H2O2, the media was 

replaced with fresh labeling medium containing 200 uCi 35S-methionine per dish as well 

as the appropriate inhibitors.  Dishes were harvested 1 hr later using 200 uL EB buffer 

containing 50 µΜ MG132.  For the immunoprecipitation, 500 ug of protein was mixed 

with RIPA buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% Triton X-100, 1% 

sodium deoxycholate, 0.1% SDS, with freshly added 1 mM DTT, 1 mM Na3VO4, 2 µΜ 

leupeptin, 10 units/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride), and 

precleared with Protein A beads (Sigma-Aldrich, St. Louis, MO) for 4 hr.  The lysates 

were then transferred to new tubes and immunoprecipitated with new Protein A beads 

and 2 ug of Nrf2 antibody overnight.  The beads were then washed 8 times with RIPA 

buffer and then boiled in 2.5x loading buffer and separated via SDS-PAGE.  The gel was 

silver-stained using Silver Stain Plus reagents (#161-0449, Bio-Rad, Hercules, CA), 

dried, and the radioactivity was visualized using a phospho-imager. 

 

Statistics:  Statistical analyses were performed using one-way analysis of variance 

(ANOVA) followed by Bonferroni analysis for cross comparisons.  Stata 8.2 software 

was used for all analyses.  Each group of means that is not significantly different from 

each other is indicated by a common letter symbol.  Therefore, means in the “a” group 

are significantly different than means in the “b” group, and so on.  Alternatively, an 

asterix (*) is used to indicate a significant difference when necessary. 
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Results: 
 

 The induction of ARE-luciferase in CMCs by Nrf2 in a time- and dose-dependant 

manner after H2O2 treatment has been established previously (see Chapter III).  In order 

to understand the signaling pathway leading to activation of Nrf-2, we used 

pharmacological inhibitors against the pathways that have been shown to be activated by 

H2O2 in cardiomyocytes.  Pharmacological inhibition of PI3-Kinase using LY294002 and 

Src kinase using PP2 efficiently blocked ARE-luciferase activation by H2O2 in CMCs.  

Inhibition of MEK (using PD98059), which is upstream of ERK1/2, mildly affected 

ARE-luciferase activation in these circumstances, although not in a statistically 

significant manner (Figure 4.1A).  To verify that the PI3K signaling pathway indeed 

mediates Nrf-2 activation, we cotransfected CMCs with ARE-luciferase and a dominant-

negative form of the PI3-Kinase regulatory subunit, p85.  The dominant negative p85 was 

also effective in blocking oxidant-induced ARE activation (Figure 4.1B).  This data led 

us to pursue the PI3-Kinase pathway as a key determinant of Nrf2 regulation in our 

system.  
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A. 

 

B. 

 

Figure 4.1:  H2O2-induced ARE-luciferase induction can be blocked by both 
pharmacological and genetic inhibition of the PI3-Kinase pathway.  ARE-luciferase 
transfected CMCs were pretreated with pharmacological inhibitors (10 µΜ for LY and 
PP2, 20 µΜ for PD) for 1 hr before treatment with 100 µΜ H2O2 for 10 min.  The 
inhibitors were added back when the media was changed, and the cells were harvested 4 
hr later for luciferase assay (A).  CMCs were also co-transfected with ARE-luciferase and 
dominant-negative p85 or its vector (0.2 ug each plasmid), then treated with H2O2 as 
described above (B). 
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 We measured the level of Nrf2 protein in an effort to understand the mechanism 

of H2O2-induced Nrf2 activation.  Treating CMCs with 100 µΜ H2O2 produced an 

accumulation of Nrf2 protein within 10 min (Figure 4.2).  This induction peaks at about 

2.25 fold over control at 2 hr post treatment, and begins to return to baseline by 4 hr.  We 

used LY294002 to investigate whether PI3K plays a role in Nrf2 protein accumulation.  

