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ABSTRACT 

Establishing the cellular and molecular basis for cardiovascular disease and the 

application of tools to manipulate the cardiovascular system genetically provide potential for new 

forms of treatment against cardiovascular disease, including: atherosclerosis, myocardial 

ischemia, cardiac hypertrophy and heart failure.  Heme oxygenase-1 (HO-1) is an enzyme that 

has potential for the treatment of cardiovascular diseases (CVD). 

Atherosclerotic plaques express high levels of HO-1.  Advanced plaques are stabilized in 

part through the separation of plaque constituents from the blood by the fibrous cap made up of 

smooth muscle cells.  Protection of smooth muscle cells from apoptosis in the fibrous cap may be 

a means of promoting plaque stability in patients.  Here we show that expression of HO-1 in 

human vascular smooth muscle cells renders them resistant to apoptosis mediated by oxidative 

stress.  The cytoprotective mechanism mediated by HO-1 is mediated in part through protein 

kinase B (Akt). 

Plaque rupture may lead to myocardial infarction.  Tissue recovery after mycocardial 

infarction requires neovascularization for improved tissue perfusion.  A novel cell type recently 

discovered in the circulation has been characterized as an endothelial progenitor cell (EPC) and 

appears capable of promoting neovascularization of post-infarct tissue, thereby enhancing tissue 

recovery and perfusion.  Most EPCs transplanted into the infarct environment do not survive or 

are not retained to function in neovascularization.  Here we show that expression of HO-1 and its 

cytoprotective partner Akt protect EPCs in an infarct environment and promote EPC function in 

an infarct environment. 

Oxidative stress can result in maladaptive cardiomyocyte hypertrophy.  In a model of 

oxidative stress-induced myocyte hyperterophy we demonstrate the expression of HO-1 prevents 

cellular hypertrophy through antioxidant mechanisms and regulation of the transcription nuclear 

factor kappa B (NF-κB). 
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Atherosclerotic plaque vulnerability is determined by the composition of the lesion.  We 

demonstrate that HO-1 deficient mice have more calcified and fibrotic lesions.  This may have 

implications in the management of late stage atherosclerosis.   

Collectively, this work demonstrates new insights into the molecular mechanisms of 

cardiovascular cells under stress that may have implications for strategies aimed at treating CVD 

using HO-1. 
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CHAPTER 1. GENERAL INTRODUCTION 

 
Cardiovascular disease (CVD) remains the most prevalent cause of morbidity and 

mortality in the developed world (Funk et al, 1996).  The pathology of CVD is complex.  No 

single issue determines whether a person will develop CVD.  Many risk factors are known to 

accelerate the onset or worsen the severity of CVD including: metabolic syndrome, smoking, 

stress, genetics, age and poor physical fitness (Genest and Penderson, 2003).  Certain groups 

within the population are more susceptible to CVD than others.  In order to contend with CVD, 

risk factors must be reduced or eliminated (i.e. smoking) and the molecular mechanisms beyond 

control that predispose the population to CVD must be revealed.  Only through broad basic 

science research are new treatment strategies hypothesized, which then require extensive proof-

of-concept and pre-clinical testing.  This thesis is directed at studies that seek to further establish 

proof-of-concept for using gene and/or cell based strategies aimed at alleviating CVD 

complications through modification of the human heme oxygenase-1 (HO-1) pathway. 

 

Cardiovascular Pathophysiology 

It is not clear whether there exists a single or collective incipient event(s) leading to CVD.  

Generally, it is considered that multiple factors impair endothelial function to compromize 

vascular homeostasis (Drexler and Hornig, 1999).  The endothelium protects the inner vessel wall 

of arteries against inflammatory cell adhesion and platelet aggregation.  As well, the endothelium 

is responsible for maintaining vascular tone and regulating arterial smooth muscle proliferation.  

When tissue damage occurs, the endothelium plays an integral role in controlling inflammation 

and repairing lost or damaged native vasculature through angiogenesis (Dzau et al, 2005). 

If the endothelium is disrupted as a result of hyperglycemia, hyperlipidemia, oxidative 

stress, inflammation, or hypertension, homeostasis is lost and the arterial wall becomes 

susceptible to subendothelial lipid accumulation and inflammation, development of 
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atherosclerotic lesions, exacerbation of hypertension and/or thrombus formation.  The formation 

of atherosclerotic lesions can persist for years and even decades without resolution or regression 

before presenting with symptoms clinically (i.e. angina) (Falk, 1999). 

 

Understanding the molecular mechanisms that render the vasculature susceptible to stress and 

dysfunction is a significant objective for management of CVD. 

 

Atherogenesis is associated with increased levels of oxidative stress, inflammation, and 

lipid accumulation; the latter perpetuates foam cell formation as macrophages attempt to remove 

excess lipid from the arterial wall (Morita 2005).  An atherosclerotic lesion increases the risk of 

thrombus formation at or near this developing plaque.  Thrombi that do not resolve or detach to 

become thromboemboli can be incorporated into the developing lesion.  Arterial smooth muscle 

cells are activated by a lack of endothelial regulation, stimulated by activated platelets of thrombi 

or chemokines secreted by inflammatory cells (Libby and Aikawa 2002).  Activated smooth 

muscle cells display a synthetic phenotype, losing their quiescent contractile nature to proliferate 

in an attempt to separate the thrombogenic plaque constituents from the circulation.  The 

formation of this barrier is a result of smooth muscle cells secreting extracellular matrix and 

forming what is eventually termed a fibrous cap (Bennet et al, 2005).  In late stage plaques, lipid 

and necrotic tissue form below the cap creating an unstable necrotic core.  The necrotic core 

consists of lipids and necrotic or apoptotic cells killed by the hostile microenvironment of the 

plaque.  Advanced lesions enter a cycle of continued inflammation and expansion resulting in 

luminal narrowing.  The narrowing of the lumen in areas such as the coronary arteries may restrict 

blood flow resulting in angina symptoms (Kockx et al, 1998). 

Plaques become unstable due to excessive inflammatory cell accumulation, which breaks 

down the extracellular matrix of fibrous caps (Bennet et al, 2005).  Additionally, smooth muscle 

cells of the cap are exposed to high levels of oxidative stress sufficient to induce apoptosis, 
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eliminating their contribution to stability.  In coronary arteries unstable plaques can result in 

exposure of the intraplaque constituents to the circulation causing thrombus formation (Stary, 

2001).  An unresolved thrombus may be sizeable enough to occlude the flow of blood at the site 

of formation or dislodge and occlude smaller arterial segments downstream.  In both cases, the 

result is acute myocardial infarction.  A similar event occurring in the brachiocephalic or carotid 

arteries would potentially result in a cerebrovascular accident or stroke. 

 

Promoting the stabilization of atherosclerotic plaques is a significant objective for the 

management of CVD to prevent infarction. 

 

Occlusion of arterial blood flow places the tissue downstream of the occlusion in a 

hypoxic and metabolically restricted state.  Short-term, the disadvantaged tissue may survive by 

switching its metabolism from an oxidative to a non-oxidative energy supply.  The myocardium, 

however, is a highly energy dependent muscle incapable of long-term sustainability under these 

circumstances and will become necrotic if blood flow is not restored (Boersma et al, 2003).  

Reperfusion of the tissue may result in a massive burst of pro-oxidant species.  This is a 

consequence of the metabolic adaptation to hypoxia which alters the function of antioxidant 

proteins and intracellular metabolism (Takano et al, 2003).  The combination of stress caused by 

the occlusive ischemia and the high levels of pro-oxidant species formed after reperfusion is 

termed ischemic/reperfusion-injury (I/R-injury).  Total cellular damage and death is dependent on 

the amount of tissue supplied downstream of the occluded artery and the duration of ischemia.  

Often enough tissue is spared that sudden death is avoided. 

After I/R-injury, necrotic cells of the infarct region will elicit stress on neighboring cells 

as they release their cellular constituents and prompt immune cells to migrate to the site of injury.  

Native vasculature may also be damaged, limiting metabolic supply to cells not immediately lost 

as a result of the I/R-injury.  Soon after reperfusion, inflammatory cells appear to clear dead tissue 
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from the environment.  This inflammation may complicate the stress to neighboring cells as 

cytokines and pro-oxidant species are released by inflammatory cells.  Often significant numbers 

of neighboring cells, in what is termed the peri-infarct region, will succumb to the stress and 

undergo necrosis or apoptosis (Britten et al, 2003).  This effect can be limited by the amount of 

collateral vasculature that is present or is soon able to form in the peri-infarct region.  This 

neovascularisation can occur as a result of angiogenesis, sprouting of new vessels from those 

present in the area, or vasculogenesis, de novo vessel formation initiated from resident/circulating 

stem/progenitor cells.  The contribution of vasculogenesis remains controversial.  Cardiac 

myofibroblasts become highly activated in the latter stages of infarct recovery.  As inflammatory 

cells remove necrotic tissue these fibroblasts lay down extracellular matrix (scar tissue) in a 

process of cardiac remodeling (Jhund and McMurray 2008). 

 

Limiting peri-infarct tissue death, reducing the severity of infarction, promoting recovery 

and perfusion of post-infarct tissue are significant objectives for the management of CVD to 

prevent heart failure. 

 

Those patients surviving myocardial infarction often develop heart failure within five 

years as a result of myocyte loss; fibrotic remodeling and ventricular decompensation (McMurray 

and Pfeffer, 2002).  In part, this is a result of inadequate neovascularization of the infarct and peri-

infarct regions, a consequence of the hostile microenvironment characterized by hypoxia, 

inflammation and oxidative stress, which restrict vessel growth (Cleutjens et al, 1999).  Loss of 

myocyte-mass or remodeling that increases ventricular volume puts the heart at risk of 

hemodynamic overload.  In order to maintain cardiac output in the face of increased pre-load or 

after-load cardiomycoytes are able to undergo compensatory hypertrophy.  If hemodynamic stress 

persists, hypertrophy may become maladaptive resulting in impaired ejection fraction and 

eventual progression to heart failure (Frey and Olson, 2002).  Maladaptive hypertrophy results in 
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a decompensated state of the myocardium with dysfunctional ionic handling and high levels of 

oxidative stress which may result in arrhythmia or cardiomyocyte apoptosis.  The loss of 

additional cardiomyocytes due to oxidative stress in maladaptive hypertrophy creates a cycle of 

impaired cardiac performance, a living state of heart failure and eventual death (Giordano, 2005). 

 

Preventing hemodynamic overload by maintaining ionic handling and preventing 

oxidative stress- mediated maladaptive cardiomycoyte hypertrophy is a significant objective for 

the management of CVD to prevent heart failure. 

 

Heme Oxygenase-1 in Cardiovascular Homeostasis 

Heme oxygenase (HO) exists as two isoforms, an inducible (HO-1) and a constitutive 

(HO-2) form of the enzyme.  They are the rate-limiting enzymes involved in the conversion of 

heme into biliverdin, carbon monoxide (CO), and free iron (Fe++).  Originally, these by-products 

were stigmatized as waste products, whereas they are now established as important physiological 

regulators in numerous cardiovascular functions.  In particular, pre-clinical and clinical research 

has focused attention on the involvement of HO-1 in arterial disease, I/R-injury, cardiac 

hypertrophy and heart failure.  Generally, the attributes of the HO-1 system are allotted to anti-

oxidant, anti-inflammatory, anti-mitogenic, anti-apoptotic and anti-thrombotic effects (Figure 1-1) 

(Wagener et al, 2003; Abraham and Kappas 2008). 

Heme is the substrate for HO-1 and HO-2.  Both proteins exist ubiquitously in the body, 

though only cellular stress or a presence of heme appears to induce HO-1 expression.  Heme is 

abundant in areas where recycling of hemoglobin occurs, such as the spleen where senescent red 

blood cells are removed from circulation.  Heme may be synthesized through a rate limiting 

reaction catalysed by d-aminolevulinic acid synthase in the mitochondria.  The by-product of 

heme metabolism biliverdin is converted to bilirubin by biliverdin reductase.  The function of d- 
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Figure 1-1 Regulation of heme oxygenase-1 occurs primarily through induction (green) or 

repression (red) of transcription factors; phosphorylation and localisation may also impact HO-1 

activity and effect (blue).  Induction occurs as a result of both pathological stimuli and as a 

consequence of action from several pharmaceutical agents.  Through metabolism of heme the by-

products of HO-1 exert pleiotropic protective effects in the cardiovascular system.  
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aminolevulinic acid synthase and biliverdin reductase is essential to the cytoprotective function of 

HO-1. 

HO-1 is primarily regulated at the transcriptional level.  The promoter of the human 

HMOX1 gene contains consensus binding sites for several transcription factors, most of which are 

activated by various types of stress.  Human HO-1 expression is dependent, to a degree, on 

promoter polymorphisms, most notably the variation in guanine and thymidine repeats where 

longer repetitions (>25 repeats) are associated with a reduced capacity for HO-1 induction.  

However, HO-1 promoter regulation is controversial as to whether or not it impacts on CVD (for 

review Exner et al, 2004; Dulak et al, 2008).  Intracellularly, HO-1 was found to be highly 

abundant in the microsomal fraction, but has more recently been shown to exist in most cellular 

compartments including the nucleus and mitochondria, though the role of this compartmentation 

is not known. 

 

Heme Oxygenase-1 in Atherosclerosis and Plaque Stability 

While the etiology of atherosclerosis remains a tenuously understood mechanism, 

endothelial dysfunction is considered the harbinger of the disease, with plaque stability being a 

major determining factor for onset of acute coronary syndromes.  Oxidative stress is implicated in 

endothelial dysfunction, early atherosclerosis, vasospasm, and hypertension (Papaharalambus et 

al, 2007).  Healthy arteries maintain physiological synthesis of platelet anti-adhesive and anti-

clumping prostacyclin and activated endothelial nitric oxide synthase (eNOS), the latter sustaining 

nitric oxide (NO) homeostasis.  During the progression of endothelial dysfunction these are 

diminished, contributing to a general increase in inflammatory, coagulative and hypertensive 

states with reduced NO bioavailability.  Generally, vessel inflammation is accompanied by 

increased superoxide anion (O2
-), a molecule capable of decreasing NO bioavailability further, as 

it combines with NO to form highly reactive peroxynitrite (ONO2
-), and other downstream pro-

oxidant species (Stoneman et al, 2004; Stocker and Keaney, 2004).  The evolving hostile 
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microenvironment may exacerbate platelet aggregation, inflammation and oxidative stress 

contributing to cell death and aberrant proliferation cascades in the smooth muscle vasculature.  

Fortuitously, HO-1 induction and activity increases in response to stress, and several mechanisms 

may contribute to its vasculoprotective effects.  These effects include targeting platelet 

aggregation, inflammation, oxidative stress and limiting smooth muscle cell proliferation (Dzau et 

al, 2005) 

Strategies attempting to combat endothelial dysfunction by introducing exogenous anti-

oxidants have so far been ineffective.  This is due in part to limitations in preventing protein 

oxidation and lipid peroxidation occurring intracellularly and the deleterious effect of decreasing 

NO bioavailability (Stocker and Keaney, 2004).  In contrast, HO-1 overexpression exerts its anti-

oxidant effects intracellularly (Brunt et al, 2006), and through CO production which partially 

offsets the effect of reduced NO bioavailability (Piantadosi, 2002).  Elevated levels of HO-1 

expression have been observed in the endothelial, smooth muscle and macrophage cells of 

developing human atherosclerotic plaques (Ishikawa et al, 2001a; Takahashi et al, 2004).  HO-1 

expression correlates with better vascular tone and reduced inflammation, oxidative stress, 

mitogenesis, and apoptosis in the vessel wall (Ishikawa et al 1997; Siow et al, 1999; Ozawa et al, 

2002; Sass et al, 2003; Yet et al 2003; Pae et al, 2004).  In addition, elevated levels of HO-1 

reduce platelet aggregation and monocyte adhesion and chemotaxis, thus preventing plaque 

erosion and thrombosis (Ishikawa et al, 2001a; Takahashi et al, 2004; Ohta and Yachie 2004; 

Peng et al, 2004).  The translation of these vascular processes to pre-clinical scenarios has placed 

HO-1 squarely in a position that alleviates lesion formation, restenosis, vasospasm, and aortic 

aneurysm (Juan et al, 2001; Tulis et al, 2001; Ono et al, 2002; Schillinger et al, 2002; Funk et al, 

2004).  Reduced expression of HO-1 through inhibition or gene knock-out during models of 

atherogenesis exacerbates plaque formation and stability (Akaike et al, 1992; Ishikawa and 

Maruyama 2001; Ishikawa et al, 2001b & 2001c; Yet et al 2003). 
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Heme has been shown to increase the formation of alkyl peroxyl radicals during organic 

peroxide catabolism and therefore can be considered pro-oxidant (Akaike et al, 1992; Sawa et al, 

1999).  HO-1 acts to break down heme and therefore decreases reactive oxygen species (ROS) in 

the circulation (Jeney et al, 2002).  During heme catabolism HO-1 activity results in the 

production of biliverdin, the canonical anti-oxidant arm of the HO-1 system.  The conversion of 

biliverdin to bilirubin is catalyzed by biliverdin reductase; bilirubin is subsequently oxidized, 

regenerating biliverdin, a cycle perpetuating its anti-oxidant effects (Figure 1-1)(Siow et al, 1999; 

Ahmad et al, 2002; Miralem et al, 2005).  It has been suggested that the reducing system of 

bilirubin can exceed that of glutathione and α-tocopherol (Hori et al, 2002; Liu et al, 2003).  

Clinically, the incidence of coronary artery disease is reduced in patients with elevated serum 

concentrations of bilirubin (Hopkins et al, 1996; Mayer 2000) and increased in patients with low 

serum concentrations of bilirubin (Schwertner et al, 1994).  Bilirubin effectively reduces oxidized 

low density lipoprotein (Wu et al, 1994; Neuzil and Stocker 1994) and improves endothelium-

dependant relaxation, a standard measure of endothelial function (Kawamura et al, 2005). 

Beyond its important antioxidant role, bilirubin is able to act as an anti-complement 

factor and mediate major histocompatability complex II inhibition to reduce inflammation 

(Nakagami et al, 1993; Wu et al, 2005).  Further, bilirubin is a metal-binding protein capable of 

chelating pro-oxidant ferrous iron (Fe++), the coincident metabolite of heme breakdown (Wayner 

et al, 1987).  Together with its ability to reduce hydrogen peroxide (H2O2) (Dore et al, 1999) 

bilirubin chelation of iron may prevent the deleterious Fenton reaction (H2O2-Fe++), which 

produces the highly reactive hydroxy radical (●OH).  Some studies have also revealed allosteric 

properties of bilirubin, since it was demonstrated to inhibit human fibroblast protein kinase C, a 

mediator of some pro-atherogenic agents (Fang et al, 2004), though this effect appears cell-type 

dependent (Arruda et al, 2004).  Biliverdin reductase, however, has recently been revealed as a 

phosphoprotein, capable of transactivating ATF-2 and AP-1 sites to induce HO-1 (Salim et al, 

2001; Ahmad et al, 2002).  This would suggest the existence of a positive feedback mechanism 
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for HO-1 induction during times of high oxidative stress (Ahmad et al, 2002; Kravets et al, 2004; 

Lerner-Marmarosh et al, 2005).  In view of its physiological role, bilirubin is now well established 

as an important molecular process.  Future work examining mechanisms to increase intracellular 

bioavailability of this molecule may benefit the vasculature under pathological stress. 

Perhaps best understood and most widely characterized with respect to heme catabolism 

is the gasotransmitter product CO.  CO has garnered a great deal of attention for its ability to act 

as a more stable, though far less potent, mimetic of NO on vascular tone.  The direct effects of 

low levels of CO have been well established in exerting anti-apoptotic and vasodilatory actions in 

the vessel wall (Siow RC et al, 1999; Akamatsu et al, 2004; Yet et al, 1997).  CO has been 

reported to exert anti-apoptotic effects in both endothelial and smooth muscle cells (Brouard et al, 

2000; Liu et al, 2003).  These pro-survival effects are mediated, at least in part, by p38-mitogen 

activated protein kinase or Akt activation (Brouard et al, 2000; Kikoba and Moibenko 2002).  

While, the vasodilatory role of CO is generally attributed to soluable guanyl cyclase activity in 

smooth muscle cells, it may also occur by indirect effects which limit endothelin-1 (ET-1) or 

production of other vasopressors (Boissiere J et al, 2006; Stanford et al, 2004; Vera et al, 2008). 

The anti-inflammatory nature of CO has also been well studied, particularly in models 

of sepsis (Yet et al, 1997; Chung et al, 2008; Ryter and Choi 2007).  The beneficial effects 

include limiting pro-inflammatory cytokines (TNF-α, IL-1β, MIP-1β) and promoting anti-

inflammatory cytokines (IL-10)(Otterbein et al, 2000a,b).  Surprisingly, to our knowledge no one 

has provided direct evidence for anti-inflammatory modulation by CO in vascular endothelial or 

smooth muscle cells (Seldon et al, 2007).  Given the potential benefits of CO administration, it 

warrants further examination for efficacy in pathogenic models such as atherosclerosis, and 

perivascular fibrosis. 

Direct CO administration remains stigmatized for its potentially toxic effects, providing 

a large hurdle to its use as a therapeutic agent.  However, CO inhalation has already entered 

clinical trials (Mayr et al, 2005; Choi and Dolinay 2005; Bathoorn et al, 2007) and the potential 
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benefits are rapidly moving forward despite cautious optimism (Melley et al, 2007) and criticism 

(Thom et al, 2005; Hampson et al, 2005).  The recent advance by Alcaraz et al (2008) in 

developing CO releasing molecules (CORM) holds exciting opportunities in the near future for 

direct CO applications pharmacologically.  Adequately assessing the risks and benefits with due-

diligence in pre-clinical research is necessary to bring about successful clinical application.  Too 

often the enthusiasm to achieve clinical results translates to unforeseen and potentially 

preventable negative consequences.  By advancing from small to large animal models, with 

appropriate dose escalating phase-I safety trials in (both) healthy (and subsequently target) patient 

groups, CO therapy may succeed in clinical avenues, where it is best suited. 

The most overlooked metabolite of HO-1 remains ferrous iron (Fe++).  While this 

product is a pro-oxidant heavy metal, its prompt expulsion from the cell by ferroportin and 

sequestration by bilirubin or ferritin as hydrous ferric oxide-phosphate, limits this product from 

exacerbating oxidative stress in the arterial wall.  Further, while the presence of iron itself is 

enough to activate ferritin synthesis, pro-oxidant species or cytokines (such as TNF-α, IFN-γ and 

IL-2 common to atherosclerotic plaques) pre-emptively up-regulate ferritin synthesis (Arosio and 

Levi 2002).  In this regard, the physiologic response to inflammation associated with plaque 

progression would result in correspondent ferritin induction with that of HO-1.  In fact, there is 

shared transcriptional regulation of ferritin and HO-1 by Nrf2 binding to EpRE/ARE and 

AP1/ARE in vascular smooth muscle cells (Alam J et al, 1999; Pietsch et al, 2003; Liu et al, 

2005).  Therefore, within the context of arterial disease the production of Fe++ may indirectly 

support a protective role.  Indeed, ferritin over-expression, which reduces oxidative stress after 

exposure to H2O2 also inhibits tumor necrosis factor alpha (TNF-α) induced apoptosis 

demonstrating both anti-oxidant and anti-inflammatory capacity (Epsztejn et al, 1999; Corsi et al, 

2002; Cozzi et al, 2003).  However, ferritin over-expression reduces NO bioavailability, which 

may compromise vascular tone (Corsi et al, 2002).  The presence of CO may therefore be a 

necessary adjunct to ferritin synthesis for its ability to compensate any indirect pressor effects of 
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ferritin.  The ability of ferritin to induce cytoprotective genes, reduce inflammation and counter 

oxidative stress likely offsets any detrimental effects on vascular tone. 

Less often considered are the potential direct effects of the protein HO-1 itself, which in 

part regulates cellular mechanisms through allosteric interactions independent of its catalysis of 

heme.  HO-1 was reported to protect human monoblastic lymphoma cells from hydroperoxide-

induced injury independent of its catalytic activity (Hori et al, 2002).  HO-1 may interact with 

adjunct anti-oxidants, such as nitrones (N-tert-butylaphenylnitrone), which by themselves 

increase HO-1 induction and activity (Maines et al, 1999).  This active synergy alleviates 

oxidative stress.  Further, it was demonstrated that HO-1 may serve a direct anti-oxidant effect 

using H2O2 as an alternate co-factor to O2 (Matsui et al, 2005).  However, it remains to be seen 

whether this secondary enzymatic reduction pathway of HO-1 occurs in vivo.  Despite the 

potential direct effect of HO-1 on the redox state in the atherosclerotic plaque, the primary 

protective and anti-oxidant properties arise from the catabolism of heme to anti-oxidant, anti-

apoptotic and anti-inflammatory molecules.  Through the mechanisms of HO-1 metabolites many 

cellular mechanisms are regulated, leading some researchers to target specific by-products of HO-

1, namely: the CO-cGMP pathway, the biliverdin-bilirubin reduction pathway, and the Fe++-

ferritin pathway in mediating vascular protection. 

Interest in modifying HO-1 expression more effectively has grown recently as several 

purported beneficial anti-oxidants were demonstrated to elicit their protection via HO-1 (Martin et 

al, 2004; Lee et al, 2004; Chow et al, 2005).  Indeed, some classical protective pathways, such as 

Akt, are revealed in this work to depend heavily on HO-1.  Cytoprotection through co-dependent 

activity with Akt is demonstrated in human vascular smooth muscle cells, revealing a potent 

target for conferring fibrous cap stability (Brunt et al, 2006).  Recent evidence suggests that statin 

therapy, which provides similar pleiotropic anti-atherogenic properties, independent of lipid 

lowering, may be the result of HO-1 induction (Lee et al, 2004; Grosser et al, 2004).  Similarly 
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lipid-lowering fibrates and insulin-sensitizing thiazolidines exert their pleiotropic anti-atherogenic 

effects by PPAR-dependent activation of HO-1 (Kronke et al, 2007). 

 

Heme Oxygenase 1 in Ischemic Injury and Neovascularisation 

Arterial disease is the most prevalent cause of morbidity and mortality in the western 

world, often leading to hypertension or sudden death due to acute coronary syndrome, such as 

myocardial infarction or stroke (N.H.L.B.I., 2007).  In those patients that survive myocardial 

infarction, the progressive impairment of cardiac function may culminate in heart failure, while 

stroke survivors often deal with a serious reduction in quality of life.  Long-term outcome from 

acute coronary syndromes has not improved despite success of current drug therapies such as anti-

anginal, fibrinolytic, anti-lipidemic and anti-platelet agents.  There exists a paradoxical 

improvement in survival, but a drastic increase in patients with chronic heart failure (Jhund et al, 

2008).  The socio-economic strain burdens medical practice and demands a shift in disease 

management from intervention and recovery to prevention and regression. 

The cytoprotective effects of HO-1 and its metabolic products CO, bilirubin and Fe++ 

provide a mechanism for cardioprotection since HO-1 and its metabolites reduce infarct size after 

I/R injury with decreased apoptosis, inflammation, and fibrotic remodeling (Liu et al, 2007; Liu et 

al, 2006).  During single or recurrent episodes of I/R injury, HO-1 overexpression confers marked 

protection (Melo et al, 2002; Segers et al, 2005).  Indeed, long-term survival in post-infarction 

rats was 80% higher in animals pre-emptively over-expressing HO-1 (Melo et al 2002), which 

translated to improved cardiac function and long-term survival in a one-year follow-up (Liu et al, 

2007).  Much of HO-1’s protection against I/R-injury is a consequence of its metabolites, though 

some evidence suggests non-catalytic means of conferring cytoprotection. 

Heme-derived iron has been reported to induce cytoprotection by promoting ferritin 

expression in the myocardium (Segers et al, 2005).  However, at the outset of an I/R-injury the 

ensuing redox imbalance could exacerbate myocardial damage and inflammation through the 
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Fenton reaction.  Bilirubin administration reduces infarct size in isolated rat hearts (Clark et al, 

2000) and improves post-ischemic ventricular functional recovery (Guo et al,2004).  Furthermore, 

patients with elevated bilirubin demonstrated reduced incidence of both atherosclerosis and acute 

coronary syndrome (Vitek et al, 2002; Vitek et al, 2006).  There is also reduced infarct size, 

inflammation and apoptosis after I/R-injury in rats (Akamatsu et al, 2004) and mice (Guo et al, 

2004) through CO inhalation or CO releasing molecules (CORM-3) respectively.  Indeed, HO-

derived CO can improve lateral perfusion, promoting recovery during ischemic events as 

demonstrated by activation of soluble guanylate cyclase in dogs (Nishikawa et al, 2004).  This 

sustained coronary perfusion by CO during I/R-injury may preserve myocardial ATP and creatine 

phosphate delivery in ischemic myocardium (Lavitrano et al, 2004).  It is evident that HO-1 

metabolites render the myocardium resistant to I/R-injury, reducing myocyte death, inflammation 

and remodeling.  However, cardiotoxic effects associated with even moderate increases in HO-1 

activity have been reported (Suttner and Dennery 1999; Dong et al, 2000; Ryter et al, 2000; Liu et 

al, 2001). 

In contrast to the cytoprotective role of HO-1 metabolites, CO can reduce contractile 

performance in isolated papillary muscle with cirrhotic cardiomyopathy (Liu et al, 2001).  Doses 

of CO (500 ppm) worsen post myocardial infarction and left ventricular remodeling (Penney et al, 

1984; Mirza et al, 2005).  However, the therapeutic range is often considered as below 200 ppm.  

CO may inhibit heme-containing proteins critical to cell function such as myoglobin (Glabe et al, 

1998; Kachalova et al, 1999), cytochrome-c (Miro et al, 1998; Zuckerbraun et al, 2007), and 

eNOS (Thorup et al, 1999; Batzlsperger et al, 2007).  These toxic effects of CO may be 

exacerbated in patients with advanced CVD and the by-products of HO-1 must be carefully dosed 

in therapeutic strategies. 

Severe limitations currently exist in prognosis for patients with ischemic 

cardiomyopathy or after myocardial infarction including a finite term of intervention and non-

option patients ill-suited for revascularization with severe coronary artery disease (Watson et al, 
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2002; Boersma et al, 2003).  In these circumstances sustainable, preventative HO-1 or HO-1 

metabolite therapy may provide a benefit superior to post-MI rescue.  This potential for 

intervention is attractive particularly given the evolving sensitivity in detecting asymptomatic 

patients at risk for ACS with serum biomarkers and imaging technologies (Genest and Pederson 

2003; Pearson 2002; Stein 2002). 

There is no reported impairment in development of vasculature in HO-1 null mice or the 

lone person to possess a null HO-1 allele (Kawashima et al, 2002).  Mounting evidence suggests a 

role for HO-1 in post-natal neovascularization (Dulak et al, 2008).  Ischemia induces vascular 

endothelial growth factor (VEGF) in rat smooth muscle cells, an affect attenuated by inhibition of 

HO-1 (Dulak et al, 2002).  Unfortunately, hypoxia also acts to inhibit HO-1 in human cells 

(Kitamuro et al, 2003) and a hypoxia response element has yet to be found in the human promoter 

(Dulak et al, 2008).  HO-1 has a potential paradoxical function in angiogenesis.  When HO-1 is 

induced prior to lipopolysaccharide (LPS)-induced angiogenesis the inhibitory effect on leukocyte 

infiltration impairs angiogenesis, while inhibition of HO-1 prior to VEGF-induced angiogenesis 

promotes leukocyte infiltration and increases angiogenesis (Bussolati et al, 2004; Bussolati et al, 

2006).  In contrast, HO-1 activity is required for VEGF-induced angiogenesis, while 

overexpression of HO-1 in hind-limb enhances angiogenesis (Suzuki et al, 2003; Bussolati et al, 

2004; Bussolati et al, 2006).  Inhibition of HO-1 impairs blood flow recovery in hind-limb 

(Tongers et al, 2008) while knock-out of HO-1 impairs neovascularisation by endothelial 

progenitor cells in I/R-injury of retina (Deshane et al, 2007). 

Endothelial progenitor cells (EPCs) have emerged as potentially useful substrates for 

neovascularization, tissue repair and bioengineering.  EPCs are a heterogeneous group of 

endothelial cell precursors originating in the hematopoietic compartment of the bone marrow and 

present at different stages of differentiation in the circulation (Urbich and Dimmeler 2004; Dzau 

et al, 2005).  Since Asahara et al, (1997) first reported the isolation of EPCs from peripheral 

blood, several studies have suggested that circulating EPCs may play a significant role in 



 16

endogenous neovascularization of ischemic tissues and in re-endothelialization of damaged 

arteries (Rafii and Lyden 2003; Dimmeler et al, 2005).  Other studies have suggested the potential 

therapeutic usefulness of EPCs as a substrate for genetic neovascularization of ischemic tissues 

and bioengineering of prosthetic grafts (Griese et al, 2003; Dimmeler et al, 2005).  The function 

of EPCs is reduced in a variety of cardiovascular diseases (Khakoo and Finkel 2005; Dzau et al, 

2005), and an inverse relation was reported between the number of circulating EPCs and risk 

factors for CVD (Vasa et al, 2001). 

 

Heme Oxygenase 1 in Cardiac Hypertrophy and Heart Failure 

Hemodynamic stress is an incipient cause of cardiac death.  This unfortunate 

circumstance is partly the unforeseen side effect to clinical stabilization after acute myocardial 

infarction and the clinical success of interventional cardiologists.  Hemodynamic stress as a 

consequence of chronic unfettered pressure or volume overload deteriorates to cardiac 

hypertrophy or dilatation and failure.  The pathophysiological process of deterioration involves 

oxidative stress, endoplasmic reticulum stress, defective calcium handling, contractile 

dysfunction, myocyte apoptosis and negative remodeling (for review Melo et al, 2002; Booz 

2005; Papaharalambus and Griendling 2007).  Strategies aimed at alleviating the 

pathophysiological processes would therefore present an opportunity for treatment of heart 

failure.  A growing body of evidence suggests HO-1 may play a role both as a cytoprotectant and 

enhancer of cardiac function. 

Findings in HO-1-deficient mice add credence to the cytoprotective role of HO-1 in 

cardiac hypertrophy, which during chronic hypoxia will develop severe ventricular hypertrophy 

and myocardial fibrosis (Yet et al, 1999).  Indeed, cells cultured from HO-1-deficient mice 

produce significantly higher amounts of reactive oxygen species with a reduced capacity to resist 

exogenous reactive oxygen species (Ferris et al, 1999).  In neonatal myocytes, agonist-induced 

hypertrophy was reduced by HO-1 through inhibition of Erk 1/2, p38 and NFAT pathways 
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(Tongers et al, 2004) a mechanism involving reduced oxidative stress (Hu et al, 2004).  Anti-

oxidants such as N-2-mercaptopropionyl glycine have demonstrated anti-hypertrophic effects in 

pressure-overload mice, which incidentally involved upregulation of HO-1 (Date et al, 2002).  

The major source of superoxide induced by mechanical stretch or pressure-overload hypertrophy 

involves NADPH oxidase (Li et al, 2002; Murdoch et al, 2006; Zhou et al, 2006).  The reduction 

of heme availability to NADPH by CO, and bilirubin’s direct inhibitory effect on NADPH 

oxidase activity, provide concurrent mechanisms to attenuate redox imbalance (Boczkowski et al, 

2004; Taille et al, 2005; Lanone et al, 2005).  Though the mechanisms by which HO-1 exert anti-

hypertrophic effects are not fully elucidated, it can be appreciated that maintenance of the 

myocardial redox state may prevent hypertrophic development by buffering reactive oxygen 

species and regulating redox-sensitive hypertrophic factors such as p38, NFAT, and NF-κB.  In 

addition, HO-1-derived CO, via its ability to stimulate cGMP production may decrease Ca++ 

influx and inhibit Ca++-sensitive pathways such as calcineurin and calmodulin kinase that activate 

hypertrophic cascades (Molkentin et al, 1998; Hunter and Chien 1999; Molkentin, 2000).  As a 

negative regulator of pathological hypertrophy, cGMP and its downstream kinase protein kinase 

G regulate cardiac growth (Pilz and Casteel 2003; Booz 2005).  The importance of these 

downstream pathways was demonstrated in mice lacking atrial natriuretic peptide and its cognate 

receptor, which through reduced cGMP production elicit exaggerated cardiac hypertrophy and 

fibrosis (Kishimoto et al, 2001).  Indeed cardiac hypertrophy is attenuated by overexpression of 

constitutively active guanylate cyclase (Zahabi et al, 2003) or inhibition of the cGMP-metabolic 

enzyme phosphodiesterase 5A, with improved function during pressure overload (Takimoto et al, 

2005).  Further, inhibition of phosphodiesterase reduces the calcineurin/NFAT pathway, while 

protein kinase G overexpression enhances anti-hypertrophic effects of NO in neonatal 

cardiomyocytes by inhibiting Erk, p38 and NF-κB (Kong et al, 2005).  The collective effects of 

bilirubin and CO in redox maintenance and intracellular Ca++ homeostasis may function mutually 
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to reduce endoplasmic reticulum stress and inhibit downstream pro-apoptotic moieties, two 

hallmarks of heart failure. 

Hemodynamic stress has been demonstrated to elevate HO-1 (Zhao et al, 2004; Kong et 

al, 2005) and recent data from our lab suggests that pharmacological treatment with heme (hemin) 

to induce HO-1 reduces cardiac hypertrophy and preserves cardiac function (Simpson et al, 2007).  

Indeed, Segers et al, (2005), demonstrated that HO-1 inhibition reduces the inotropic response to 

adrenergic stimulation in isolated rabbit papillary muscles suggesting HO-1 may reserve a 

capacity to maintain performance during hemodynamic stress.  However, HO-1 may also 

maintain cardiac performance through an indirect mechanism such as reduced coronary arterial 

tone.  These suppositions demonstrate a need for future studies to evaluate the mechanisms 

involving HO-1 during hemodynamic stress. 

 

Objectives and Hypothesis 

In order to target the HO-1 pathway successfully as a method of managing CVD, 

understanding the molecular mechanisms by which it is regulated, particularly in human cells is 

essential.  In addition, elucidation of the mechanisms by which HO-1 is able to maintain cellular 

homeostasis particularly in response to specific stimuli, such as oxidative stress is a critical step.  

The main objective of the following work is to determine these molecular mechanisms, in 

particular those responsive to oxidative stress.  We hypothesize that gene expression using 

retroviral vectors to overexpress HO-1 can preemptively protect cells from oxidative stress.  

Further, we hypothesize that retroviral expression of HO-1 in cells potentially useful for 

neovascularisation strategies can enhance their capacity for survival and function in a hostile 

microenvironement.  Our other objective is to further characterize the role of HO-1 in 

atherosclerosis development.  In particular we are interested in revealing the role of HO-1 in 

plaque and fibrous cap stability.  Uncovering the roles and mechanisms of HO-1 in cardiovascular 
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homeostasis may have implications for the management of CVD patients and development of 

novel therapeutic strategies. 
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ABSTRACT 

Oxidative stress (OS) induces smooth muscle cell apoptosis in the atherosclerotic 

plaque, leading to plaque instability and rupture. Heme oxygenase-1 (HO-1) exerts cytoprotective 

effects in the vessel wall. Recent evidence suggests that PKB/Akt may modulate HO-1 activity. 