The increase in Nrf2 protein levels can be attenuated by the addition of the PI3-Kinase 

inhibitor LY294002 in a dose-dependant fashion (Figure 4.3).  This inhibitory effect 

remained even when the inhibitor was added only after H2O2 treatment.  All of the doses 

of LY294002 used in this experiment were sufficient to block the downstream event of 

p70S6-Kinase phosphorylation (Figure 4.3).  However, while another inhibitor of 

PI3Kinase, Wortmannin, had a similar if less potent affect on Nrf2, an inhibitor 

downstream in the same pathway, Rapamycin, had no effect.  All three of these inhibitors 

were able to block p70S6-Kinase phosphorylation (Figure 4.4). 
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Figure 4.2:  H2O2 treatment induces a rapid accumulation of Nrf2 protein.  CMCs 
were treated with 100 µΜ H2O2 for 10 min, at which time the media was changed and 
cells were harvested for Western blot analysis at the indicated timepoints.   
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Figure 4.3:  H2O2-induced Nrf2 protein accumulation can be blocked by 
pharmacological inhibition of the PI3-Kinase pathway in a dose-dependant fashion.  
CMCs were pretreated with LY294002 for 1 hr, at which time they were exposed to 100 
µΜ H2O2 for 10 min.  The inhibitor was added back to the appropriate samples when 
after the media was changed, and the cells were harvested 1 hr later.  In the last lane, the 
inhibitor was only added after H2O2 treatment. 
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Figure 4.4:  Rapamycin, a downstream inhibitor of PI3-Kinase-mediated protein 
synthesis, fails to block Nrf2 accumulation after H2O2 treatment.  CMCs were 
pretreated with 20 µΜ LY294002, 2 µΜ Wortmannin or 100 ng/mL Rapamycin for 1 hr 
prior to treatment with 100 µΜ H2O2 for 10 min.  Inhibitors were added back after the 
media was changed, and samples were harvested 1 hr later.  The blot shown above is 
representative of three independent experiments. 
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 Our next objective was to examine the mechanism through which LY294002 

blocks Nrf2 activity.  Nrf-2 translocates to the nucleus upon activation.  Our data indicate 

that LY294002 does not block the ability of Nrf2 to translocate to the nucleus, since 

Figure 4.5 shows a significant amount of Nrf2 in the nucleus in the presence of this 

inhibitor.  An increase in the level of Nrf-2 suggests three possibilities: H2O2 causes an 

increase in Nrf-2 gene transcription, H2O2 causes Nrf-2 protein stabilization by blocking 

proteasomal degradation, or H2O2 causes an increase in Nrf-2 protein translation.  To 

explore transcriptional regulation, both semi-quantitative RT-PCR and real-time RT-PCR 

were performed.  However, the data show no significant effect of either H2O2 or 

LY294002 treatment on levels of Nrf2 mRNA (Figure 4.6A).  As a control, we also 

tested samples in which CMCs had been infected with replication-deficient adenoviral 

constructs encoding Nrf2 or GFP.  Real-time RT-PCR analysis shows significantly higher 

levels of mRNA in the adenoviral-Nrf2 samples, while adenoviral-GFP or non-infected 

cells remained at steady levels despite H2O2 treatment (Figure 4.6B, 4.6C). 

 The negative data on Nrf-2 mRNA levels suggest that H2O2 and PI3-Kinase 

regulate Nrf2 through non-transcriptional means.  Although proteasome-mediated 

degradation is known to reduce Nrf2 levels in the cell, the role of PI3-Kinase in 

regulation of the proteasome has not been established in the literature.  If we assume that 

H2O2 inhibits Nrf-2 degradation, PI3-Kinase would have to somehow block proteasomal 

degradation as well, and LY294002 should reverse the process.  In order to test this 

hypothesis, we treated CMCs with H2O2 and then added cycloheximide and/or LY294002 

after 1hr.  The addition of LY294002 did not affect the rate of Nrf2 degradation after 
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H2O2 treatment in the presence of cycloheximide (Figure 4.7).  We can therefore surmise 

that LY294002 does not accelerate the rate of Nrf2 degradation after oxidative stress, and 

PI3-Kinase does not block the proteasome. 
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Figure 4.5:  LY294002 does not block nuclear translocation of Nrf2.  CMCs were 
pretreated with 20 µΜ LY294002 for 1hr and then treated with 100 µΜ H2O2 for 10 min.  
The inhibitor was added back after the media was changed, and cells were harvested 1 hr 
later for either total or cytosolic versus nuclear Western blot analysis. 
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A. 