This study examined the role of Akt in mediating the cytoprotective effects of HO-1 in OS-

induced apoptosis of human aortic smooth muscle cells (HASMCs). HASMCs were transduced 

with retroviral vectors expressing HO-1, Akt, or GFP and exposed to H2O2. Cell viability was 

assessed by MTT assay. OS was determined by CM-H2DCFDA fluorescence, and apoptosis was 

assessed by terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL), 

caspase-3 activity, and Bcl-2/Bad levels. Mitochondrial membrane potential (Ψm) was assessed 

by fluorescence-activated cell sorter (FACS) using JC-1. HO-1 reduced H2O2-induced OS and 

apoptosis. Akt knockdown removed the protective effect of HO-1 on Ψm during exposure to 

H2O2. Conversely, HO-1 knockdown removed the protective effect of Akt on Ψm. Inhibition of 

PI3K-Akt reduced induction of HO-1 protein expression by H2O2 and blocked its anti-apoptotic 

effects. The Akt-mediated upregulation of HO-1 was dependent on activation of HO-1 promoter 

by Nrf2. HO-1 and Akt exert codependent cytoprotective effects against OS-induced apoptosis in 

HASMCs. These findings may have implications for the design of novel therapeutic strategies for 

plaque stabilization. 
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INTRODUCTION 

Oxidative stress (OS) has been implicated in vascular injury leading to atherosclerosis, 

hypertension, restenosis and vasospasm (Madamanchi et al, 2005). Pro-oxidant species such as 

hydrogen peroxide (H2O2) exert dose-dependent effects on vascular cells, including cell 

proliferation, activation and apoptosis (Irani, 2000). In the atherosclerotic plaque, excessive 

production of pro-oxidant species induces apoptosis of vascular smooth muscle cells in the 

fibrous cap, resulting in plaque instability (Rajagopalan et al, 1996; Okura et al, 2000; Kobayashi 

et al, 2003; Stocker and Keaney, 2004). Because VSMC loss precipitates plaque rupture and 

thrombosis (Bennet et al, 1995; Kockx et al, 1998; Walsh et al, 2000), the protection of VSMC 

from apoptosis in the plaque has become an important therapeutic target for plaque stabilization 

(Rabani and Topol, 1999; Libby and Aikawa, 2002). 

Heme oxygenase-1 (HO-1) is the rate-limiting enzyme involved in the conversion of 

heme into biliverdin, CO and free iron (Wagener et al, 2003).  The by-products of heme 

breakdown have pleiotropic cytoprotective effects on the vessel wall (Wagener et al, 2003; 

Durante, 2003). Bilirubin is a powerful antioxidant (Stocker et al, 1987) and CO exerts 

vasodilatory, anti-inflammatory, anti-mitogenic and anti-apoptotic effects in VSMC and 

endothelial cells (Otterbein et al, 2000a & 2000b; Duckers et al, 2001; Peyton et al, 2002; Liu et 

al, 2002a). The protective effects of HO-1 on VSMC may be particularly important for 

maintenance of atherosclerotic plaque stability.  Owing to its anti-inflammatory and anti-apoptotic 

effects, HO-1 may reduce loss of VSMC in the fibrous cap, and prevent plaque erosion and 

rupture.  Indeed, several studies support the notion that HO-1 exerts an essential protective role in 

the vessel wall during atherogenesis (for review Morita 2005).  For example HO-1 is upregulated 

in atherosclerotic plaques (Wang et al, 1998), suggesting that the increase in HO-1 gene 

expression may be a cytoprotective response to the oxidative and inflammatory microenvironment 

in the plaque. This is further supported by Yet et al, (2003), who reported that the absence of HO-

1 exacerbates atherosclerotic lesion formation in apoE-/- mice. Others have shown that HO-1 
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overexpression markedly reduces atherosclerotic lesion formation and thrombosis (Soares et al, 

1998; Juan et al, 2001; Tulis et al, 2001; Ishikawa et al, 2001b and 2001c; for review Morita 

2005). 

The mechanism underlying the protection of VSMC by HO-1 from OS-induced 

apoptosis is not known. CO has been reported to mediate the anti-apoptotic effects of HO-1 in 

response to inflammatory cytokine stimulation in VSMC (Duckers et al, 2001), but its role in 

protecting VSMC from pro-oxidant induced apoptosis has not been established. Paradoxically, 

one study reported increased apoptosis in rat VSMC after exogenous overexpression of HO-1 

(Liu et al, 2002b), suggesting that HO-1 may exert different dose-dependent effects on cell 

survival (Suttner and Dennery 1999). More recently, several studies suggested that PI3K through 

the survival gene Akt may play a role in the induction of HO-1 gene expression and its anti-

apoptotic effects in the presence of cellular stress (Salinas et al, 2003; Arruda et al, 2004).  In 

addition, Akt also phosphorylates HO-1 (Salinas et al, 2004), suggesting a role of Akt in post-

translational regulation of HO-1 activity. More significantly, simvastatin inhibits VSMC 

activation and proliferation by inducing HO-1 expression in an Akt-dependent manner (Lee et al, 

2004). However, despite these findings, a functional dependence between Akt and HO-1 in 

protection of VSMC from OS-induced apoptosis has not been established. Such a mechanism 

could have potential therapeutic implications, given the role of HO-1 and Akt in vascular 

homeostasis (Shiojima 2002; Durante 2003). Thus, in this study we examined the role of Akt 

activation in mediating the cytoprotective effects of HO-1 in pro-oxidant induced apoptosis in 

HASMC. 

 

MATERIALS AND METHODS 

Reagents 

All chemicals were purchased from Sigma (Sigma-Alrich, St. Louis, MO, USA) with 

the exception of MTT reagent and TUNEL (Roche, Laval, Quebec, Canada), Hoescht 33342, 
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CM-H2DCFDA, and JC-1 (Invitrogen, Burlington, Ontario, Canada) and LY294002 (Calbiochem, 

San Diego, CA, USA). HO-1 stealth siRNA was purchased from Invitrogen, AKT siRNA was 

purchased from Cell Signalling (Beverly, MA, USA) and Nrf2 siRNA was purchased from (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA).  Hydrogen Peroxide was diluted to a range of 10-

1000 μM from a stabilized 30% w/v solution in HEPES buffer saline solution (HBSS) 

immediately before use.  LY294002, CM-H2DCFDA, and JC-1 were initially dissolved in DMSO 

and diluted in PBS with a final DMSO concentration of < 0.01%. 

 

Cell Culture 

Primary human aortic vascular smooth muscle cells were purchased from Clonetics (San 

Diego, CA, USA) and seeded at constant density (10,000/cm2) and grown to 80% confluence 

according to the manufacturer’s recommendations in full media containing 5% fetal bovine serum 

supplemented with insulin, human fibroblast growth factor, human endothelial growth factor, and 

gentamycin.  Cells were washed three times with HBSS and rendered quiescent in serum free 

DMEM for 24 hours prior to experiments.  All experiments were conducted with cells at the 5th or 

6th passage from derivation.   

 

Retroviral Production and Transduction 

Retroviral vectors were constructed by ligating the full length human heme oxygenase-1 

(HO-1, 987 bp, gift from Dr. M. Perrella, Harvard Medical School, MA) into the EcoR I or Hind 

III cloning sites, respectively, of pMSCV vector (BD Biosciences Clontech, Palo Alto, CA), 

downstream from the 5’ LTR promoter. cDNA of AKT was PCR-amplified (forward 5’-

GCAAGATCTGATACCATGAACGACGTAGCC-3’; reverse 5’-

CGGTCACCGTGTCGGACTCCTAGGATC-3’) and cloned in pMSCV using BglII and BamH1.  

The green fluorescent protein (GFP) gene together with the internal ribosomal entry site (IRES) 

were excised from pEGFP vector (BD-Clonetch) by Xho I/BamH I digestion and cloned at the 
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corresponding sites into the pMSCV vector. Generation and titering of VSV-G pseudotyped 

retroviral particles was carried out by the Harvard Gene Therapy Initiative. The titers were 

approximately 0.5-1×109 IU/ml.  HASMC were plated in full media and after 24 hours cells were 

transduced with 5 multiplicities of infection (5 MOI) of MSCV expressing either HO-1, AKT, or 

GFP in full media supplemented with 8 μg/ml of PolybreneTM (Aldrich Chemical, Milwaukee, 

WJ, USA)) for 12 hours.  At 48 hours a second round of transduction was performed in full media 

supplemented with 4 μg/ml PolybreneTM and 5 MOI of virus for 24 hours.  Cells were allowed a 

24 hour recovery in normal growth serum prior to being rendered quiescent. Transduction 

efficiency was 80-90% based on GFP fluorescence. 

 

siRNA Transfection 

Double stranded Stealth™ RNAi (sense GGU GGC GAC AGU UGC UGU AGG 

GCUU; antisense AAG CCC UAC AGC AAC UGU CGC CACC) was reconstituted to 20 μM  in 

10 mM Tris-HCl, pH 8.0, 20 mM NaCl, 1 mM EDTA.  Transfection was performed for 24 hours 

in quiescent cells using 3:1:3 RNAi:PLUS-Reagent:Lipofectamine in DMEM.  AKT siRNA (Cell 

Signalling, #6210) and Nrf2 siRNA (Santa Cruz Biotechnology, sc37030) was delivered 

according to manufacturer’s instructions.  siRNA transfection efficiency was observed by uptake 

of fluorescein-conjugated scrambled siRNA sequence.  RNAi protein knockdown was confirmed 

by Western blot analysis of total protein 24 hours after transfection with siRNA and 24 hours after 

exposure to H2O2. 

 

Oxidative Stress 

Assessment of oxidative stress was performed using the cell permeable probe CM-

H2DCFDA. The dye (5 μM) was preloaded to cells in 8-well culture slides for 30 minutes and 

kept at 37°C in 5% CO2-21% O2.  Wells were washed once with HBSS and incubated in serum 

free media with H2O2, at 37°C, 5%CO2, for 1 hour and then incubated with Hoescht 33342 [10 
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μg/ml] for 5 min. Fluorescence was viewed with a Leica DRB inverted microscope using a 10X 

objective calibrated for degree fluorescence detection with excitation and emission wavelengths 

of 480 nm and 520 nm, respectively.   

 

Cellular Viability 

Cell viability was determined by the conversion of MTT (3-(4,5-dimethylthiaxol-2-yl)-

2,5 diphenyl tetrazolium bromide) to formazan utilizing NADH and NADPH pyridine nucleotide 

cofactors.  MTT was added to a final concentration of 0.5 mg/ml, incubated for 4 hours and 

solubilized for 24 hours at 37○C.  Absorbance was read using a SPECTROMAT® plate reader at 

550 nm-690 nm.  

 

TUNEL Assay 

DNA cleavage by activated caspases was detected by terminal dUTP nick end labelling 

using a kit from Roche.  Briefly, cells were seeded onto 8-well culture slides. After exposure to 

H2O2 for 24 hours, the cells were fixed in 2% paraformaldehyde-PBS for 10 minutes.  Slides were 

centrifuged at 500g for 5 min to pellet floating cells.  The cells were then washed with PBS, 

permeabilized with 0.1% Triton X-100, 0.1% sodium citrate in PBS and incubated for 1 hour at 

37○C, in a dark humid chamber.  Nuclei were counterstained using 10 μg/ml Hoechst 33342 in 

PBS for 5 min at 24 °C, in the dark.  Five random fields were counted in each well using a 40x 

objective. The TUNEL-positive cells were counted using SigmaScan® (SystStat Software, Point 

Richmond, CA, USA) and expressed as the percentage of total number of cells.  

 

Caspase-3 Activity 

Caspase-3 activity was determined using the BD ApoAlert fluorescent Caspase-3 Assay 

Kit (BD Bioscience-Clontech, Mountain View, CA, USA) according to the manufacturer’s 

instructions.  Briefly, cells were lysed and incubated with fluorescent DEVD-AFC (λ 400nm) 
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caspase-3 substrate for 1 hour at 37○C. Caspase cleavage releases AFC (λ 505nm) which was 

measured using a FLUOstar OPTIMA fluorescent plate reader. Enzyme activity was extrapolated 

from a standard curve. 

 

Flow Cytometry 

The fluorescent indicator of mitochondrial membrane potential (ΔΨm) and integrity JC-1 

was used for flow cytometric analysis of mitochondrial function. Cells were exposed to H2O2, 

trypsinized and incubated in PBS, with 1 μM JC-1 for 15 min at 37○C.  Cells were then washed 

twice with PBS and FACS analysis was performed to determine the amount of JC-1 aggregate 

measured in the FL2 channel.  JC-1 monomers, fluoresce in the green spectrum and concentrate in 

the intermembrane space of hyperpolarized mitochondrial membranes where JC-1 aggregates 

fluoresce in the red spectrum.  Mitochondrial pore formation during apoptosis depolarizes the 

mitochondria allowing JC-1 aggregates to escape and revert to monomeric form.    

 

Western Immunoblot Analysis 

Cell lysates were prepared using TPER protein extraction reagent (Pierce, Rockford, IL, 

USA) containing protease and phosphatase inhibitor cocktails (Sigma). Protein concentration was 

determined using the Bradford method.  Protein samples (25 μg) were denatured in Laemmli 

buffer, resolved in a 10% SDS-PAGE and transferred to PVDF membrane (Immobilon-P, 0.45 

μM, Millipore, Billierica, MA, USA).  Equal loading was verified by Ponceau-S, Coomassie stain 

and reprobing for β-Actin (1:1000, Sigma).  Membranes were probed for human HO-1 (SPA-896, 

StressGen, Victoria, BC, Canada, 1:5000), total AKT and phosphorylated AKT-S473 (Cell 

Signaling # 9272 and #9271, respectively; 1:1000), Bcl-2, Bad, Nrf2 (Santa Cruz Biotechnology, 

sc783, sc7869, sc13032, Santa Cruz, CA, USA, 1:500).  The blots were then incubated in 

secondary HRP-conjugated anti-rabbit (Cell Signalling) or HRP-conjugated anti-mouse 

(Amersham, Oakville, Ontario, Canada) according to manufacturer recommendations.  
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Immunoreactivity was detected using Chemiglow reagent and Alpha InnotechTM 8900 gel 

documentation system. 

 

RNA extraction and RT-PCR 

RNA was isolated using Trizol reagent (Invitrogen) according to the instructions 

provided by the supplier. For reverse transcriptase-polymerase chain reaction (RT-PCR) the One-

Step Platinum Taq RT-PCR kit (Invitrogen) was used to detect human HO-1 and GAPDH 

transcripts, 100 ng of total RNA, verified for integrity using an Agilent 2150 Bioanylyzer, was 

used for first-strand cDNA synthesis and PCR amplification. A HO-1 (185 bp) and GAPDH 

(325bp) fragment was amplified for 25 cycles with the following HO-1 and GAPDH human 

specific primers: HO-1 Forward: GCTCTTTGAGGAGTTGCAGG, Reverse: 

GTGTAAGGACCCATCGGAGA; GAPDH Forward: CAGCCTCAAGATCATCAGCA, 

Reverse: TTCTAGACGGCAGGTCAGGT. 

 

HO-1 Promoter Construct and Plasmid Transfection 

The human heme oxygenase-1 proximal promoter was taken from the 5'UTR sequence 

HO-1 gene (Accession # X14782).  Sequence verification was conducted by PCR amplification 

restriction digest.  An independent sequencing facility (Robarts, London, ON, Canada) confirmed 

sequence identity.  The sequence (-541bp from the start codon) was cloned in the KpnI and 

HindIII sites in pCR2.1 and pGL3-basic.  Plasmid was transfected to DH5α ultracompetent cells 

by electroporation; 0.45kV, 500 μFD, 800 Ω, and 0.01 msec. Bacterial cultures were grown in 

Ampicillin-containing TE-Broth and plasmid DNA was extracted and purified by maxi-prep 

(Qiagen, Mississauga, ON, CAN).  Transfection of plasmid-DNA was carried out in serum and 

antibiotic free media by pre-complexing Lipofectamine2000TM (Invitrogen) and DNA ((3 μl:1.5 

μg)/50,000 cells) for six hours followed by addition of serum containing media. Transfection 

efficiency was 2-3% and some cell death <20% resulted from toxicity of the DNA-lysosomal 
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complexes.  Luciferase activity was measured using Bright-GloTM Luciferase System (Promega, 

Madison, MI, USA) with a Berthold Lumat LB 9507 luminometer.   

 

Nrf2 Immunocytochemistry 

Cells were washed three times with PBS and fixed using 0.45 μm filtered 100%, -20○C 

methanol, for ten minutes on ice.  Cells were washed three times with PBS and incubated in 10% 

Goat Serum (Sigma) for 90 minutes.  Nrf2 primary antibody (rabbit polyclonal, sc-13032, 1:40 in 

1.5% Goat Serum/PBS, Santa Cruz) were incubated for 60 minutes, washed three times with PBS 

and incubated in AlexaFlouro-488TM goat anti-rabbit secondary antibody (Invitrogen, A11008, 

1:1000 in 1.5% Goat Serum/PBS).  Cells were washed three times in PBS and mounted with 

Molecular Probes, ProLong Gold® anti-fade reagent with DAPI (Invitrogen, P36931).  Images 

were acquired at constant exposure with a 40x oil immersion objective using OpenLabTM software 

on a Leica DMRB inverted microscope. 

 

Statistical Analysis 

All results are presented as means + SE unless stated otherwise. Two-way analysis of 

variance (ANOVA) was used to compare combined and separate effects of time and treatment on 

HO-1 protein expression. One way ANOVA coupled to Bonferoni multiple comparison post-hoc 

test was used to compare the effects of different treatments on CM-H2DCFDA fluorescence, cell 

viability and apoptosis. Unpaired two-tailed t-test was used to compare differences in caspase-3 

activity between HO-1 and GFP-transduced cells. A P value of < 0.05 was considered to indicate 

statistically significant difference.  
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RESULTS 

 

HO-1 overexpression protects HASMC against oxidative stress, maintains cellular viability and 

reduces apoptosis 

The effect of HO-1 overexpression in H2O2-induced OS and apoptosis in HASMC is 

shown in Figure 2-2. Transduction efficiency of HASMC by MSCV retrovirus was >90% after 

two rounds of transduction with 5 multiplicities of infection, and resulted in approximately 2.5 

fold increase in HO-1 protein levels compared to MSCV-GFP transduced cells (Figure 2-1).  

H2O2 increased OS and the number of TUNEL-positive cells, and reduced cellular viability in a 

dose dependent manner 24 hr after exposure (Figure 2-2). H2O2 increased OS significantly in 

GFP-transduced cells as measured by CM-H2DCFDA (Figure 2-3A).  H2O2-induced OS was 

significantly reduced in HO-1 over-expressing cells compared to the GFP cells (Figure 2-3 B). 

The increase in OS in GFP cells was accompanied by a ~60% increase in TUNEL positive cells 

(Figure 2-3 C, E, G).  Concomitant with the decrease in OS, there was a significant reduction in 

the number of TUNEL positive nuclei (Figure 2-3 D, F, G) and caspase-3 activity (Figure 2-3 H) 

and a parallel increase in overall cell viability (Figure 2-3 I) in HO-1 transduced cells.  Even at 

supra-physiological doses (>300 μM) capable of causing >90% cell death in the control cells, HO-

1 reduced apoptosis by more than 80%. (Figure 2-3G). The cytoprotective effect of HO-1 was 

accompanied by a time-dependent increase in the level of the anti-apoptotic protein Bcl-2 and a 

decrease in the level of the pro-apoptotic protein Bad compared to GFP control (Figure 2-3 J).  