 

B. 
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C. 

 
 
Figure 4.6:  H2O2 treatment does not activate transcription of Nrf2 mRNA.  CMCs 
were pretreated with 20 µΜ LY294002 and treated with H2O2 as described in Figure 4.5, 
but harvested for RNA analysis using semi-quantitative RT-PCR (A), or real-time RT-
PCR (B).  Replication-deficient adenovirally-infected CMCs were used to test the 
efficacy of the real-time RT-PCR analysis (C). 
 

 

 

 

 



 151

 

Figure 4.7:  The presence of LY294002 does not increase the rate of Nrf2 protein 
degradation after treatment with H2O2.  CMCs were treated with 100 µΜ H2O2 for 10 
min, the media was changed and the cells were allowed to recover for 1 hr.  At this time, 
both Cycloheximide (1 ug/mL) and LY294002 (20 µΜ) were added to the cells, which 
were then harvested at 30 min intervals. 
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 PI3-Kinase is known to regulate the translational machinery.  We therefore 

explored the possibility that Nrf2 accumulation after H2O2 treatment was via PI3-Kinase-

mediated translational activation.  We used cycloheximide to block protein synthesis in 

general.  The results indicate that translation seems to be crucial for increasing Nrf2 

levels after H2O2 exposure, since cycloheximide pretreatment (1hr) blocks Nrf2 

accumulation at 30 min, and reduces Nrf2 to below control levels by 1 hr after H2O2 

treatment (Figure 4.8). 

 We also used 35S-labeled methionine incorporation to measure translation of Nrf2 

in cells after H2O2 and in the presence of LY294002.  Phospho-imaging of Nrf2-

immunoprecipitated samples reveals a band at around the correct size for Nrf2.  This 

band increases in strength with H2O2 treatment, indicating an increase in newly-translated 

protein.  This increase is weakened by the presence of LY294002, supporting our theory 

that PI3-Kinase is involved in regulating increased translation of Nrf2 after oxidative 

stress. Cycloheximide efficiently blocks all bands (Figure 4.9). 
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Figure 4.8:  Translation is crucial for Nrf2 accumulation and maintenance after 
H2O2 treatment.  CMCs were pretreated with cycloheximide (0.5 ug/mL) for 1 hr before 
treatment with 100 µΜ H2O2 for 10 min.  Cycloheximide was added back when the 
media was changed and cells were harvested at the indicated timepoints. 
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Figure 4.9:  H2O2 stimulates translation of Nrf2, which is reduced by LY294002.  
CMCs were starved for methionine prior to treatment with H2O2 and LY294002 (20 µΜ) 
or cycloheximide (1 ug/mL) (no pretreatment).  After the media was changed and 
inhibitors were added back, 35S methionine was added to the medium to track newly 
translated proteins.  Cells were harvested 1hr later, immunoprecipitated for Nrf2, and the 
resulting samples were separated using SDS-PAGE.  The resultant bands were visualized 
using a phospho-imager.   
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 PI3-Kinase generally activates transcription via the stimulation of various 

intermediates that eventually funnel through p70S6-Kinase (which is downstream of 

Rapamycin) to activate eIF4B, which then binds and activates the 48S ribosomal subunit 

to initiate translation.  However, there are other constituents of translation regulation that 

do not feed through p70S6-Kinase.  These are members of the family of eukaryotic 

initiation factor (eIF) proteins, some of which are responsible for binding mRNAs and 

presenting them to the translation machinery.  There is evidence in the literature that PI3-

Kinase may also regulate eIF proteins.  In Figure 10 we show that phosphorylation of 

eIF4E is activated by H2O2 treatment.  This phosphorylation is induced early, at least by 

1hr, and returns to baseline by 4hr, similar to Nrf2 accumulation timing.  Total levels of 

eIF4E do not change with treatment.  There is also apparently a slight increase in 

phosphorylation of eIF2alpha at 1 hr.  This type of phosphorylation is known to have an 

inhibitory effect on 5’ cap-mediated translation (the most common form), but can 

stimulate translation which is dependant on internal ribosome entry sites (IRES) in the 

mRNA. 