 

The cytoprotective effect of exogenous HO-1 over-expression against oxidative stress-induced 

apoptosis is dependent on AKT activity 

We postulated that the anti-apoptotic effect of HO-1 against OS may be mediated, at 

least in part, by a positive feedback interaction with the PI3K-AKT survival pathway.  Figure 2-4  
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Fig. 2-1: Murine stem cell virus transduction of human aortic smooth muscle cells. A. Brightfield 
image of VSMC (200x); B. View of same field under green fluorescence; C. HO-1 protein 
expression in HASMC transduced with pseudotyped MSCV-HO-1 or MSCV-GFP ;D. Average 
integrated density values of basal HO-1 protein expression in GFP and HO-1 transduced cell 
(Arrows indicate same cells in phase (black) and green fluorescence (white); *, P < 0.05, n = 6). 
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Fig. 2-2: Dose dependent effect of H2O2 on oxidative stress, apoptosis and cell viability. A-D. 
Oxidative stress by CM-H2DCFDA fluorescence (200x) after exposure to increasing levels of 
H2O2; E-H. Apoptosis by TUNEL positive nuclei (400x) 24 hours after exposure to increasing 
levels of H2O2; I-L. Hoechst 33342 staining of nuclei of same fields as in E-H. Arrows indicate 
TUNEL-positive nuclei; M. Quantification of CM-H2DCFDA fluorescence (n = 6 fields for each 
condition, repeated twice) ; N. Quantification of TUNEL positive nuclei in response to increasing 
concentrations of H2O2 (n = 8 for each condition); O. Dose-dependent effect of H2O2 on cell 
viability as assessed by MTT assay (n = 6 for each dose, done in triplicate) . *, P<0.05 vs. vehicle. 
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Fig. 2-3: Effect of HO-1 overexpression in H2O2 induced OS, viability, and apoptotis of HASMC. 
A-B. CM-H2DCFDA fluorescence in GFP (A) and HO-1 (B) transduced cells 24 hours after 
exposure to 300 μM H2O2;  C-D. TUNEL positive nuclei (400x) in GFP (C) and HO-1 (D) 
transduced cells 24 hours after exposure to H2O2;  E-F. Hoescht 33342 staining of nuclei in the 
same fields as in C-D;  G. Percent of TUNEL positive nuclei of cells transduced with HO-1 or 
GFP 24 hours after exposure to different concentrations of H2O2 (n = 8 for each condition; H. 
Caspase activity in HO-1 and GFP transduced cells 24 hours after H2O2 exposure (n = 4/group); I. 
Cell viability by MTT assay in HO-1 and GFP transduced cells 24 hours after H2O2 (n = 6/group, 
done in triplicate); J. Time-course of apoptosis related protein expression in GFP and HO-1 
transduced cells after exposure to 300 μM H2O2. (*, P<0.05, Vehicle vs. H2O2; #, P<0.05, GFP vs. 
HO-1). 
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Fig. 2-4: Effect of Akt inhibition on H2O2 induced HO-1 protein expression and protection from 
apoptosis in HASMC. A-B. Time course of HO-1 protein expression in GFP (A, left blots) and 
HO-1 (B, right blots) transduced cells after exposure to 300 μM H2O2 in the presence (lower 
blots) and absence (upper blots) of PI3K-Akt inhibition with LY294002 (n = 6 for each 
condition);  C-D. Percent of TUNEL positive nuclei in GFP (C) and HO-1 (D) transduced cells in 
the presence and absence of LY294002 (n = 8 for each group); E. Effect of Akt and HO-1 
inhibition with siRNA on apoptosis in GFP and HO-1-transduced cells (n = 6 for each group) (*, 
P<0.05, vehicle vs. LY294002). 
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shows the effect of Akt on HO-1 protein expression and apoptotic cell death after exposure to 

H2O2 in GFP and HO-1 transduced cells.  HO-1 protein expression increased time dependently up 

to 12 hours after exposure to 300 μM of H2O2 in both the GFP and HO-1 transduced cells (Figure 

2-4 A, B, see also Figure 2-5).  As expected, the amount of HO-1 protein at any one time point 

was higher in HO-1 transduced cells than in the GFP-transduced cells. Inhibition of PI3K with 

LY294002 reduced HO-1 protein expression significantly in both the GFP and HO-1 transduced 

cells (Figure 2-4 A, B) and further increased H2O2-induced apoptosis in GFP transduced cells 

(Figure 2-4 C).  LY294002 did not increase apoptosis in the HO-1 transduced cells in response to 

300 μM H2O2 (Figure 2-4 D). However, at a 600 μM H2O2, the antiapoptotic effect of HO-1 over-

expression was completely removed by LY294002. In order to further define the potential 

interaction between HO-1 and Akt in cellular protection against OS-induced apoptosis we used 

small interfering RNA oligonucleotides (siRNA) for human HO-1 and Akt 1/2. Transfection of 

HASMC with fluorescein-conjugated scrambled sequences showed high levels of siRNA 

transfection efficiency as confirmed by intense green fluorescence in the cytosol, leading to 

marked decrease in protein expression (Figure 2-6). Interestingly, pre-treatment with Akt 1/2 

siRNA reduced the cytoprotective effects of HO-1 even at 300 μM of H2O2 (Figure 2-4 E), 

suggesting that a PI3K-independent mechanism(s) may contribute to the modulatory effects of 

Akt in HO-1-mediated cytoprotection in HASMC. 

 

HO-1 and AKT exert reciprocal effects in preservation of mitochondrial membrane potential 

In order to determine whether there were reciprocal effects of HO-1 and AKT in the 

cytoprotective response to H2O2, we used FACS analysis to assess changes in fluorescence of JC-

1, a potentiometer dye that detects changes in mitochondrial membrane potential (ΔΨm). 

Hyperpolarized intact mitochondria concentrate JC-1 in the intermembrane space resulting in JC-

1 aggregation and fluorescence in the red spectrum (FL2).  Depolarization due to pore formation  
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Fig. 2-5: Time-dependent changes in HO-1 protein expression in response to H2O2. A. Time- 
dependent change in HO-1 protein expression in response to H2O2 (300 μM) in HASMC 
transduced with MSCV-GFP or MSCV-HO-1; B, C. Representative blots of HO-1 expression in 
MSCV-GFP (B) and MSCV-HO-1 (C) cells (*, P < 0.05, n = 4-6, Positive control is purified HO-
1 protein). 
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Fig. 2-6 Transfection efficiency of fluorescein-conjugated scrambled oligonucleotide and protein 
expression knockdown using siRNA. A. Brightfield view (200x) of HASMC; B. Same view using 
fluorescein-conjugated scrambled oligonucleotide; C. Protein knockdown determined by Western 
blot of RNA interference specific for human HO-1 (HO-1i), Akt (Akti), Nrf2 (Nrf2i). Membranes 
were reprobed for β-actin, MAPK, and NF-κB. 
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results in JC-1 aggregate release and dissociation to its monomeric form which fluoresces in the 

green spectrum (FL1).  Cells that are healthy are most intense for the red aggregate and localize to 

the third log (Figure 2-7 A, J), whereas cells with perforated mitochondria shift to the lower logs 

(101-102), and dead cells to the lattermost log (100).  In comparison to control cells (Figure 2-7 A) 

we observed a large decrease in Ψm in HASMC exposed to H2O2 (Figure 2-7B, J) Transfection 

with a scrambled siRNA had no detrimental effect on Ψm (Figure 2-7 C, J). HO-1 overexpression 

attenuated mitochondrial depolarization (Figure 2-7 D, J) as indicated by a higher percentage of 

cells in the third decade and fewer cells in the lower decades. However, inhibition of Akt with 

siRNA removed the protective effect of HO-1 over-expression on Ψm (Figure 2-7 E, J).  This effect 

was recapitulated when HO-1 siRNA was utilized in HO-1-over-expressing cells (Figure 2-7 F, 

J). Ψm was preserved in Akt-over-expressing cells exposed to H2O2 (Figure 2-7 G, J). The 

cytoprotective effect of Akt on Ψm was attenuated by targeting HO-1 with siRNA (Figure 2-7 H, 

J).  As above, the deleterious effect of H2O2 on Ψ was recapitulated by siRNA targeting Akt in 

Akt-overexpressing cells (Figure 2-7 I, J).   

 

HO-1 and AKT exert reciprocal effects on each other’s protein levels  

In order to understand the potential interaction between HO-1 and Akt on cellular 

protection against OS-induced apoptosis, we used pharmacological inhibitors of PI3K and siRNA 

for human HO-1 and Akt 1/2 (for transfection and gene knockdown efficiency please see Figure 

2-6) to determine the reciprocal effects of HO-1 and Akt on each other’s protein levels. HO-1 

over-expression increased Akt phosphorylation by 70-80% relative to GFP control cells in 

response to H2O2 without affecting the total Akt protein levels (Figure 2-8 A). Inhibition of PI3K-

Akt by LY294002 markedly reduced HO-1 protein levels in both HO-1- and GFP-transduced 

cells (Figure 2-8 B). This was further confirmed using gene knockdown with siRNA (Figure 2-8 

C).  HO-1 siRNA reduced H2O2 induced Akt phosphorylation by ~30% relative to control cells 

transfected with a scrambled sequence.  Reciprocally, Akt knockdown with siRNA nearly  
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Fig. 2-7: FACS analysis of mitochondrial membrane potential (ΔΨm) in HASMC cells after 
exposure to H2O2 for 24 hours. A. GFP-transduced cells; B. GFP transduced cells exposed to 300 
μM H2O2; C. Control  siRNA cells; D. HO-1-transduced cells exposed to 300 μM H2O2; E. HO-1-
transduced cells pre-treated with Akt siRNA and exposed to 300 μM H2O2; F. HO-1-transduced 
cells pre-treated with HO-1 siRNA and exposed to 300 μM H2O2; G. Akt-transduced cells 
exposed to 300 μM H2O2;  H. Akt-transduced cells pre-treated with HO-1 siRNA and exposed to 
300 μM H2O2 ; I. Akt-transduced cells pre-treated with Akt siRNA and exposed to 300 μM H2O2;  
J. Percentage of cells within each decade for the above groups in FL-2 channel.  FL2 channel 
represents red fluorescence of JC-1 aggregates in hyperpolarized mitochondria.  Depolarization 
results in a downward shift in scatter plot and leftward shift in histogram plot.  
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Fig. 2-8: Reciprocal effect of HO-1 and Akt inhibition on each other’s protein expression in cells 
exposed to H2O2. A. Effect of HO-1 overexpression on Akt phosphorylation; B. Effect of 
pharmacological inhibition of PI3K-Akt on HO-1 protein expression;  C. Effect of Akt and HO-1 
gene knockdown with siRNA on each others protein expression.  D. Effect of Akt gene 
knockdown on HO-1 transcription. Membranes were re-probed for total Akt and β-actin. 
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suppressed HO-1 protein expression in response to H2O2 (Figure 2-8 C), thus indicating that Akt 

and HO-1 reciprocally stimulate each other’s activity in a co-dependent manner. Akt siRNA 

markedly reduced steady state HO-1 mRNA levels after exposure to 300 μM H2O2 suggesting that 

Akt regulates HO-1 expression by a transcriptional mechanism (Figure 2-8 D).  

 

Akt increases HO-1 levels via cap'n collar transcription factor Nrf2 

We investigated the mechanism underlying the stimulation of HO-1 by Akt. Exposure to 

300 μM H2O2 increased HO-1 promoter activity in a time-dependent fashion, peaking at 3 hr 

(Figure 2-9 A). The increase in HO-1 promoter activity was preceded by an increase in Akt 

phosphorylation (Figure 2-9 B) and coincided with increased Nrf2 protein levels (Figure 2-9 B). 

The transcription factor appears diffuse and exclusively localized to the cytosol in unstimulated 

conditions (Figure 2-9 C-F). Upon exposure to H2O2, Nrf2 concentrates in the perinuclear region 

and translocates to the nucleus (Figure 2-9 G-N), in parallel with the increased promoter activity 

(Figure 2-9 A). The translocation of Nrf2 peaks at 3-6 hours after H2O2 and precedes the 

induction of HO-1 (Figure 2-9 B, G-J), and declines steadily afterwards (Figure 2-9 B, K-N).      

In order to determine the role of Nrf2 in mediating the effect of Akt in H2O2-induced 

HO-1 expression, we treated cells with Akt or Nrf2 siRNA.  Akt knockdown was associated with 

reduced Nrf2 and HO-1 expression, compared to cells treated with scrambled siRNA (Figure 2-10 

A).  This was accompanied by reduced HO-1 promoter activity (Figure 2-10 B). Similarly, Nrf2 

knockdown decreased HO-1 protein expression (Figure 2-10 A) and promoter activity (Figure 2-

10 B). Immunohistochemical analysis of Nrf2 localization showed that both Akti and Nrf2i 

markedly reduced H2O2-induced perinuclear localization and nuclear translocation of Nrf2 (Figure 

2-10 G-J) compared to untreated (Figure 2-10 C, D) or scrambled siRNA-treated (Figure 2-10 E, 

F). 
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Fig. 2-9: Transcriptional activation of HO-1 by Akt and Nrf2.  A.  Time dependent HO-1 
promoter activity after exposure to 300 μM H2O2. (n = 12 at each time point);  B.  Time course of 
Akt, Nrf2 and HO-1 protein expression after exposure to 300 μM H2O2; C-N. Time course of 
Nrf2 distribution after treatment with 300 μM H2O2 showing time dependent perinuclear 
accumulation and translocation to the nucleus (400x). (*P<0.05, vs. 0 hours). 
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Fig. 2-10: Akt-mediated induction of HO-1 through Nrf2.  A. Effect of Akt siRNA and Nrf2 
siRNA on Nrf2 and HO-1 protein expression. B. Effect of Akt siRNA and Nrf2 siRNA on human 
HO-1 promoter activity 3 hours after exposure to 300 μM H2O2.  C-J. Nrf2 distribution 3 hours 
after exposure to 300 μM H2O2 in untreated HASMC (C, D), HASMC treated with scrambled 
siRNA sequence (E, F), HASMC treated with Akt siRNA (G, H), and HASMC treated with Nrf2 
siRNA (I, J) 400x) (*, P<0.05,  Akti, Nrf2i vs. scrambled siRNA and GFP controls).
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DISCUSSION 
Plaque rupture rather than luminal stenosis is the most severe clinical manifestation of 

advanced atherosclerosis, leading to thrombosis and potentially fatal acute coronary events (Libby 

and Aikawa 2002). Vascular smooth muscle apoptosis occurs throughout atherogenesis but is 

accentuated in advanced lesions due to the heightened inflammatory and pro-oxidant 

microenvironment of the plaque (Bennet et al, 1995; Kockx 1998). This poses a problem for 

plaque stability because VSMC synthesize the extracellular matrix components required for 

tensile strength of the fibrous cap. Thus, the development of protective strategies for prevention of 

VSMC apoptosis is an important therapeutic target to achieve atherosclerotic plaque stabilization. 

Heme oxygenase-1 and Akt activity are obligatory protective mechanisms in the vessel wall, and 

their anti-apoptotic properties may be essential to achieve plaque stabilization. Here we show for 

the first time that exogenous over-expression of HO-1 confers marked protection from pro-

oxidant induced apoptosis in human aortic vascular smooth muscle cells. More importantly, our 

results indicate that the cytoprotective effect of HO-1 against oxidative stress induced cell death 

in HASMC is, at least, partly dependent on Akt, suggesting that these two cytoprotective enzyme 

systems function cooperatively to inhibit pro-oxidant induced apoptosis of HASMC. We believe 

that this novel functional interaction may have implications for the design of new therapeutic 

strategies for plaque stabilization in atherosclerosis. 

HO-1 exerts pleiotropic effects in the vessel wall, including the inhibition of apoptosis, 

proliferation, inflammation and adhesion molecule expression in VSMC in culture and in injured 

arteries (Otterbein et al, 2000a; Duckers et al, 2001; Liu et al, 2002; Durante, 2003; Soares et al, 

2004).  Furthermore, HO-1 is up-regulated in atherosclerotic plaques (Wang et al, 1998), and HO-

1 over-expression reduces atherosclerotic lesions in genetically predisposed animals (Ishikawa et 

al, 2001; for review Morita 2005). Thus, these findings indicate that HO-1 is an important anti-

atherogenic agent. The dual inhibitory effects of HO-1 on VSMC proliferation and apoptosis may 

be particularly important in atherogenesis. These effects may act to limit cell replication and 
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excessive luminal occlusion in the developing lesion and prevent excessive apoptosis in the 

advanced lesion. In this context, our current findings suggest that exogenous HO-1 

supplementation may be a useful therapeutic strategy for protection of VSMC in the pro-

inflammatory and pro-oxidant milieu of the advanced atherosclerotic lesion.  

The mechanism by which HO-1 inhibits apoptosis in VSMC is not fully understood. Our 

current results indicate that the protective effect of HO-1 against pro-oxidant-induced apoptosis in 

HASMC is critically dependent on Akt activity.  Furthermore, the cytoprotective effect of Akt 

appears to be, at least partially, dependent on HO-1 activity, suggesting that these two enzymes 

function in a co-dependent and cooperative fashion to confer protection from OS in HASMC. 

This premise is supported by our results showing that inhibition of Akt activity markedly reduces 

the ability of HO-1 to inhibit apoptosis and preserve mitochondrial membrane potential. Indeed 

pre-treatment of cells with Akt siRNA led to almost complete knockdown of HO-1 promoter 

activity, mRNA, and protein expression, indicating that the role of Akt in HO-1 mediated 

cytoprotection may be due to its ability to promote HO-1 transcription.   

The mechanism linking exogenous H2O2 to Akt activity and induction of HO-1 is not 

known. HO-1 levels are primarily regulated at the transcriptional level by a number of redox 

sensitive transcription factors (Alam and Cook 2003; Sikorski et al, 2004). H2O2 diffuses freely 

across the cell membrane and activates intracellular signalling molecules that may converge to 

induce HO-1 gene transcription via stimulation of redox-sensitive transcription factors such as 

NF-κB, AP-1 and Nrf-2 (Rao and Berk 1992; Hoare et al, 1999; Kunsch and Medford 1999 

Madamanchi et al 2001; Sandberg and Sayeski 2004). Our data indicate that the effect of Akt on 

HO-1 levels occurs primarily at the level of transcription, since Akt inhibition markedly reduces 

HO-1 promoter activity and steady state mRNA levels. This is in agreement with the data reported 

by Salinas et al (2003) on PC12 cells. However, our data show that Akt siRNA decreases Nrf2 

perinuclear localization and nuclear translocation in response H2O2. Furthermore, HO-1 promoter 

activity is comparably inhibited by Akt and Nrf2 siRNA, suggesting that the effect of Akt on 
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H2O2-induced HO-1 transcriptional activation is, at least in part, mediated via Nrf2.  In this 

regard, we note that Nrf2 has been reported to play an essential role in induction of HO-1 in 

response to hemin (Nakaso et al, 2003) and the antioxidant carnosol by a mechanism that is 

dependent on upstream activation by PI3K/Akt (Martin et al, 2004). Furthermore, PI3K/Akt 

regulates the nuclear translocation of Nrf2 in response to oxidative stress (Kang et al 2002). In 

addition, Akt and HO-1 may also interact at the post-translational level. Akt phosphorylates HO-1 

at serine 188 both in vitro and in vivo, resulting in a modest increase in HO activity (Salinas et al, 

2004). Interestingly, our data show that HO-1 over-expression results in increased levels of 

phosphorylated Akt without affecting total Akt. It is not clear from our results whether HO-1 

directly phosphorylates Akt or whether HO-1 inhibits Akt dephosphorylation by reducing OS 

(Hiroaki et al, 2003). We and others provide strong correlational evidence in support of a link 

between Akt-Nrf2-HO-1 though some question remains as to whether this is a direct or indirect 

mechanism.  Direct evidence for Nrf2 binding to the HO-1 promoter remains to be established.  

We suggest that Akt and HO-1 may operate in a positive feedback mechanism, whereby the level 

of HO-1 expression reciprocally augments Akt activation, which in turn increases HO-1 

expression.  

The current findings may have therapeutic implications for atherosclerosis. A recent 

study reported that simvastatin markedly induces HO-1 and inhibits proliferation and 

inflammation-mediated activation in vascular smooth muscle cells in vitro and in the medial layer 

of blood vessels (Lee et al, 2004). Interestingly, these pleiotropic effects of simvastatin were 

found to be dependent on p38 and PI3K-Akt. Our current results show that HO-1-mediated 

protection of HASMC from oxidative stress induced apoptosis is dependent on Akt activity. A 

plausible working model for the interaction between Akt and HO-1 in cytoprotection from 

oxidative stress may involve activation of Akt by H2O2 either directly or proximally at the level of 

PI3K (for details please see Figure 2-11). Activated Akt may act as a relay to phosphorylate Nrf2, 

promoting its dissociation from the cytosolic repressor Keap1 and its translocation into the  
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Fig. 2-11: Model describing the potential interactions between Akt and HO-1 in cytoprotection 
against oxidative stress. Increased ROS activates Akt resulting in phosphorylation of Nrf2, which 
dissociates from its repressor Keap1 and translocates to the nucleus, where it binds to the 
antioxidant response element (ARE) and induces HO-1 gene transcription. The resultant increase 
in HO-1 activity leads to enhanced heme breakdown and increased production of bilirubin by 
biliverdin reductase (BVR). A positive feedback loop between Akt and HO-1 driven by ROS may 
operate at the post-translational level through reciprocal phosphorylation events between these 
two enzymes. Akt activity may be further enhanced via BVR-mediated phosphorylation. 
Termination of the positive feedback loop between Akt and HO-1 is probably mediated by 
bilirubin which decreases cytosolic ROS accumulation. 
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nucleus, where it induces HO-1 gene transcription by binding to the antioxidant response element 

(ARE) in the HO-1 promoter. A positive feedback loop between Akt and HO-1 driven by ROS 

may operate at the post-translational level by reciprocal phosphorylation events between these 

two enzymes. Akt activity may be further enhanced via BVR-mediated phosphorylation. 