 

 

 

 

 

 

 



 156

 

Figure 4.10:  H2O2 induces phosphorylation of proteins involved in translational 
control.  CMCs were treated with H2O2 as described in Figure 4.2 and the cells were 
harvested at the indicated timepoints. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 157

 Addition of LY294002 and Wortmannin both seem to affect phosphorylation of 

eIF4E, indicating that PI3-Kinase may indeed regulate their activity in our system (Figure 

4.11A).  However, when total levels of eIF4E were dramatically reduced using siRNA, 

Nrf2 accumulation was unaffected (Figure 4.11B).  This seems to negate the eIF4E-

related pathway of translational regulation as being crucial for Nrf2 accumulation after 

oxidative stress.  eIF2alpha phosphorylation is also affected by LY294002, indicating 

that IRES-mediated translation is may be important for the Nrf2 stress response. 

 Another possible explanation for Nrf2 accumulation after H2O2 treatment is that 

oxidative stress directly blocks the proteasome, therefore inhibiting the degradation 

machinery and allowing the protein to build up.  This could work in concert with 

translational activation.  Proteasomal degradation of Nrf2 is quite efficient in CMCs, 

since inhibition of the proteasome with MG132 leads to dramatic accumulation of both 

total and nuclear Nrf2 levels (Figure 4.12).  The rapid turnover rate and importance of 

continual translation are also illustrated by the fact that cycloheximide pretreatment (1hr) 

completely blocks the ability of MG132 to stabilize Nrf2 (Figure 4.13).  In order to test 

the involvement of PI3-Kinase in blocking the proteasome, we performed an experiment 

in which cells were pretreated with LY294002 before treatment with MG132 and H2O2.  

Pretreatment with the PI3-Kinase inhibitor lead to a reduction in the ability of MG132 to 

stabilize Nrf2 (Figure 4.14).  
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A. 

 

 

B. 

 

Figure 4.11:  Inhibition of PI3-Kinase blocks phosphorylation of both eIF4E and 
eIF2alpha.  CMCs were pretreated with inhibitors for 1 hr before being treated with 
H2O2 as described in Figure 4.2.  The inhibitors were added back when the media was 
changed and the cells were harvested 1hr later (A).  CMCs were also transfected with 
siRNA against eIF4E.  48hr later, cells were treated with H2O2 as described above and 
harvested at the indicated timepoints (B).  Inhibitors were used at the following 
concentrations: LY294002, 20 µΜ; Wortmannin, 2 µΜ; Rapamycin, 100 ng/mL; 
PD98059, 20 µΜ; SB202190, 20 µΜ. 
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Figure 4.12:  The proteasome inhibitor MG132 efficiently induces Nrf2 
accumulation with or without H2O2 treatment.  CMCs were pretreated with MG132 
(25 µΜ) for 10 min before treatment with H2O2 as described in Figure 4.2.  The inhibitor 
was added back after the media was changed, and the cells were harvested 1hr later. 
 

 

Figure 4.13:  Pretreatment with cycloheximide blocks the ability of MG132 to cause 
the accumulation of Nrf2.  CMCs were pretreated with cycloheximide (0.5 ug/mL) for 1 
hr and MG132 (25 µΜ) for 10 min before treatment with H2O2 as described in Figure 
4.2.  The inhibitors were added back after the media was changed, and the cells were 
harvested 1 hr later. 
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Figure 4.14:  Pretreatment with LY294002 reduces the ability of MG132 to increase 
Nrf2 levels after H2O2 treatment.  CMCs were pretreated with 20 µΜ LY294002 for 
1hr and 15 µΜ MG132 for 10 min before treatment with H2O2 as in Figure 4.2.  
Inhibitors were added back after the media was changed and the cells were harvested 1 hr 
later. 
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Discussion: 
 

 This study found that H2O2 causes an increase in Nrf2 protein levels and that the 

PI3-Kinase pathway participates in both the activity and accumulation of this 

transcription factor after H2O2 treatment.  Elimination of both translocation and 

transcription as contributors to oxidant-mediated Nrf2 accumulation led us to explore 

translation as a primary means of regulating this occurrence.  We have provided 

compelling evidence that H2O2 treatment of CMCs does in fact result in an increase in 

newly-made Nrf2 protein, which can be reduced by blocking PI3-Kinase.  However, the 

usual pathways of translational activation – p70S6-Kinase- or eIF4E-mediated – do not 

seem to hold true in the case of Nrf2. 

 We have used the same ARE-luciferase reporter plasmid as in Chapter III to 

explore the signaling pathways involved in oxidant-induced ARE activation in CMCs.  