Termination of the positive feedback loop between Akt and HO-1 is likely mediated by bilirubin 

which may buffer cytosolic ROS accumulation. However, confirmation of this potential 

mechanism of cytoprotection remains to be established. 

In conclusion, our results reveal for the first time a functional co-dependence between 

HO-1 and Akt in mediating cytoprotection against oxidative stress-induced cell death. Given the 

prevalence of oxidative stress and apoptosis in advanced atherosclerotic disease, this novel 

interaction between two key cytoprotective systems may provide the rationale for the 

development of therapeutic strategies for plaque stabilization and prevention of plaque rupture 

and thrombosis. 
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ABSTRACT 

 

Ischemic injury, characterized by hypoxia, inflammation and oxidative stress, affects the 

viability and function of tissue.  Post-ischemic recovery may utilize progenitor cells capable of 

promoting neovascularization and recuperation.  Transplantation of autologous cells to patients 

has been disappointing due to lack of survival, retention and function of these cells.  Loss of 

function studies with either protein kinase B (Akt) or heme oxygenase-1 (HO-1) revealed their 

importance in endothelial progenitor cell (EPC)-mediated neovascularization.  Here, we show that 

enhancing EPCs with retroviral gene expression of Akt and HO-1 shields them within an infarct 

microenvironment.  We demonstrate that expressing Akt and HO-1 promotes survival of EPCs, 

improves adhesion of EPCs to extracellular matrix proteins, encourages migration of EPCs 

toward human cardiac myocytes, conditions the autocrine/paracrine protein milieu from EPCs and 

preserves the capacity of EPCs to form capillary-like tubes under stress.  The mechanism of this 

enhanced protection and function is dependent, in part, upon attenuation of nuclear factor kappa B 

(NF-κB) transactivation.  These findings support strategies that increase activity of both Akt and 

HO-1 in EPCs utilized for post-ischemic recovery. 
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INTRODUCTION 

Endothelial dysfunction has been well established as the harbinger of cardiovascular 

disease since vascular tone, vessel wall protection from inflammatory cell infiltration, thrombosis, 

and preclusion of smooth muscle hyperplasia are essential responsibilities of the endothelium 

(Drexler and Hornig 1999).  In recent years, circulating EPCs (Asahara et al, 1997) originating 

from the bone marrow have been shown to play a critical role in re-endothelialisation of injured 

vessels and neovascularization of ischemic tissue (for review Jujo et al, 2008; Chavakis et al, 

2008).  Though controversy still surrounds the characterization of these cells (for review Hirschi 

et al, 2008) studies have demonstrated the therapeutic potential of EPC transplantation (Kalka et 

al, 2000) or mobilization (Shintani et al, 2001) as a method of treating myocardial infarction 

(Kocher et al, 2001), stroke (Zhang et al, 2002) or hind-limb ischemia (Kalka et al, 2000) in pre-

clinical models and—with the exception of stroke—in patients (Britten et al, 2003; Tateishi-

Yuyama 2002).  The presence of circulating EPCs increases after ischemic injury and the quantity 

of cells is proportional to favorable prognosis (Werner et al, 2005).  However, there are fewer and 

less functionally competent EPCs in cardiovascular patients compared to healthy subjects limiting 

their therapeutic potential.  Strategies aimed at increasing the therapeutic capacity of EPCs 

through genetic means still hold promise in recovering post-ischemic tissue. 

The role of Akt in endothelial function has largely been attributed to its effect on cell 

survival and—more recently—its downstream action on endothelial nitric oxide synthase (eNOS) 

activity (McCabe et al, 2000).  Akt activity is associated with neovascularization and vessel 

stability (for review Shiojima and Walsh, 2002) as a downstream regulator of EPC function (Urao 

et al, 2006), differentiation (Mogi et al, 2008), senescence (Xia et al, 2008), survival (Dzau et al, 

2005) and importantly, for homing and retention of EPCs to native vasculature and post-ischemic 

tissue (Hur et al, 2007).  Loss of function studies established a central role for Akt in 

neovascularization, which results in concurrent loss of EPC motility, reduced NO bioavailability 

and accelerated necrosis in ischemic hind-limb models (Ackah et al, 2005).  Reintroduction of 
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Akt restores these deficits, while pharmacological augmentation of Akt activity recovers and 

enhances EPC function after ischemic injury.  Though, a recent study demonstrated kinase-

independent mechanisms in reparative neovascularization and EPC function (Madeddu et al, 

2008).  Gnecchi et al, (2006) and Lim et al, (2006) have previously used mesenchymal stem cells 

expressing constitutively active Akt as a means for ischemic-injury recovery, revealing important 

paracrine contributions of Akt in cell-based therapy as well as improved survival and retention of 

cells in the infarct environment.  The capacity and mechanisms for paracrine-mediated recovery 

need further characterization and similar findings have not been established using EPCs, a 

requisite given the different mechanisms by which they exert recovery in ischemic tissue (Kocher 

et al, 2001; Mangi et al, 2003). 

Kong et al, (2004) have previously reported that transplantation of rabbit autologous 

EPCs overexpressing eNOS, but not HO-1, in injured vessels enhance their vasculoprotective 

properties to restrict neointimal hyperplasia after balloon angioplasty of the common carotid 

artery.  In loss of function studies, the absence of HO-1 severely impaired EPC tube formation 

and migration, in part due to an abnormal response to stromal cell-derived factor-1 (Deshane et al, 

2007).  After hind-limb ischemia in rodents, blood flow recovery was impaired in the presence of 

an HO-1-inhibitor, whereas transient overexpression of HO-1 in post-ischemic tissue promoted 

recovery and capillary density, partially through stem/progenitor recruitment (Tongers et al, 

2008).  HO-1 expression in mesenchymal stem cells was also seen to enhance performance and 

neovascularization of ischemic tissue in rats (Zeng et al, 2008).  An essential role and functional 

codependency of Akt and HO-1 exists in cellular protection and function (Brunt et al, 2006).  We 

postulated that the combined expression of these two central regulators for neovascularization 

may provide human EPCs with the necessary mechanisms to withstand the harsh conditions of a 

hostile infarct microenvironment characterized by hypoxia, inflammation and high levels of pro-

oxidant species. 
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MATERIALS AND METHODS 

Cell culture 

Human endothelial progenitor cells & human cardiac myocytes 

Human EPCs were obtained from the mononuclear fraction of whole peripheral blood as 

previously described (Kong et al 2004; Brunt et al, 2006).  Briefly, 100 mL of blood was isolated 

under sterile conditions by phlebotomy of the cephalic vein and mixed with 100 U heparin 

(Organon, Toronto, ON, Canada).  Mononuclear cells were isolated using Ficoll-PaqueTM Plus 

(Amersham, Oakville, ON, Canada) according to the manufacturer’s instructions and plated onto 

human fibronectin-coated dishes (BD Biosciences, Bethesda, MA, USA).  Cells were incubated 

for 24 hours in endothelial growth factor-supplemented media (EGM-2 bullet kit, Lonza, Basel, 

Switzerland).  EGM-2 was replaced after the first 24 hours and every 3 days thereafter.  

Progenitor cell colonies appeared 15-20 days after initial seeding and were expanded to the third 

passage in fibronectin-coated dishes.  Cells were used in the fourth or fifth passage for 

experimental protocols.  Human dedifferentiated cardiomyocytes were cultured as described by 

the supplier (Promo Cell, Heidelberg, Germany).  Cells were washed once and cultured in 

minimal basal media (EBM, Lonza) for 24 hours to minimize confounding growth factor effects 

of EGM-2 media, before exposure to a simulated infarct environment (IE).  The IE was created by 

incubating cells with human tumor necrosis factor-α (20 ng/mL; #210-TA, R&D Systems, 

Minneapolis, MN, USA) and hydrogen peroxide (500 μM, Sigma-Aldrich, St. Louis, MO, USA) 

in an external humidified hypoxic environment of 1 % O2 and 5 % CO2.  Glass bottom delta-T 

dishes (Bioptechs, Butler, PA, USA) were pre-coated with 100 μl of GeltrexTM (growth-factor 

reduced matrix gel; Invitrogen, Burlington, ON, Canada) in EBM.  GeltrexTM was added to dishes 

on ice, leveled with a circular level for 10 minutes, and incubated at 37 ○C to solidify on a level 

surface for 30 minutes prior to use.  Three-dimensional EPC culture (capillary-like tube formation 
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assay) was performed by uniformly seeding EPCs drop-wise throughout the dish, with gentle 

shaking (Brunt et al, 2007). 

Macrophages 

C57BL/6 mice (25 to 30 grams) were sacrificed by CO2 inhalation.  The peritoneal 

exudates were collected on ice after intraperitoneal injection of 3 × 5 mL complete medium 

(RPMI 1640, Sigma) with 10 % fetal bovine serum (FBS, HyClone, Thermo-Fisher Scientific, 

Ottawa, ON, Canada), L-glutamine (HyClone), penicillin and streptomycin (Gibco, Invitrogen). 

The exudates were centrifuged (240 × g, 10 minutes, 4 °C), resuspended in complete medium, 

counted, and plated (2 × 105 cells/dish) in the center of glass-bottom dishes (MatTek, Ashland, 

MA, USA). After 2 hours at 37 °C in a 95 % air, 5 % CO2 incubator, adhered peritoneal 

macrophages (MΦ) were washed twice with phosphate-buffered saline (PBS) to remove non-

adherent cells, supplemented with fresh complete medium including 1 μg/mL lipopolysaccharide 

(Sigma), and grown for another 18 hours. 

 

Phagocytosis assessment 

MΦ or EPCs were grown for 1 hour in minimal medium.  India-Ink (stock solution in 

PBS; #3398, Speedball, Kingston, ON, Canada) was added in a 1:4000 dilution to the medium.  

Cells were incubated for 60 minutes at 37 °C or 4 °C (for non-specific binding control), washed 4 

times with Hanks balanced salt solution (HBSS, Invitrogen) and assessed by phase contrast 

microscopy.  Yellow-green FluoSpheres (505/515 nm, 0.2 μm diameter; Molecular Probes, 

Invitrogen) were washed once in PBS (16,000 × g, 10 minutes, 4 °C), resuspended and sonicated 

to dissolve aggregates, and used either directly or with prior opsonisation using 5 % normal goat 

serum (Jackson ImmunoResearch, West Grove, PA, USA) in PBS for 16 hours at 4 °C.  Cells 

were incubated for 1 hour in minimal medium, beads were added in a ratio of 1000 beads/cell.  

After 60 minutes at 37 °C or 4 °C (control), cells were washed 4 times with HBSS, detached using 
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HyQTaseTM solution (20 minutes, 37 °C; HyClone) and pelleted by centrifuge.  Cells were 

resuspended in HBSS and analyzed by FACS (Fluorescence Activated Cell Sorting; FC500, 

Beckman Coulter, Mississauga, ON, Canada) flow cytometry.  The mean fluorescence intensity of 

cells was compared to control cells previously incubated at 4 °C with beads or without beads. 

 

Retroviral transduction 

Retroviral transduction was performed as previously described (Brunt et al, 2007).  

Briefly, EPC were plated in EGM-2 media at 20-30 % confluence.  After 24 hours cells were 

transduced with a combination of 10 multiplicity of infection (MOI) of murine stem cell virus 

(MSCV) expressing HO-1 and 10 MOI of MSCV expressing Akt or as control 20 MOI of MSCV 

expressing GFP in EGM-2 media, supplemented with 4 μg/mL of PolybreneTM  (Sigma) for 36 

hours.  Transduction efficiency was >80 % based on GFP fluorescence by FACS. 

 

Cell viability 

Cell viability was determined by the conversion of MTT (3-(4,5-dimethylthiaxol-2-yl)-

2,5 diphenyl tetrazolium bromide) to formazan utilizing NADH and NADPH pyridine nucleotide 

cofactors.  MTT was added to a final concentration of 0.5 mg/mL, incubated for 4 hours and 

solubilized for 24 hours at 37 ○C.  Absorbance was read using a SPECTROMAT® plate reader at 

550 nm/690 nm. 

 

Intracellular redox environment 

EPCs were exposed to an IE for the reported duration or kept at 37 °C in 5 % CO2/21 % 

O2 for control.  Assessment of the intracellular redox imbalance of EPCs was performed using the 

cell permeable probe CM-H2DCFDA (chloromethyl-2',7’-dichlorodihydrofluorescein diacetate 

acetyl ester) [5 μM] pre-loaded into cells in 6-well dishes for 30 minutes prior to exposure to the 

IE, as before (Brunt et al, 2005).  Additionally, dihydroethidium (DHE) [1 μM] was added for the 
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last hour of IE treatment.  EPCs were washed once with HBSS, detached with HyQTaseTM 

(Hyclone) and analysed by FACS.  General non-specific oxidation was recorded in the FL1 

channel (green) as CM-H2DCFDA was oxidized to DCF, while the oxyradical favored oxidation 

of DHE to ethidium was recorded in the FL4 channel (red). 

 

Western immunoblot 

Cell lysates were prepared using TPER protein extraction reagent (Pierce, Rockford, IL, 

USA) containing protease and phosphatase inhibitor cocktails (Sigma).  Protein concentration was 

determined using the Bradford method.  Protein samples (25 μg) were denatured in Laemmli 

buffer, resolved by 10 % SDS-PAGE and transferred to PVDF membrane (Immobilon-P, 0.45 

μm, Millipore, Billierica, MA, USA).  Equal loading was verified by Ponceau-S, Coomassie stain 

and reprobing for β-Actin (1:1000, Sigma).  Membranes were blocked overnight and probed for 

human HO-1 (1:5000, #SPA-896, StressGen, Victoria, BC, Canada), total Akt and 

phosphorylated Akt-S473 (1:1000, #9272 and #9271, respectively, Cell Signaling, Boston, MA, 

USA), total IκBα and phosphorylated IκBα-pSer32 (1:1000, #PC142 and #400002, respectively, 

Calbiochem, Gibbstown, NJ, USA).  Blots were then incubated with secondary HRP-conjugated 

anti-rabbit (1:5000, Cell Signaling) or HRP-conjugated anti-mouse (1:5000, Amersham).  

Immunoreactivity was detected using Chemiglow reagent (Pierce) with an Alpha InnotechTM 8900 

gel documentation system. 

 

EPC immunophenotyping by FACS flow cytometry 

EPCs near 80 % confluence were detached with HyQtaseTM (Hyclone) and washed once 

with PBS-5 % FBS. Cells were resuspended in 90 μl PBS-5 % FBS and 10 μl of monoclonal-

conjugated antibody or isotype control.  We used the following antibodies with their respective 

manufacturer recommended isotype controls to immunolabel culture expanded late-outgrowth 

EPCs prior to transduction: CD31-FITC (#BD-555445), CD34-FITC (#BD-555821), CD54-PE 



 57

(#BD-555511), CD106-FITC (#BD-551146), CD184-APC (BD#555976), 140b-PE (#BD-

558821), from BD Biosciences & CD105-PE (#FAB10971P), CD117-PE (#FAB332P), CD202b-

APC (#FAB3131A), CD144-PE (#FAB9381P), and CD309-PE (#FAB357P) from R&D systems, 

CD133 (#130-090-826, Miltenyi Biotec, Auburn, CA, USA) and combined CD14-PE/CD45-

FITC Multimix (Dako, Mississauga, ON, Canada).  Cells were placed in the dark on ice with 

shaking for 1 hour.  Cells were washed twice with PBS-5 % FBS and examined by FACS.  The 

percentage of positive cells was calculated using the conjugate isotype negative controls 

according to the method of Overton (1988). 

 

Lentiviral nuclear factor kappa-B transactivation promoter-reporter assay 

Lentivirus construction 

A PmeI/EcoRI/NheI/PstI/SalI/BspEI/HpaI/BsiwI/EcoRV polylinker 

(5'CACCGTTTAAACGAATTCGCTAGCCTGCAGGTCGACTCCGGAGTTAACCGTACGGA

TATC3') was cloned into pLenti6/V5-D-TOPO (Invitrogen) vector to generate a pLenti-linker 

according to manufacturer's directions.  A 620-bp EcoRI-NcoI fragment containing the internal 

ribosome entry site (IRES) from plasmid pIRES2-AcGFP1(Clontech, Mountain View, CA, USA) 

was ligated into a 4.3-kb EcoRI-XbaI fragment of pIRES (Clontech) along with a 1.7-kb NcoI-

XbaI fragment containing fire-fly luciferase (Luc) gene from plasmid pGL3 (Promega, Madison, 

WI, USA) to yield plasmid pIRES-Luc.  The gene coding for the Aequorea coerulescens green 

fluorescent protein (AcGFP1) was amplified from pIRES2-AcGFP1 (Clontech) by PCR using 

EcoRI containing (underlined) primer (5' ATACCGGAATTCCAACCATGGTGAGCAAGGGC 

3') and SacII containing (underlined) primer (5' CTGTCCCCGCGGTCACTTGTACAGCTCATC 

3'). The PCR product was digested with EcoRI-SacII and ligated into EcoRI-SacII digested 

pIRES-Luc to generate pGFP-IRES-Luc. The 2.9-kb EcoRI-SalI fragment containing cassette 

GFP-IRES-Luc was ligated with EcoRI-XhoI digested vector pLenti-linker to generate pLenti-

GFP-IRES-Luc.  Subsequently, a pLentiΔCMV-GFP-IRES-Luc was constructed by replacing a 
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ClaI-SpeI (bases: 1824 -2474) fragment of pLenti-GFP-IRES-Luc with ClaI-SpeI PCR 

amplification products (bases: 2392 -2474) to delete the CMV promoter.  pLentiΔCMV-NFκB-

GFP-IRES-Luc was then constructed by inserting the NF-κB binding sequences of the human 

VCAM promoter (CTGGGTTTCCCCTTGAAGGGATTTCCCTC) into the vector between SpeI 

and EcoRI sites upstream of the open reading frame of AcGFP1. 

 

Transactivation analysis 

EPCs expressing Akt/HO-1 or GFP control were passaged to 24-well dishes and 

incubated in EGM-2 media with 4 μg of polybreneTM and 5 MOI of lentivirus containing the NF-

κB promoter-reporter construct for 24 hours.  Media was replaced with fresh EGM-2 for 24 hours, 

cells were washed and incubated for 24 hours in EBM.  Cells were exposed to IE or control 

conditions, then lysed for detection of luciferase activity in a Lumat LB 9507 luminometer using a 

BrightGLOTM luciferase assay kit from Promega according to their instructions (Madison, WI, 

USA). 

 

Adhesion assay 

EPC adhesion to human extracellular matrix (ECM) was assessed using a commercially 

available kit (#ECM545, Chemicon, Millipore).  Human extracellular matrix components: 

fibronectin, vitronectin, laminin, tenascin, collagen I, II, IV, and bovine serum albumin (control) 

were coated in 96-wells.  EPCs were detached and resuspended in EBM.  1 x 105 EPCs were 

seeded into each well and incubated for 2 hours either in basal conditions or IE.  Non-adherent 

cells were aspirated and wells were gently washed three times.  Adherent cells were lysed and 

quantified using CyQuant® GR dye (Molecular Probes, Invitrogen) at a fluorescent reading of 

485ex/520em in a FLUOStar Optima plate reader. 

 

Migration assay 
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EPC migration was assessed in accordance with the recommended directions of the 

supplier (#ECM 510, Chemicon).  Either normal EBM media or IE was present in the lower 

portion of a modified Boyden chamber in the presence of 10 % FBS as a non-specific, universal 

chemoattractant.  Otherwise, 5 x 104 cells were plated into the lower chamber in EBM and 

allowed to adhere for 1 hour.  To induce secretion of infarct-simulated autocrine/paracrine factors 

the cells were then exposed to IE for 30 minutes, after which 5 x 104 EPCs were added to the 

upper chamber and allowed to migrate through an 8 μm polycarbonate barrier toward the lower 

chamber overnight (16 hours) under nominal or IE conditions.  Cells in the upper chamber were 

discarded and cells which migrated to the underside of the filter were detached, lysed and 

quantified using CyQuant® GR dye (Molecular Probes, Invitrogen) at a fluorescent reading of 

485ex/520em in a FLUOStar Optima plate reader. 

 

Secretome protein array 

Four independent transductions of EPCs were performed in T25 flasks; each flask was 

split into 3 wells of a 6-well plate.  After exposure to IE for 24 hours, media were collected, 

pooled and concentrated using an Amicon Ultra-15, 3 kD concentrator (#EFC-900308, Millipore) 

by centrifugation at 4,000 x g for 60 minutes at 4 ○C.  Cell lysates were collected by adding 50 

μl/dish of PBS with protease and phosphatase inhibitor cocktails (Sigma), 0.5 % Triton X-100 and 

0.5 % NP-40 detergents.  Cell-lysates were collected and homogenized with a plastic eppendorf 

pestle, and centrifuged for 5 minutes at 10,000 x g at 4 ○C.  Conditioned media (undiluted) and 

supernatant (200 μg/mL) were snap frozen and shipped frozen to RayBiotech, Inc (Norcross, GA, 

USA) for proteome profiling using a human G-series 2000 array.  Samples were internally 

normalized and data were presented as integrated density values (IDV).  We used a weighted 

measure to assign priority to results based on total detectability, arithmetic difference, and relative 

difference in comparison to control. 
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Statistical analysis 

All results are presented as mean + standard deviation.  One-way ANOVA coupled to 

Bonferroni multiple comparison post-hoc test or unpaired t-test was used to compare differences 

as appropriate.  A P-value < 0.05 was considered to indicate a statistically significant difference. 

 

RESULTS 

 

Characterization of adult peripheral blood endothelial progenitor cells 

As the immunophenotype of EPCs are dynamic, we sought to characterize the culture-

expanded EPCs prior to transduction with retroviral vectors.  The EPCs used in the study were 

late-outgrowth (~20 days), human fibronectin adherence-purified and highly proliferative.  EPCs 

maintain an endothelial immunophenotype with respect to cluster of differentiation (CD) antigen 

expression (Figure 3-1, A i-xiv).  Late outgrowth adherence-purified EPCs were negative for 

CD14 and CD45, colony-forming and clonogenic with a capacity to form capillary-like tubes in 

GeltrexTM independent of growth factor stimulation (Figure 3-1, B i-iii).  To confirm a non-

monocyte-macrophage phenotype we examined the phagocytic capacity of EPCs in comparison to 

peritoneal macrophages (MΦ).  Exposure to India ink carbon particles (Figure 3-1, C) induces 

pseudopod formation (arrows) and internalization of carbon particles in MΦ, but not in EPCs 

under identical conditions.  Similar results were determined using fluorescent latex microspheres 

with or without serum opsonisation (data not shown). 

 

Viral transduction of EPCs with MSCV for Akt and HO-1 expression 

Human EPCs were highly amenable to viral-mediated gene expression with MSCV.  

Transduction efficiency was determined by fluorescent microscopy and FACS.  EPCs were 

transduced for 24 hours at several MOI to determine an optimal viral titer needed to achieve 

viable transduction efficiency.  Forty-eight hours after a single round of transduction, efficiency  
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Fig. 3-1: Post-isolate characterization of human endothelial progenitor cells. A) Cluster of 
differentiation (CD) profile of late-outgrowth EPCs prior to transduction.  Percent positive cells 
(black histogram) were calculated by the Overton method with their respective matched IgG 
isotype/flourochrome controls (beige histogram). Antigens and common names are i) CD31: 
platelet endothelial cell adhesion molecule (PECAM) ii) CD34: hematopoietic progenitor cell 
antigen iii) CD105: endoglin iv) CD54: intercellular adhesion molecule v) CD14: 
lipopolysaccharide receptor vi) CD133: prominin-1 vii) CD45: leukocyte common antigen viii) 
CD106: vascular cell adhesion molecule ix) CD184: fusin x) CD117:c-kit receptor 
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Fig. 3-1(cont): xi) CD140b: platelet-derived growth factor receptor xii) CD202b: tunica interna 
endothelial cell kinase (TEK) xii) CD144: vascular epithelium cadherin (VE-cadherin) xiv) 
CD309: vascular endothelial growth factor receptor-2 (VEGFR-2).  B) Phase contrast images of 
isolated EPCs.  i) Single colony forming EPC; ii) Confluent monolayer of EPCs; iii) Unstimulated 
capillary-like tube formation in growth factor-reduced ECM (GelTrexTM) in basal media. C) 
Phase contrast images of macrophages (MΦ) undergoing phagocytosis of carbon particles (left 
panels, arrow = pseudopod) is not observed in EPCs (right panels). (Representative of three 
experiments)  
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was assessed (Figure 3-2).  EPCs transduced with 5, 10, and 20 MOI were viable and had positive 

GFP expression in greater than 45 %, 65 % and 80 % of cells, respectively (Figure 3-2, A i-iii).  

Transduction using 50 MOI produced nearly 90 % transduction efficiency, but as revealed in the 

inset-phase image of Figure 3-2 (A iv), EPC viability was compromised; cells became condensed 

and lost adherence.  We determined that 20 MOI, a combination of 10 MOI of MSCV-HO-1 and 

10 MOI of MSCV-Akt, could achieve expression of both genes in a majority of cells.  Western 

blot analysis of transduced EPCs with both vectors demonstrated a significant elevation in 

constitutively active Akt and HO-1 expression (Figure 3-2, B i and ii, respectively). 

 

Superior performance of gene-enhanced EPCs in an IE 

In order to assess whether Akt/HO-1 gene-enhanced EPCs would have the potential to 

survive transplant into an infarct environment, we measured their viability 24 hours after exposure 

to 20 ng/mL of human tumor necrosis factor alpha (TNF-α) and 500 μM of hydrogen peroxide in 

a hypoxic (1 % O2) atmosphere.  This hostile microenvironment simulated the combined stress of 

inflammation, oxidative stress and hypoxia encountered in an infarct environment and reduced 

EPC viability by more than 50 % (Figure 3-3, A).  The survival benefit of enhanced expression of 

Akt and HO-1 to EPCs in the IE was greater than 30 %.  This enhanced survival is due, in part, to 

a marked reduction in the amount of intracellular oxidative-stress in Akt/HO-1 expressing cells, 

as determined by the attenuated intensity of redox sensitive fluorochromes CM-H2DCFDA and 

DHE (Figure 3-3, C).  In addition, the detectable amount of TNF-α in the media 24 hours after 

exposure to the IE was reduced by 50 % in Akt/HO-1 expressing cells (Table II), while media 

levels of pro-survival hepatocyte growth factor (HGF), interleukin-8 (IL-8) and osteoprotegerin 

were elevated (Table I).  A significant reduction in the transactivation of the redox- and 

inflammatory-sensitive transcription factor NF-κB was revealed in Akt/HO-1 expressing cells 

(Figure 3-3, B i).  This was also accompanied with rapid phosphorylation and subsequent 

degradation of the inhibitor kappa-B protein (Figure 3-3 B ii).  The formation of capillary-like  
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Fig. 3-2: Transduction efficiency of human endothelial progenitor cells.  A) Flow cytometric 
assessment of EPCs transduced with increasing MOI of MSCV encoding GFP. Inset panels 
demonstrate phase and fluorescent images in identical fields at 5 MOI (i), 10 MOI (ii), 20 MOI 
(iii), 50 MOI (iv).  B) Western blot analysis of EPCs transduced with 10 MOI of MSCV encoding 
Akt (i) and HO-1 (ii). (Representative of three experiments)  
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Fig. 3-3: Improved survival and function of EPCs expressing Akt and HO-1 in a simulated infarct 
environment.  A simulated infarct environment (IE) was created by combining exposure to 
hypoxia (1 % O2), oxidative-stress (500 μM hydrogen peroxide), and inflammation (20 ng/mL 
TNF-α). A) Gene-enhanced EPCs expressing Akt/HO-1 demonstrate improved survival by MTT 
viability assay compared to control (* P< 0.05 vs. normal cell conditions, # P<0.05 vs control 
transduction in IE; Average ± SD, N=10).  Bi) Nuclear promoter-reporter assay using NF-κB 
repeats upstream of luciferase demonstrated reduced NF-κB transactivation 6 and 24 hours after 
exposure to IE in gene-enhanced EPC with Akt/HO-1. (* P < 0.05 vs. control; Average ± SD, N = 
12).  Bii) Inhibitor of kappa-B is rapidly phosphorylated by 6 hours and degraded by 24 hours.  C) 
Reduced oxidative stress in EPCs expressing Akt/HO-1 (v-viii) compared to control (i-iv).  Less 
oxidative stress by FACS with a reduced CM-H2DCFDA (green, iii vs. vii) and DHE (red, iv vs. 
viii) fluorescent intensity; also seen in establishing vascular networks in GelTrexTM (i vs. v). D)  
EPCs form capillary-like tubes in growth factor-reduced ECM (GelTrexTM) (i).  The capacity for 
EPCs to form tubes is lost in the IE (ii) but preserved in EPCs expressing Akt/HO-1 (iii) 
(Representative of three experiments)  
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Table 1: Elevated protein expression in conditioned media of Akt/HO-1-expressing EPCs to 
control.  Elevated protein levels of conditioned media 24 hours after exposure to an IE.  Data 
represent four replicate transductions.  Each replicate was passaged in triplicate to 6-well culture 
dishes 24 hours prior to IE exposure.  Samples were pooled and post-hoc positive control 
normalisation and background subtraction were utilised to determine the integrated density value 
of 174 proteins. IDV= integrated density value, Adh = promotes cell adhesion, aFib = anti-
fibrotic, aMtrx = enhanced ECM integrity, Chemo = chemotactic, Dth = promotes cell death, 
Diff = promotes vascular progenitor differentiation, Mig = enhanced cell migration, Mob = 
Stem/Progenitor cell mobilizing, Mtrx = enhanced ECM breakdown, Prol = proliferative, Rec = 
recruitment of pericytes/smooth muscle cells, Rep = promotes repair/recovery of injury/infarct 
tissue, Stab = promotes neovessel stability, Stat = Angiostatic, Sur = pro-survival, ? = 
controversial role in neovascularization, ! = requires further examination. 
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Table 2: Reduced protein expression in conditioned media of Akt/HO-1-expressing EPCs to 
control.  Reduced protein levels of conditioned media 24 hours after exposure to an IE.  Data 
represent four replicate transductions.  Each replicate was passaged in triplicate to 6-well culture 
dishes 24 hours prior to IE exposure.  Samples were pooled and post-hoc positive control 
normalisation and background subtraction were utilised to determine the integrated density value 
of 174 proteins. IDV= integrated density value, Adh = promotes cell adhesion, aFib = anti-
fibrotic, aMtrx = enhanced ECM integrity, Chemo = chemotactic, Dth = promotes cell death, 
Diff = promotes vascular progenitor differentiation, Mig = enhanced cell migration, Mob = 
Stem/Progenitor cell mobilizing, Mtrx = enhanced ECM breakdown, Prol = proliferative, Rec = 
recruitment of pericytes/smooth muscle cells, Rep = promotes repair/recovery of injury/infarct 
tissue, Stab = promotes neovessel stability, Stat = Angiostatic, Sur = pro-survival, ? = 
controversial role in neovascularization, ! = requires further examination. 
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tubes in the IE was also qualitatively preserved by enhanced expression of Akt/HO-1 (Figure 3-3, 

D iii), a capacity almost completely lost in control EPCs under similar stress (Figure 3-3, D ii).  

Taken together these data demonstrate that partially through a mechanism of attenuated NF-κB 

transactivation and reduced intracellular oxidative-stress, Akt/HO-1 enhances the survival of 

EPCs in an IE and preserves the capacity for capillary-like tube formation under stress. 

 

Improved adhesion of Akt and HO-1 gene-enhanced EPCs 

Adhesion to extracellular matrix is an important function of cells forming neovessels, a 

process made more difficult by the added stress associated with the infarct environment.  Since 

Akt/HO-1 gene-enhanced EPCs maintained a capacity for neovessel formation under stress, we 

sought to examine their capacity for adhesion to extracellular matrix.  Under basal conditions we 

discovered that adhesion to ECM proteins (fibronectin, vitronectin, tenascin, laminin, collagen II, 

and IV), with the exception of collagen I, was significantly improved in EPCs expressing 

Akt/HO-1 under basal conditions (Figure 3-4, A).  As anticipated, the capacity of EPCs to adhere 

to ECM proteins was restricted in IE conditions.  Adherence ranged from ~85 % (i.e. fibronectin), 

to as little as ~10 % (i.e. tenascin) in comparison to basal conditions (Figure 3-4, B).  In a reversal 

of results measured in basal conditions, Akt/HO-1 expressing EPCs were significantly more 

adherent to collagen I in the IE.  Further, gene-enhanced EPCs were able to maintain greater 

adherence to some—vitronectin, tenascin, laminin and collagen II—but not all—fibronectin and 

collagen IV—ECM proteins in the IE.  In part, this may be due to an elevation in adhesion 

molecules: ALCAM, PECAM1, and ICAM2 (Table I) or the moderate 17 % increase in E-selectin 

measured in cell-lysates from Akt/HO-1 transduced EPCs (data not shown).  However, the roles 

for these adhesion molecules, particularly their soluble isoforms in EPC function remains to be 

established. 
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Fig. 3-4: Improved adhesion of Akt/HO-1 gene-enhanced EPCs. A) EPCs were allowed to adhere 
to human ECM components in basal media for one hour prior to analysis.  Under unstimulated 
conditions Akt/HO-1 gene-enhanced EPCs preferably adhered to human fibronectin, laminin, 
tenascin, vitronectin, collagen II and IV, but not collagen I. Control wells were albumin-coated.  
B) Exposure to IE significantly impaired EPC adherence to ECM components.  Akt/HO-1 gene-
enhanced EPCs had a significantly higher capacity to adhere to human vitronectin, tenascin, 
laminin, collagen I and II, but not fibronectin or collagen IV. (* P < 0.05 vs. control, Average ± 
SD; N=6) 
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Increased autocrine/paracrine migration of Akt and HO-1 gene-enhanced EPCs 

The importance of migration and response to appropriate chemotactic signaling is 

functionally imperative to neovascularization mediated by EPCs.  Given that the Akt/HO-1 gene-

enhanced EPCs were able to migrate toward each other and form capillary-like tubes in an IE, we 

sought to identify a capacity for enhanced migration.  Under basal conditions Akt/HO-1 gene-

enhanced EPCs had no advantage over control in their ability to migrate toward a universal 

stimulus, 10 % serum (Figure 3-5, B).  Not surprisingly, the migration of EPCs was severely 

impaired by ~70 % in an IE.  Unexpectedly, no advantage was gained by expression of Akt/HO-1 

in the migration of EPCs toward serum in an IE (Figure 3-5, C).  However, multiple factors are 

reportedly responsible for migration or chemoattraction of EPCs to infarct environments (i.e. 

SDF, SCF, VEGF, GCSF etc.).  To better recapitulate the secretome of infarcted-myocytes, we 

used human cardiac myocytes exposed to the IE as the sole stimulus for migration.  Indeed, the 

presence of these “infarcted” human cardiomyocytes stimulated migration of EPCs and this 

chemotactic effect was significantly augmented in Akt/HO-1 gene-enhanced EPCs (Figure 3-5, 

D).  Further, EPCs drawn to sites of infarction must maintain a gradient of chemotactic stimulus 

to promote self-attraction for neovessel formation.  As such, we also examined the effect of 

infarcted-EPCs to autostimulate migration under infarct conditions.  Those cells expressing 

Akt/HO-1 were better able to self-attract (Figure 3-5, E).  These data suggest that the collective 

presence of post-infarct human cardiomyocytes and Akt/HO-1 gene-enhanced EPCs can attract 

additional gene-enhanced EPCs through autocrine/paracrine signaling. 

 

Secretome protein array of Akt/HO-1 gene-enhanced EPC in an IE 

Autocrine/paracrine signaling is responsible, at least in part, for the protective effects 

observed in cell transplantation and neovascularization of post-infarct tissue seeded with 

stem/progenitor cells.  Thus, we examined the secretome of Akt/HO-1-enhanced EPCs after  
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Fig. 3-5: Increased autocrine/paracrine migration of Akt and HO-1 gene-enhanced EPCs A) 
Representation of modified Boyden migration chamber.  B) Basal conditions with 10 % serum 
serving as stimulus; no significant difference between groups.  C) IE with 10 % serum serving as 
stimulus; no significant difference between groups.  D) IE with human cardiac myocytes plated 
into the lower well acting as stimulus; Akt/HO-1 gene-enhanced EPCs were significantly more 
motile toward stimulus.  E) IE with control EPCs and Akt/HO-1 gene-enhanced EPCs, 
respectively, plated into the lower well acting as stimulus; Akt/HO-1 gene-enhanced EPCs were 
significantly more motile toward stimulus. (* P < 0.05 vs. control; Average ± SD; N=6) 
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exposure to the IE (Table I & II).  Though others have performed microarray analysis, to our 

knowledge, this is the first secretome analysis of human EPCs in an IE.  We formulated a 

weighted sum that took into account both the total amount of detected protein and the degree of 

difference between samples from Akt/HO-1-transduced EPCs compared to control.  The salient 

results from profiling one hundred and seventy-four proteins from conditioned media of Akt/HO-

1 gene-enhanced EPC vs. control EPCs are summarized in Table I (elevated expression) and 

Table II (reduced expression).  Several chemokines (CCL & CXCL), typically found in infarcted 

myocardium were elevated.  Of particular interest was the significant content of platelet-derived 

growth factor (PDGF) produced by EPCs in the IE (Table I), and the favored expression of PDGF 

receptor beta in cell lysates (~7 fold higher than PDGF receptor alpha) in both groups (data not 

shown).  Akt/HO-1 gene-enhanced EPCs had more abundant PDGF production compared to 

control (Table I), and interestingly 50 % less PDGF receptor alpha in cell lysates (data not shown) 

compared to control.  The elevated level of MMP1 and reduction in TIMP1 and TIMP2 in 

Akt/HO-1 EPCs would indicate an environment favorable to ECM breakdown, a necessary 

component to neovascularization.  Surprisingly, there was only low-level detection of both stem 

cell factor and stromal derived factor-1 alpha, though respectively they were 36 % and 26 % 

higher in conditioned media from Akt/HO-1 gene-enhanced EPCs compared to control.  Despite 

some elevated angiostatic factors, CXCL10 (IP-10), or reduction in predominately pro-angiogenic 

factors, CXCL1 (GROα) and placental growth factor (PlGF), the presence of most factors 

detected would suggest a protein milieu more favorable for neovascularization by Akt/HO-1 

gene-enhanced EPCs compared to control. 

 

DISCUSSION 

In this study, we establish that human EPCs expressing the enzymes Akt and HO-1 

would survive and function in, as well as condition, an infarct environment to favor neovessel 

formation.  Neovascularization involving EPCs requires successive coordinated steps of 
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chemotaxis, adhesion, migration, recruitment, differentiation and stabilization.  The coordination 

of these events is highly dependent on intracellular modifications and intercellular 

communication.  In the infarct environment the added imposition of dead or dying native tissue 

and presence of immune cells produce high levels of inflammatory agents and pro-oxidants that 

impair these events.  As well, the coincident damage to the microvasculature promotes local tissue 

hypoxia and disrupted metabolic supply.  The cumulative stress in the infarct environment, 

combined with the inferior function of stem/progenitor cells of patients, makes it unlikely these 

cells will be retained, survive and function.  This difficulty must be overcome for successful cell 

therapy. 