Although several pathways have been linked to Nrf2 regulation in other systems, we have 

focused on PI3-Kinase as the regulator of Nrf2 in CMCs after H2O2.  Pharmacological 

inhibition of other pathways implied in Nrf2 regulation, such as PKC, did not influence 

ARE-luciferase activity in our case.  Src kinase may also be contributing to Nrf2 

regulation.  Src is known to be upstream of PI3-Kinase (Nguyen et al. 2000; Gentili et al. 

2002) and also activated directly and indirectly by H2O2.  Inhibition of MEK and 

therefore ERK1/2 may not significantly block Nrf2 activity, therefore this does not seem 

to be a major contributor to Nrf2 regulation in our system. 
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 Accumulation of Nrf2 after H2O2 treatment is very rapid, suggesting that post-

translational modifications or blockage of proteasomal degradation may account for this 

phenomenon.  However, although H2O2 is known to inhibit the 20S and 26S substituents 

of the proteasome (Reinheckel et al. 1998), much of our data suggest that rapid 

translational activation is involved in this accumulation.  The best proof of this 

translational activation by H2O2 is the 35S-methionine incorporation experiment.  

Although the size of the band of interest in this experiment is not ideal, further 

experiments and cold immunoprecipitations followed by Western blotting should help to 

verify it as Nrf2.  Proteasomal analysis of the bands is also an option to help identify the 

protein.  This could therefore be the first study to implicate translational control of Nrf2 

after stress.  Translational control has been suggested in the past, but not confirmed (Li et 

al. 2005).  The majority of the literature argue for increased Nrf-2 protein stability as a 

means of protein accumulation and therefore ARE activation.  The difference in results in 

this case could be due to cell and treatment-specific differences.  Hydrogen peroxide has 

much more rapid effects on both Nrf2 accumulation and ARE activation than do other 

classical inducers such as tBHQ and sulforophane.  It is possible that H2O2 is affecting 

many signaling events at once: activating signal transduction pathways and translation, 

inhibiting the proteasome, and blocking Keap1-mediated ubiquitination, all resulting in 

Nrf2 accumulation and ARE activation.   However, these changes appear to be dependent 

on Nrf-2 being made and therefore H2O2-mediated translation is a prerequisite for 

accumulation. 
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 Questions remain as to the specific mode of translational regulation of Nrf2.  

Since both classical pathways have been negated, it’s possible that the 5’- or 3’-UTRs on 

Nrf2 mRNA are responsible for this regulation.  According to submitted sequences, both 

mouse and rat Nrf2 mRNAs contain UTRs (70-100bp 5’ or about 440bp 3’ for rat and 

mouse), portions of which are maintained in plasmid and adenoviral-based expression 

vectors.  It is therefore possible that H2O2 initiates signaling through PI3-Kinase-

dependant RNA-binding proteins to specifically induce Nrf2 translation.  Our results 

showing PI3-Kinase-mediated phosphorylation of eIF2alpha, which can stimulate IRES-

dependant translation, supports this idea.  In the interest of completeness, future studies 

should confirm the significance of siRNA knockdown of eIF4E by looking at expression 

of genes known to be under its immediate control, and should explore whether siRNA 

knockdown of eIF2alpha can affect Nrf2 accumulation.  Studies should also examine the 

influence of eIF4E-binding proteins (4EBPs) and PDK1/2 on Nrf2 translation after 

oxidative stress.  PDK1/2 is a target of PI3-Kinase but may be able to skirt mTOR and 

Akt-directed activation of transcription.  There is evidence that phosphorylation of 4EBPs 

may be blocked by LY294002, but the response of these proteins to H2O2 has not been 

explored.  