Akt and HO-1 pathways are codependent in cardiovascular protection (Brunt et al, 

2006).  When combined, they may provide the capacity to achieve the desired outcome in post-

infarct recovery through cell therapy.  Recent studies have sought to promote survival, retention 

and function of transplanted cells.  Preconditioning (Pasha et al, 2008) or combining factors 

known to be involved in neovascularization prior to, or during, cell transplantation demonstrate 

improved outcome (Yau et al, 2005).  However, mixed results emphasize the importance in 

coordinating the complex autocrine/paracrine milieu needed for vessel formation and patency, 

making it difficult to design a one-factor-fits-all approach.  Common to many reported adjunctive 

approaches is a corresponding level of enhanced intracellular HO-1 and Akt activity.  HO-1 and 

vascular endothelial growth factor (VEGF) may even have reciprocal effects on their synthesis 

(Bussolati and Mason 2006; Jazwa et al, 2006), though, we identified PDGF and HGF, not VEGF 

or PlGF, as more prominent in the current study.  The added benefit of HO-1, an essential 

component in neovascularization, provides for direct regulation of oxidative-stress and 

inflammation.  Indeed, in this study, attenuation of intracellular oxidative-stress and pro-

inflammatory transcription factor NF-κB is, at least in part, a necessary component for improved 

function in the IE.  A role for NF-κB activation in neovascularization and growth factor regulation 

has been reported; whether this is favorable or restrictive to the process remains controversial (for 
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review Tabruyn et al, 2008).  In the perspective of the current work, it would appear that it is 

essential, but requires tight regulation; an effect that may only be achieved by targeting NF-κB 

regulatory pathways such as Akt and HO-1.  Naturally, NF-κB may not be the sole regulated 

pathway.  Recent evidence suggests a degree of functional cooperation between NF-κB and 

hypoxia inducible factor-1 alpha (HIF1α)(Rius et al, 2008).  Not surprisingly, hypoxia acts 

through Akt-mediated NF-κB to regulate neovascularization (Dell’Eva et al, 2007).  Ideally, in the 

future both NF-κB and HIF1α mechanisms could be used to provide regulatable vector platforms 

to express Akt and HO-1 for a proportioned response to the full range and severity of stimuli 

encountered in an infarct environment in vivo. 

Here we provide additional insight to mechanisms of enhanced EPC function beyond 

survival, namely improved adhesion and migration that may potentially lead to greater retention 

of transplanted cells.  The mechanisms by which Akt/HO-1-expressing EPCs achieve enhanced 

function through binding ECM, remain to be established.  Matrix binding, predominately through 

adhesion molecules and integrins is still being investigated (Di Santo et al, 2008; Carmona et al, 

2008) and will likely be a focus of many future studies of EPC biology.  Conceivably, ECM-

binding molecules like α5β1/αVβ3 for fibronectin or α1β1/α2β1 for collagen I, may be altered or 

enhanced directly or indirectly as a result of Akt and HO-1 expression and should be explored 

further (Roberts et al, 2004).  Though inhibition of NF-κB may negatively regulate synthesis of 

adhesion molecules and E-selectin in endothelial cells (Rajan et al, 2008), we found moderately 

elevated E-selectin, a critical mediator of EPC function (Di Santo et al, 2008).  Further, our data 

reveal the potential involvement of the less well characterized adhesion molecules ALCAM, 

PECAM1, and ICAM2, which have controversial roles in neovascularization and require more 

detailed examination (Table I).  In particular, future work should attempt to reveal the role of 

soluble isoforms in eliciting integrin activation and promoting or inhibiting homo/heterophilic 

adhesion of EPCs to the ECM or native tissue after transplantation (Chiba et al, 1999). 
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The capacity for promoting neovessel formation through self-attraction of EPCs into an 

infarct environment toward highly stressed human cardiac myocytes is intriguing.  Likely, this is 

mediated by a combination of autocrine/paracrine signaling, such as the chemokines CCL3 and 4, 

which were highly present in native EPCs and significantly higher in EPCs expressing Akt/HO-1.  

These chemokines are elevated systemically after ischemic events (de Jager et al, 2008) and are 

potentially a major component of the “ischemic recipient cardiac environment” described by 

Vandervelde et al, (2007).  The role of these molecules may have been undervalued as bystanders 

of inflammation where they are better known for their role in leukocyte trafficking.  Infarct repair 

requires overlapping steps of inflammation, repair and perhaps even limited regeneration in the 

remodeling processes, much of it requiring autocrine/paracrine coordination.  As such, cautious 

interpretations of findings are required to fully define the transition of injury to recovery. 

Modification of the local microenvironment conducive to neovascularization or 

paracrine protection of native tissue is a significant task borne by transplanted cells in order to be 

effective in therapeutic revascularization and infarct recovery.  Though HO-1 induction enhances 

neovascularization (Kaga et al, 2005), overexpression was also reported to induce angiostatic 

CXCL10 (IP10), a fact we confirm in this report, but one that could also provide anti-fibrotic 

effects (Table I).  Given our current data and those of others, regulation of inflammation, 

oxidative stress and promoting proliferation of endothelial cells (Deramaudt et al, 1998) may be 

fundamental to the effect on neovascularization provided by Akt and HO-1. 

The prospect of utilizing EPCs as a substrate for gene-enhancement remains an option for 

rejuvenation of patient cells for survival and function in a hostile microenvironment.  Combining 

functional enhancement and protection through expression of Akt and HO-1 in EPCs promotes 

their ability to withstand multifactor stress common to an infarct environment.  Enhancing Akt 

and HO-1 expression in EPCs provides enhanced function through improved adhesion, migration 

and conditioning of the hostile microenvironment allowing neovessel formation and may provide 

a useful strategy to improve infarct recovery. 
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ABSTRACT 

Reactive oxygen species (ROS) activate multiple signaling pathways involved in cardiac 

hypertrophy.  Since HO-1 exerts potent anti-oxidant effects, we hypothesized that this enzyme 

inhibits ROS-induced cardiomyocyte hypertrophy. HL-1 cardiomyocytes were transduced with an 

adenovirus constitutively expressing HO-1 (AdHO-1) to increase basal HO-1 expression, and then 

exposed to 200 μM hydrogen peroxide (H2O2). Hypertrophy was measured using 3H-leucine 

incorporation, planar morphometry and cell-size by forward-scatter flow-cytometry. The pro-

oxidant effect of H2O2 was assessed by redox sensitive fluorophores. Inducing intracellular redox 

imbalance resulted in cardiomyocyte hypertrophy through transactivation of nuclear factor kappa 

B (NF-κB). Pre-emptive HO-1 overexpression attenuated the redox imbalance and reduced 

hypertrophic indices. This is the first time that HO-1 has directly been shown to inhibit oxidant-

induced cardiomyocyte hypertrophy by a NF-κB dependent mechanism. These results 

demonstrate that HO-1 inhibits pro-oxidant induced cardiomyocyte hypertrophy and suggest that 

HO-1 may yield therapeutic potential in treatment of cardiac hypertrophy and prevention of heart 

failure. 
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INTRODUCTION 

Cardiomyocyte hypertrophy usually develops as an adaptive response to conditions that 

lead to chronic hemodynamic overload such as hypertension and valvular disease (for review 

Swynghedauw 1999; Frey and Olson, 2002). However, in time the increase in myocyte size 

eventually leads to contractile dysfunction, culminating in heart failure and death (Frey and 

Olson, 2002). Several lines of evidence suggest that redox imbalance plays an essential role in 

cardiomyocyte hypertrophy and heart failure (Sawyer et al, 2002; Lang 2002; for review 

Giordano 2005). Reactive oxygen species (ROS) generation is increased in hypertrophied hearts 

in response to mechanical stretch and cytokine stimulation (Dhalla and Singal 1994; Sawyer et al, 

2002), with antioxidants reportedly preventing the development of heart failure in animals with 

chronic pressure overload (Nakamura et al, 1998; Kinugawa et al, 2000; Date et al, 2002). 

Furthermore, ROS activate pro-hypertrophic signaling cascades and induce hypertrophy in 

isolated myocytes (Tu et al, 2002; Tanaka et al, 2001; Xiao et al, 2002; Higuchi et al, 2002; Kwon 

et al, 2003; Pimentel et al, 2001; for review Takano et al, 2003; Sabri et al, 2003), in part through 

NF-κB mechanisms (Higuchi et al, 2002).  Indeed, genetic blockade of NF-κB, a redox sensitive 

transcription factor, reduces myocardial hypertrophy without deteriorating cardiac function 

(Kawano et al, 2005). Though perhaps, most convincingly, Yamamoto et al (2003) showed that 

transgenic mice overexpressing a dominant negative mutant of the antioxidant enzyme 

thioredoxin have marked cardiac hypertrophy in association with increased oxidative stress.  Thus 

oxidative stress, regardless of intrinsic or extrinsic source of induction, affects redox senstitive 

mechanisms regulating hypertrophy. 

Heme oxygenase-1 (HO-1) is a ubiquitously expressed stress inducible enzyme that 

catabolizes heme into bilirubin, carbon monoxide (CO) and iron (Ryter et al, 2006). The by-

products of heme catabolism exert pleiotropic cytoprotective effects in the heart. Bilirubin is a 

powerful antioxidant (Stocker et al, 1987) and CO exerts vasodilatory, anti-inflammatory and 

anti-proliferative effects (Otterbein et al, 2000). HO-1 is upregulated in a number of disease states 
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characterized by oxidative stress, including myocardial ischemia and cardiac hypertrophy 

(Sharma et al, 1996; Date et al, 2002), and exogenous HO-1 overexpression decreases ROS 

production in ischemic myocardium (Yet et al, 2001; Melo et al, 2002). Others have shown that 

HO-1 overexpression using adenovirus decreases agonist-induced cardiomyocyte hypertrophy by 

inhibiting mechanisms such as Erk 1/2, p38 and calcineurin/NFAT (Tongers et al, 2004). 

Furthermore, Hu et al (2004) showed recently that angiotensin-II-induced cardiac 

hypertrophy was decreased by HO-1 in association with a decrease in oxidative stress; however, 

this finding appears to be equivocal because in a recent study Foo and colleagues reported that 

HO-1 failed to inhibit angiotensin-II-induced hypertrophy (Foo et al, 2006). Thus, these findings 

suggest HO-1 may be a novel negative regulator of cardiac growth that may function as a 

compensatory mechanism against ROS-induced cardiac hypertrophy, but agonist-induced 

hypertrophy may produce equivocal results.  A direct role of HO-1 in inhibiting oxidative stress-

induced cardiomyocyte hypertrophy has not yet been examined. 

In the current study, we investigated the effect of HO-1 on oxidant-induced hypertrophy 

in the HL-1 cardiomyocyte cell-line, which shares immunohistochemical, electrophysiological 

and pharmacological properties of adult myocytes, including the presence of organized 

sarcomeres, and the ability to spontaneously depolarize and generate action potentials in response 

to inotropic and chronotropic agonists (Claycomb et al, 1998; for review White et al, 2004). In 

addition, these cardiomyocytes have abundant atrial natriuretic factor-containing granules and 

exhibit a gene expression profile similar to adult primary cardiomyocytes (Claycomb et al, 1998). 

Though established as a cardiomyocyte line for study of electrical, metabolic and signaling 

alterations in pathological conditions such as hypoxia, hyperglycemia and ischemia-reperfusion 

injury (Kitta et al, 2001; Clément et al, 2002; White et al, 2004), the use of HL-1 as a model to 

study cardiac hypertrophy is rare (Chandrasekar et al, 2005). Our current findings show that HO-1 

markedly reduces oxidant-induced hypertrophy in HL-1 cardiomyocytes, supporting the premise 

that HO-1 is a novel negative regulator of oxidant-induced cardiac hypertrophy. 
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MATERIALS AND METHODS 

Reagents  

Claycomb medium and fetal bovine serum (FBS) were purchased from JRH Biosciences 

(Lenexa, KS, USA).  Hoechst 33342, 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolyl 

carbocyanine iodide (JC-1), 5/6-chloromethyl-2',7’-dichlorodihydrofluorescein diacetate acetyl 

ester (CM-H2DCFDA), and dihydroethidium (DHE) were purchased from Invitrogen (Burlington, 

ON, Canada).  H2O2 was diluted to 200 μM from a stabilized 30% w/v solution in phosphate 

buffered saline (PBS) immediately before use.  CM-H2DCFDA and hemin were initially dissolved 

in dimethyl sulfoxide (DMSO) and further diluted in PBS with DMSO ≤ 0.01% as final working 

concentration.  Unless otherwise stated all other reagents and chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). 

 

Cell culture 

HL-1 cardiomyocytes were expanded from frozen stocks using Claycomb media 

supplemented with 10% FBS, 2 mM L-glutamine, 0.1 mM norepinephrine and 

penicillin/streptomycin (full media) in culture dishes pre-coated with 0.00125% fibronectin and 

0.02% gelatin. For experiments, cells were seeded at 5,000/cm2 and grown to 50% confluence in 

full media at 37°C in a 95% air: 5% CO2 humidified atmosphere. Prior to experiments cells were 

washed twice with PBS and rendered quiescent in Claycomb Minimal Media (0.5% FBS, 2 mM 

L-glutamine, penicillin/streptomycin; CMM) for 48 hours.  Quiescence of HL-1 cells was 

confirmed by flow cytometric analysis of cell cycle using the DNA-intercalating dye propidium 

iodide. All experiments were conducted on cells that were passaged at least once after recovery 

from the frozen stock. 

 

Quantification of reactive oxygen species formation 
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The non-fluorescent cell permeable probe CM-H2DCFDA was used as described 

previously (Brunt et al, 2006).  Intracellularly this molecule undergoes acetate group removal by 

intracellular esterases rendering it membrane-impermeable and thus is retained in the cytoplasm.  

Upon non-specific oxidation this molecule becomes fluorescent in proportion to the amount of 

total non-specific reactive oxygen species generated after exposure to H2O2.  CM-H2DCFDA was 

pre-loaded to cells in 6-well culture dishes at a final concentration of 5 μM and incubated for 30 

minutes at 37°C.  The wells were then washed once with PBS and exposed to 200 μM H2O2 in 

CMM for 45 min at 37°C and 5% CO2.  CM-H2DCFDA fluorescence was visualized using 

epifluorescence at 200x using excitation and emission wavelengths of 480 nm and 520 nm, 

respectively and quantified using flow cytometry.  To avoid confounding results due to spectral 

overlap with our GFP controls and CM-H2DCFDA we further assessed oxidative stress by loading 

the cells with 1 μM of the cell permeable DNA intercalating dye dihydroethidium (DHE) for 45 

minutes after exposure to H2O2. 

 

Induction and treatments in cardiomyocyte hypertrophy analysis 

Cardiomyocyte hypertrophy was induced by exposing quiescent HL-1 cells to 200 μM 

H2O2 at 0 and 24 hours. Hypertrophy was assessed at 48 hours. For determination of protein 

synthesis, cells were plated in 24 well culture dishes at 5,000 cells/well.  Twenty-four hours after 

serum starvation, the cells were transduced with 30 multiplicities of infection (MOI) of AdHO-1 

or AdGFP for 24 hours.  For studies assessing the effect of hemin, bilirubin, CO, N-acetyl 

cysteine (NAC), the cells were pre-treated with 25 μM hemin for 24 hours, 1 μM of bilirubin for 1 

hour, 10 μM of CO releasing molecule [(Ru(CO)3Cl2)]2 or 10mM NAC prior to and during the 

addition of H2O2. For studies assessing the effect of the NF-κB inhibitor, SN50, on H2O2-induced 

hypertrophy, cells were pretreated with 4 μM of SN50 1 hour prior to and 24 hours after the 

addition of H2O2. Forty-two hours after H2O2 treatment, 1 μCi of 3H-leucine was added to each 

well for the remaining 6 hours of H2O2 treatment.  Protein was collected by 5% trichloroacetic 
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acid precipitation, re-suspended in 1 M sodium hydroxide and analyzed using a liquid scintillation 

counter (LS 1801; Beckman Coulter Inc.). The radioactivity in each sample was normalized 

against protein concentration. For planar morphometry determination of cell surface area, cells 

were digitally photographed using a Retiga EXi Fast 1394 charged-coupled digital camera at 200x 

magnification using the OpenLab software.  Three random photographs were taken from each 

well of 6 well culture plates, and cell surface areas were measured using Adobe Photoshop. A 

minimum 100 cells were measured for each experimental replicate in a blinded fashion. For 

visualization of filamentous-actin of the sarcomere, the cells were incubated with phalloidin 

conjugated to Alexa 594 (Invitrogen) at a dilution of 1:350. Hoechst 33342 was used to counter-

stain the nuclei.  Images were captured with an inverted fluorescence microscope (Leica 

Microsystems Inc., Richmond Hill, ON, Canada), using excitation/emission wavelengths of 520 

nm/620 nm to visualize phalloidin and 351 nm/364 nm to visualize the nucleus.  Images of the 

same field were overlayed and the photographs were used to confirm the cell surface 

measurements obtained by phase-contrast microscopy. 

 

Transfection of short-interfering-RNA (siRNA) 

Cells were grown in full media until ~40% confluent then media was replaced with 

CMM for 24 hours before transfection according to supplier recommendations with 5 μg siRNA:3 

μl Lipofectamine 2000 (Invitrogen) for 6 hours (Double stranded StealthTM siRNA for mouse HO-

1 (GGU GGC GAC AGU UGC UGU AGG GCU U-sense; AAG CCC UAC AGC AAC UGU 

CGC CAC C-anti-sense).  Media was removed and washed with PBS, and then replaced with 

CMM for 18 hours prior to treatment with H2O2 as described. 

 

Adenoviral production and transduction 

Recombinant adenovirus encoding the human HO-1 gene and GFP was prepared using 

the AdEasy System (Johns Hopkins Oncology Center) as previously described (Liu et al, 2002b). 
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For transduction, HL-1 cardiomyocytes were plated in full media at 50% confluence. Twenty-four 

hours later, the cells were exposed to 30 MOI of AdHO-1 or AdGFP for 6 hours in CMM.  Cells 

were then washed with PBS and the media was replaced with fresh CMM.  Transduction 

efficiency was assessed 24 hours after exposure to the virus using flow cytometry and 

fluorescence microscopy for detection of GFP fluorescence. 

 

Western immunoblot analysis 

Cell lysates were prepared using tissue protein extraction reagent (Pierce, Rockford, IL, 

USA) containing protease and phosphatase inhibitor cocktails (Sigma). Protein samples (25 μg) 

were denatured in 4x Laemmli buffer and resolved by 10% SDS-PAGE and transferred to 

polyvinylidene difluoride membrane (0.45 μm, Immobilin-P, Millipore, Billierica, MA, USA). 

HO-1/HO-2 protein was detected using 1:5000 dilution of a polyclonal antibody (SPA-895/OSA-

200, StressGen, Victoria, BC, Canada) and incubated overnight at 4 ˚C. The blots were then 

incubated with a 1:5000 dilution of anti-rabbit/mouse HRP-conjugated secondary antibody 

(#7074/7076, Cell Signaling, Danvers, MA, USA). Immunoreactivity was detected using 

ChemiGlow (Pierce) and an AlphaEaseTM gel documentation system (Fluorchem 8900, Alpha 

Innotech Corp., San Leandro, CA, USA).  Membranes were stripped using 0.2 M glycine buffer, 

pH 2.6, for 1 hour with rocking and re-probed for β-actin (1:5000, Sigma) for normalization of the 

data. 

 

Measurement of HO enzymatic activity 

 HL-1 cells were washed in 10 mM PBS (pH 7.4), scraped into centrifuge tubes and then 

centrifuged at 1,000 x g for 10 min at 4 °C.  The cell pellet was resuspended in 100 mM PBS (pH 

7.4), containing 1 mM ethylenediamine tetraacetic acid disodium, 1 mM phenylmethylsulfonyl 

fluoride and 10 mg/mL leupeptin.  Cells were lysed by sonication on ice; the sonicate was 

centrifuged at 12,000 x g for 15 minutes at 4°C.  Total HO activity in the cell lysate was 
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determined by quantitation of CO formed from the degradation of methemalbumin (heme 

complexed with albumin), according to a published procedure (Cook et al, 1995).  Briefly, 

reaction mixtures (150 μL) consisted of 100 mM phosphate buffer (pH 7.4), 50 μM 

methemalbumin, 0.5- 1 mg/mL protein, 1.5 mM β-nicotinamide adenine dinucleotide phosphate 

and the incubations were carried out for 30 minutes at 37 °C.  Reactions were stopped by instantly 

freezing the reaction mixture on pulverized dry ice, and CO formation was determined by gas 

chromatography using a TA 3000R Process Gas Analyzer (Trace Analytical, Newark, DE, USA). 