 Proteasomal degradation of Nrf2 is clearly as important in Nrf2 turnover in CMCs 

as it is in other cells.  Recent studies have suggested that Nrf2 “activation” is mediated 

less by its release from Keap1 and more by its accumulation due to reduced 

ubiquitination (which could also be due to release from Keap1), and therefore the 

possibility of more Nrf2 translocation to the nucleus (Hong et al. 2005; Zhang et al. 
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2005).  Our results could be interpreted to support this claim: simply adding the 

proteasome inhibitor MG132 results in significant accumulation and translocation of 

Nrf2, even without H2O2 treatment.  Although inhibition of PI3-Kinase-mediated 

translation can reduce the effects of MG132, the resulting Nrf2 levels are still much 

greater than baseline, and Nrf2 can still translocate to the nucleus.  The fact that H2O2 

fails to induce Nrf2 past control levels in the presence of both MG132 and LY294002 

indicates that oxidative stress relies on PI3-Kinase-mediated translation as its primary 

means of Nrf2 activation in this case.  Perhaps earlier Nrf2 accumulation (say 10 min) 

relies more heavily on the ability of H2O2 to block the proteasome, and then is maintained 

for 2-4hr after oxidant treatment by the induction of translation.  Also, other studies 

suggest that inducers of Nrf2 activity simply switch ubiquitination from Nrf2 to Keap1.  

We have not explored this avenue of regulation, but it would be interesting to compare 

Keap1 protein levels before and after H2O2 treatment.   

 Finally, we have established that PI3-Kinase does not have a second effect of 

normally acting to inhibit proteasomal degradation of Nrf2.  If this were the case, adding 

LY294002 in the presence of cycloheximide would have resulted in a synergistic effect, 

and Nrf2 levels would have dropped faster than with cycloheximide alone.  Although the 

mechanisms of LY294002 influence in the cell may be varied, they do not include 

activation of the proteasome in CMCs.  

 Nrf2-dependant activation and regulation of ARE-containing genes is fast 

becoming a hot topic in many areas of biology, including cancer prevention, autoimmune 

disease, and lung disease (reviewed in Lee et al. 2005).  Even basic modes of activation 
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of this system, such as the significance of phosphorylation, the mode of accumulation, 

and the primary binding partners of Nrf2 are still under debate, a problem compounded 

by the existence of many different experimental systems in use.  This study has added 

one more layer of complexity to the many factors which must be examined in exploring 

Nrf2 activity.  Regardless, this paper is the first to address the accumulation and 

regulation of Nrf2 protein in CMCs after oxidative stress.   
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CHAPTER V: SUMMARY STATEMENT. 
 

 The initial premise of this dissertation work was to characterize the early 

signaling events known to result in hypertrophy in CMCs and compare this response to 

that of HFs.  By doing so, we hoped to better understand key similarities and differences 

in their reactions that lead to disease-related phenotypes such as hypertrophy in CMCs 

and fibrosis induced by HFs. This might elucidate better molecular targets for disease 

intervention and treatment.  The second goal of this work was to compare the responses 

of these two cell types to oxidative stress at a global level of gene expression.  The data 

from microarray studies led us to explore the role of Nrf2-induced cytoprotection in the 

heart.  The mechanism of oxidant-induced Nrf2 activation was also studied in detail here.  

The results from all of these studies are summarized in Figure 5.1, and in the following 

sections. 

 The induction of CMC hypertrophy by oxidative stress has been well-

characterized in our lab, and is known to be regulated by multiple factors such as PI3-

Kinase-mediated protein translation and MAPK mediated gene transcription.  However, 

the signaling events upstream of MAPK activation after H2O2 stimulation were not well 

understood.  I have shown that although ERK1/2, JNKs and p38 are all activated by H2O2 

in CMCs and HFs, the upstream regulation of these MAPKs is cell type specific.  EGF 

Receptor (EGFR) is involved in initial propagation of the stress signal in both types of 

cells, but its activation is apparently more ligand-dependant in HFs than in CMCs.  

Ligand-independent activation of the EGFR could be through many mechanisms, but 
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activation by the oxidant-responsive Src kinase is probably key.  Ligand-dependant 

activation of EGFR after oxidative stress requires some MMP activity, which presumably 

cleaves EGF-like ligands from membrane-bound or matrix-bound intermediates to start 

the signaling cascade.  The MMP-related response of HFs to oxidative stress is not 

surprising, since these are the cells responsible for extracellular matrix remodeling in the 

heart, and are known to be stimulated by oxidants.   

 The results of the Affymetrix microarray comparison between HFs and CMCs 

reveal striking differences in their recovery 24 hr after H2O2 treatment.  CMCs 

upregulated very few genes, but many of them were antioxidant and detoxification genes.  

Downregulated genes were substantial in CMCs: metabolic, contractile-specific and cell 

cycle-related genes were all dramatically reduced (see Table 3.1).  HFs upregulated 

significantly more genes than did CMCs, and HFs also contained a large group of 

upregulated antioxidant and detoxification genes in response to H2O2 treatment.  Thus, 

although H2O2 treatment produced substantially different responses between the two cell 

types, the comparison provided us with a common target upon which to base future 

studies: the potential for a cytoprotective response after oxidative stress. 

 Transfecting an ARE-luciferase reporter construct into CMCs allowed us to verify 

that Antioxidant Response Element dependent responses were induced by H2O2 treatment 

in these cells, and that the transcription factor Nrf2 was responsible for this activation.  

H2O2 pretreatment induces enough cytoprotection to clearly block caspase-3 activation by 

Dox treatment, and to slightly resist loss of cell viability by increasing doses of Dox as 

well.  This cytoprotection by oxidative stress (preconditioning) is mediated at least in part 
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by Nrf2, since overexpression of this transcription factor increased cell viability 24 and 

40 hr after H2O2 treatment.  We have therefore expanded the repertoire of tissues known 

to be influenced by the regulation of ARE-containing genes after stress.  Nrf2 may now 

become a tempting target for regulating a preconditioned-like state in the myocardium, 

which could lead to preventative therapies against many forms of heart disease.  

However, the fact that Nrf2 overexpression caused substantial downregulation of 

contractile-specific genes should add a note of caution to claims that this transcription 

factor could be a “multi-organ protector.”  Further studies should aim to better understand 

how Nrf2 maintains cell viability.  The lack of effect of Nrf2 overexpression in caspase 

activation by Dox suggests the importance of pursuing the following questions: Does 

Nrf2 block necrosis? Or does Nrf-2 block caspase-independent apoptosis? Can Nrf2 

serve as a repressor for a subgroup of genes while it also regulates the expression of 

genes containing ARE in their promoters? 

 This work also explored the regulation of Nrf2 transcription factor activity after 

H2O2 treatment.  Both Nrf2 accumulation and ARE-luciferase activity are inhibited by 

blocking PI3-Kinase.  Nrf2 protein swiftly accumulates after oxidant treatment and peaks 

at 1-2 hr.  Transcription does not seem to be a factor in this response, since real-time RT-

PCR studies showed no increase of Nrf2 mRNA levels with oxidant treatment.  Although 

the literature suggests that oxidant-based inhibition of proteasomal degradation could be 

partially responsible for Nrf2 accumulation, I have gathered compelling evidence that 

H2O2 activates Nrf2-specific translation.  This translation initiation, as measured by 35S-

methionine incorporation and immunoprecipitation, is also inhibited by LY294002, a 
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PI3-Kinase pharmacological inhibitor which prevents H2O2 from causing Nrf-2 protein 

elevation.  I have found that the phosphorylation of eukaryotic initiation factor 2 alpha 

(eIF2alpha), which is linked to blocking normal translation and activating 5’-cap 

independent translation, is induced by H2O2 and blocked by LY294002.  While eIF2alpha 

phosphorylation is transient and moderate, the combination of the above evidence 

provides strong support for the stress-induced translation of Nrf2. 

 This dissertation has therefore identified Nrf2 as a key player in the cytoprotective 

response to oxidative stress in CMCs and has identified PI3-Kinase mediated 

translational control as important for Nrf2 accumulation.  It is quite interesting that PI3-

Kinase mediated protein translation has also been implicated in H2O2-induced 

hypertrophy.  To date, no one has postulated a link between Nrf2 and hypertrophy, but 

there are intriguing clues that may link the ARE to hypertrophy-related heart disease.  As 

was noted in Chapter I, hypertrophic hearts actually have higher levels of antioxidants 

and a lower index of oxidative stress than do controls.  It has been suggested that the 

switch from hypertrophy to heart failure is linked to a loss of these reductive forces.  It is 

therefore plausible that PI3-Kinase mediated control of translation leads to both 

hypertrophy and Nrf2 activation, and that loss of this regulatory pathway contributes to 

heart failure.  The interplay of these two forces, and whether or not they are directly 

linked, is worth further exploration. 
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Figure 5.1:  Summary figure.  H2O2 induces both cytoprotection and hypertrophy via 
PI3-Kinase. 
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