 

NF-κB promoter assay 

Cells were plated in 12-well dishes at 50% confluence in full media.  Twenty-four hours 

after plating, the cells were serum-starved in CMM for 36 hours and then transfected for 12 hours 

with a NF-κB-luciferase reporter plasmid containing 4 tandem repeats of the NF-κB-DNA 

binding consensus sequence (a gift from Dr. Aning Lin, University of Chicago, IL). The cells 

were washed with PBS and treated with 200 μM H2O2 for 24 hours.  Cells were washed again 

with PBS and dislodged with HyQtase solution (Hyclone, Logan, UT, USA).  The cells were then 

lysed and luciferase activity was analyzed in a Lumat LB 9507 luminometer using a 

BrightGLOTM luciferase assay kit from Promega (Madison, WI, USA). To normalize for 

differences in basal transcriptional rate between the various groups, cells were transfected with a 

constitutive PGL3-control vector (E1741, Promega) expressing luciferase under the 

cytomegalovirus (CMV) promoter, NF-κB promoter activity was subsequently normalized by 

dividing the corresponding activity of the CMV-promoter activity in each replicate. 

 

NF-κB transactivation ELISA 

NF-κB binding activity was assessed 1 hour after H2O2 treatment using the NF-κB 

NoShift II Transcription Factor ELISA assay (Novagen, Mississauga, Ontario, Canada) according 
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to the manufacturer's instructions. A total of ~10 μg of nuclear protein extract was used for the 

binding reactions.  The luminescence of the samples was measured using a FLUOstar Optima 

plate reader.  The data were normalized for total protein concentration. 

 

Statistical analysis 

All results are presented as mean ± standard error of the mean (SEM) and displayed as 

percent change from control, unless otherwise indicated.  One-way analysis of variance 

(ANOVA) followed by Neuman-Keuls multiple comparison test were used for comparisons 

between the different treatments.  A P-value < 0.05 was considered to represent statistical 

significance. 

 

RESULTS 

Optimization of HL-1 model of oxidant-induced cardiomyocyte hypertrophy 

All experiments were carried out with quiescent HL-1 cardiomyocytes to minimize 

confounding effects of hyperplastic cell growth. Quiescence of HL-1 myocytes was achieved by 

maintaining the cells in low serum. Flow cytometric analysis of cell cycle using propidium iodide 

showed that maintenance of the cells in CMM containing 0.5% FBS decreased the percentage of 

cycling cells from 62% to 19% after 48 hours (data not shown). Starvation of the cells beyond 48 

hours failed to increase the percentage of cells in G0/G1 and reduced cell viability. Thus, all 

experiments were carried out in cells arrested for 48 hours. 

As a step towards optimizing the HL-1 cell culture model of oxidant-induced 

cardiomyocyte hypertrophy, we determined the concentration of H2O2 that increased oxidative 

stress without causing excessive cell death. H2O2 in the range of 50-500 μM produced dose-

dependent increases in ROS and hypertrophy as detected by CM-H2DCFDA fluorescence (data 

not shown). At 200 μM, H2O2 increased CM-H2DCFDA fluorescence ~16-fold (Figure 4-1A, B).  

In addition, to avoid confounding results associated with our control adenoviral vectors in the 
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green spectrum, we established a 3-fold increase in ROS with the less promiscuous redox-

sensitive dye dihydroethidium (DHE; Figure 4-1C, D).  Concentrations of H2O2 beyond 200 μM 

empirically caused excessive cell death in our culture conditions. Product-stability, exposure-

duration and culture-conditions (particularly antioxidants in the media, i.e. ascorbic acid) of H2O2 

exposure is critical for establishing appropriate physiological ranges. To reaffirm our choice in 

concentration in regard to cell-viability we examined early markers of apoptosis and necrosis. The 

effect of 200 μM H2O2 on mitochondrial membrane potential with JC-1 and exclusion of 

propidium iodide confirmed a viable physiologically relevant dose of H2O2, since we observed 

neither an indication of apoptosomal complex formation by JC-1, nor necrosis resulting in 

permeability of the cell membrane to propidium idodide (data not shown). 

 

Effect of H2O2 on HL-1 cardiomyocyte size 

Similar to its effects on ROS generation, H2O2 induced a dose-dependent increase in cell 

size in the 50-200 μM (data not shown). Higher concentrations (300 μM-500 μM) of H2O2 did not 

increase cell size any further, and, indeed tended to decrease forward-scatter, likely a consequence 

of our observed toxicity beyond this range. Therefore, we established 200 μM H2O2 as the 

optimal, maximal dose as an oxidant threshold to induce hypertrophy. We further examined the 

effects of hypertrophy in HL-1 cardiomyocytes by measuring changes in cell size (cell surface 

area) and protein synthesis (3H-leucine incorporation). Exposure of cardiomyocytes to H2O2 for 

48 hours increased cell surface area by 150% (Figure 4-2 A,B). Comparable to its effects on cell 

surface area, H2O2 increased cell size by 3-fold by cytometric forward-scatter analysis (Figure 4-2 

C,D).  In addition, compared to control (Figure 4-3 A-C) more potent phalloidin staining of 

sarcomeric filamentous-actin was observed after treatment with 200 μM H2O2 (Figure 4-3 D-F).  

This was accompanied by a general increase in protein synthesis by approximately 100% (Figure 

4-3 G). 
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Fig. 4-1: Hydrogen peroxide results in perturbed redox imbalance in HL-1 cardiomyocytes. A) 
Representative images of control (left panel) and 200 µM H2O2 treated HL-1 cardiomyocytes 
(right panel) using the ROS-sensitive green CM-H2DCFDA fluorescence (200x) and (B) mean 
intensity between two groups. C) Representative images of control (left panel) and 200 µM H2O2 
treated HL-1 cardiomyocytes (right panel) using the ROS-sensitive red DHE (200x) and (D) mean 
intensity of fluorochrome between two groups. (Values are mean ± SEM; * P < 0.05 vs. Vehicle 
control; FACS analysis was performed in triplicate with a minimum of >10,000 gated cells used 
to calculate the average log intensity of each replicate in an experiment. The indicated mean is the 
calculated mean of average log intensities of four independent experiments; N = 4.)
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Fig. 4-2: Redox imbalance in HL-1 cardiomyocytes results in cellular hypertrophy indicated by 
increased cell area and cell volume with no appreciable alteration in nuclear volume. A) Control 
(left panel) and treated with 200 µM H2O2 (right panel) showing increased cell surface area 
(dotted lines) with no change in nuclear size (solid lines). B) increased quantitative planar 
morphomtery between groups (arbitrary units). C) Representative forward scatter histograms of 
cardiomyocte cell volume in control (left panel) and treated with 200 µM H2O2 (right panel) (D) 
values are presented as an increase from control in total Ln-Mean forward scatter. (Values are 
mean ± SEM; * P < 0.05 vs. Vehicle control; B. N = mean area of replicates, with >100 cells 
measured per replicate, total independent experiments are N > 20; D. N = average Ln-forward 
scatter FACS analysis of >10,000 live gated cells per sample, prepared in triplicate, total 
independent experiments are N = 5; FSLN: Forward scatter linear range). 
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Fig. 4-3: Protein synthesis in HL-1 cardiomyocytes treated with H2O2. HL-1 Cardiomyocytes 
were left untreated (A-C) or treated with 200 µM H2O2 (D-F). Hoechst nuclear counterstain was 
used (blue A,D) with sarcomeric actin staining for phalloidin (red, B,E). These images were 
merged for comparison (C,F at 400x) demonstrating more abundant protein synthesis and altered 
phenotype of hypertrophied HL-1 cardiomyocytes treated with H2O2 (F) compared to control (C).  
Protein synthesis was further quantified by 3H-leucine incorporation (G) as a standardized 
quantitative index of cellular growth associated with hypertrophy. 3 (Values are mean ± SD; * P < 
0.05 vs. Vehicle control; G. N = replicates individually normalized to total protein from five 
independent experiments, N > 20; Units are counts per minute as a percent of control). 
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Anti-hypertrophic effect of heme oxygenase specific to HO-1 and its metabolites via redox 

sensitive mechanism(s) 

Heme oxygenase activity is a product of two enzymes, the inducible isoform HO-1 and 

the constitutive isoform HO-2, and both utilize the same substrate hemin.  We provided cells with 

the substrate hemin prior to exposure to H2O2 and demonstrated that it could provide an anti-

hypertrophic effect (Table 3).  This was solely dependent on the presence of HO-1, as knockdown 

of HO-1 with RNA interference abrogated any benefit.  We further established that the major 

metabolites specific to HO-1, either bilirubin or CO, are capable of alleviating oxidant-induced 

hypertrophy (Table 3).  We found these effects to be, in part, redox-dependent as pre-treatment 

with the anti-oxidant N-acetyl cysteine was also able to attenuate oxidant-induced hypertrophy. 

 

HO-1 specific expression alleviates oxidant-induced HL-1 cardiomyocyte hypertrophy  

We were able to achieve specific HO-1 expression in HL-1 cardiomyocytes using 

adenovirus.  Transduction efficiency was determined using a control vector that expressed GFP.  

Post-transduction efficiency was >95% with 30 MOI of AdGFP at 24 hours (Figure 4-4 A,B). 

HO-1 specific expression was confirmed via Western blot with no appreciable difference in HO-2 

levels compared to control (Figure 4-4C).  Basal enzyme activity was also determined to be 6-fold 

higher in HO-1 expressing cells (Figure 4-4D).  HO-1 expression attenuated the redox imbalance 

induced by H2O2 by ~60% (Figure 4-5A,B).  This effect translated to reduced hypertrophic 

indices, which included a marked reduction in cell size (Figure 4-5C) coinciding with 

approximately 90% reduction in 3H-leucine incorporation and cell surface area (Figure 4-5D,E). 
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Table 3: Non-genetic attenuation of hypertrophy using HO-1 substrate or metabolites.  Hemin (25 
μM) is able to achieve HO-1 mediated anti-hypertrophic effects since knockdown by siRNA 
eliminated the anti-hypertrophic effect of hemin.  Further, the metabolites of heme catabolism: 
bilirubin (1 mM) and CO (10 mM) are able to achieve HO-1 mimetic effects suggesting a 
common mechanism.  Oxidative stress was responsible since the general antioxidant N-
acetylcysteine (NAC) was able to counteract the hypertrophic effects of H2O2. (Values are mean ± 
SD, N = replicates individually normalized to total protein from two to ten independent 
experiments, *** P < 0.001 vs. Vehicle; ††† P< 0.001, †† P < 0.01, † P < 0.05 vs. H2O2; ‡‡ P < 
0.001 vs. Hemin + 200 µM H2O2; Units are counts per minute as a percent control). 
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Fig. 4-4: Specific expression and activity of HO-1 is achieved using adenoviral vectors.  A) 
Transduction of HO-1 to HL-1 cardiomyocytes (phase) with adenoviral vectors produced >90% 
transduction efficiency as assessed by (B) GFP green fluoresence (200x).  C) HO-1, HO-2 and 
Actin expression in untransduced 30 MOI AdGFP and AdHO-1 demonstrating high levels of HO-
1 protein expression without affecting HO-2. D) HO-1 protein expression corresponds to 
increased basal HO activity. (Values are mean ± SD, results are replicates of a single same day 
experiment performed in left to right succession of groups, N = 6; *** P < 0.001 vs. Control; 
Units are CO/ml/min). 
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Fig. 4-5: HO-1 therapy ameliorates redox imbalance and cellular hypertrophy.  A) Representative 
images of ROS accumulation by DHE in vehicle (left panel), AdGFP treated with 200 µM H2O2 
(center panel) and AdHO-1 treated with 200 µM H2O2 (right panel; 200x). B) Mean intensity of 
fluorochrome; AdHO-1 attenuates ROS accumulation.  C) Representative forward scatter 
histograms of control HL-1 cardiomyocytes (left panel) control vector AdGFP treated with 200 
µM H2O2 (center panel) and AdHO-1 treated with 200 µM H2O2 (right panel); AdHO-1 attenuates 
200 µM H2O2-induced increase in three dimensional cell size.  D) Cell surface area and (E) 3H-
Leucine incorporation increased by treatment with 200 µM H2O2 in AdGFP is markedly reduced 
by AdHO-1 respectively. 5 (Values are mean ± SEM; * P < 0.05, ***P < 0.001 vs. Vehicle 
control # P < 0.05 ### P < 0.001 vs AdGFP 200 µM H2O2; A-D, N = mean of triplicate samples 
for each experiment, total independent experiments for B, N = 4; D, N > 5; E, Values are mean ± 
SD, N = replicates individually normalized to total protein from five independent experiments, N 
> 20).  
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Fig. 4-6: Oxidant-induced hypertrophy occurs by an NF-kB transactivation-dependent 
mechanism.  A) Four repeats of the NF-kB consensus promoter sequence upstream of a luciferase 
reporter measured an increase in promoter activation after treatment with 200 µM H2O2.  B) 
Nuclear protein extract demonstrated active on-target nuclear binding of NF-kB protein after 
treatment with 200 µM H2O2. C) Increased 3H-Leucine incorporation by 200 µM H2O2 is 
abrogated by inhibition of NF-kB transactivation with an NF-kB translocation inhibitor SN-50. 
(Values are mean ± SEM; * P < 0.05, *** P < 0.001 vs. Vehicle control # P < 0.05, ## P < 0.01 vs 
200 µM H2O2; A-B, N = mean of duplicate samples as before for each experiment, total 
independent experiments for A, N > 8; B, N > 6; analysis of total samples in B were performed 
same day by ELISA from frozen stored isolates; C. Values are mean ± SD, N = replicates 
individually normalized to total protein from three independent experiments, N = 9). 
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The redox sensitive transcription factor, NF-kB, mediates oxidant- induced hypertrophy  

We used a luciferase promoter-reporter construct encoding tandem repeats of the NF-κB 

consensus sequence to determine the effect of oxidant-induced stimulation of NF-κB promoter 

activity (Figure 4-6A). In addition, we established NF-κB nuclear binding by ELISA. Basal NF- 

κB promoter binding activity was low in the vehicle treated cells (Figure 4-6B). We established 

that oxidant-induced HL-1 cardiomyocyte hypertrophy was associated with increased NF-κB 

transactivation through a 3-fold increase in promoter activity (Figure 4-6A) and a significant 

increase in nuclear binding activity (Figure 4-6B).  The dependence of oxidant induced NF-κB 

transactivation was subsequently established as a dependent transcriptional regulator of the 

oxidant-induced hypertrophic response. Inhibition of NF-κB nuclear translocation with SN-50 

abrogates oxidant-induced hypertrophic protein synthesis and increased cell size (Figure 4-6 C). 

 

Mechanism of HO-1 mediated anti-hypertrophic effect via NF-κB 

HO-1 exerts its anti-hypertrophic effects on myocytes by inhibiting the activity of ROS-

sensitive factors that block the hypertrophic gene program.  Expression of HO-1 reduced NF-κB 

promoter activity to near basal levels (Figure 4-7A). Further examination of the effect of HO-1 

overexpression on NF-κB DNA binding activity in response to stimulation with H2O2 showed a 

near 3-fold reduction in NF-κB binding in AdHO-1 compared to AdGFP control (Figure 4-7B). 

Combining pre-treatment strategies with SN-50 did not produce additive anti-hypertrophic effects 

with HO-1 (data not shown). Taken together, these data suggest that oxidant-induced 

cardiomyocyte hypertrophy is mediated by NF-κB activation of the hypertrophic gene program, 

and that HO-1 exerts anti-hypertrophic effects, at least in part, by inhibiting NF-κB activity, via 

its downstream metabolites to increase the oxidative stress threshold and reduce NF-κB activity. 
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Fig. 4-7: Specific expression of HO-1 ameliorates the oxidative stress-induced NF-kB 
transactivation.  A) Promoter activity after 200 µM H2O2 is reduced by HO-1 treatment. B) 
Nuclear protein NF-kB binding activity after 200 µM H2O2 is also reduced by HO-1 treatment. 
(Values are mean ± SEM; * P < 0.05 vs. Vehicle control # P < 0.05 vs 200 µM H2O2; N = mean 
of duplicate samples as before for each experiment, total independent experiments are A. N > 7; 
B. N > 15; analysis of B is from frozen isolates and two ELISA sets of the same lot were 
performed on alternate days for analysis.) 
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DISCUSSION 

Reactive oxygen species (ROS) are continuously generated in the heart as a result of 

both oxidative metabolism, enzymatic processes (Droge 2002), and in response to G-protein 

coupled receptor activation by agonists (Aikawa et al, 1997; Tanaka et al, 2001; Tu et al, 2002; 

Xiao et al, 2002; Freund et al, 2005). At low concentrations, ROS participate in cell signaling and  

in regulation of gene expression (Freund et al, 2005).  Certainly, if ROS pervade in excess, 

cardiomyocyte apoptotic pathways are activated, in part through regulation of transcription factors 

such as NF-κB (Zechner et al, 1998; Adderley and Fitzgerald et al, 1999; Craig et al, 2000; Craig 

et al, 2001; Regula et al, 2002; Kumar et al, 2005; Rhee 2006; Frantz et al, 2007).  In recent years 

ROS have been reported to directly activate many of the signaling pathways involved in cardiac 

hypertrophy (Tanaka et al 2001; Tu et al, 2002; Xiao et al, 2002; Takano et al, 2003; Sabri et al, 

2003; Yamamoto et al, 2003; Giordano 2005; Foo et al, 2006).  In the current study, we show that 

HO-1 overexpression by adenoviral expression markedly reduces cardiomyocyte hypertrophy in 

response to H2O2, a physiologically relevant pro-oxidant species that activates multiple signaling 

pathways involved in regulation of cardiomyocyte growth and apoptosis (Zechner et al, 1998; 

Adderley and Fitzgerald 1999). The anti-hypertrophic effects of HO-1 appear to be mediated, at 

least in part, via inhibition of NF-κB-dependent transactivation of the hypertrophic gene program.  

In addition, inhibition of NF-κB nuclear translocation prevents the hypertrophic effect of H2O2 in 

a non-additive manner with HO-1, CO or bilirubin, establishing a convergent mechanism (Figure 

4-8).  This is the first time that HO-1 or its metabolic by-products CO and bilirubin have directly 

been shown to inhibit oxidant-induced cardiomyocyte hypertrophy by a NF-κB-dependent 

mechanism, thus supporting the premise that HO-1 is a redox-sensitive negative regulator of 

cardiomyocyte hypertrophy.  Considering the role that ROS play in the pathogenesis of cardiac 

hypertrophy and heart failure (Dhalla and Singal 1994; Nakamura et al, 1998; Kinugawa et al, 

2000; Sawyer et al, 2002; Lang 2002; Date et al, 2002; Giordano 2005; Takimoto et al, 2007), the  
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Fig. 4-8: Model of HO-1 mediated antihypertrophic effect in HL-1 cardiomyocytes.  Redox 
imbalance in cardiomyocytes activates IKK to phosphorylate IkB causing its dissociation from 
NF-kB thereby exposing the nuclear localization signal.  Translocation of NF-kB results in the 
activation of the hypertrophic gene program thus leading to increased protein synthesis a 
consequence related to increased sarcomere formation that ultimately causes cardiomyocyte 
hypertrophy. HO-1 interrupts this pathway by abrogating NF-kB transactivation in part through a 
reduction in excessive ROS accumulation. (HO-1, heme oxygenase-1; BVR, biliverdin reductase; 
ROS, reactive oxygen species;  IKK, IkB kinase; IkB, inhibitor of kappa B; NF-kB, nuclear factor 
kappa B; SN-50 inhibitor of NF-kB translocation) 
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current results suggest strategies aimed at increasing endogenous HO-1 activity may yield 

therapeutic value for prevention of heart failure. 

Previous studies reported that HO-1 over-expression inhibits agonist- (phenylephrine, 

angiotensin II, endothelin 1) induced hypertrophy of neonatal cardiomyocytes (Tongers et al, 

2004; Hu et al, 2004). However, in a more recent study, Foo et al, (2006) reported that HO-1 

failed to inhibit angiotensin-induced cardiomyocyte hypertrophy. In contrast to our present work, 

a recent study examining direct oxidant-induced (200 μM H2O2) hypertrophy in H9C2 myoblasts 

demonstrated NF-κB independent mechanisms (Gupta et al, 2006).  Our own studies demonstrate 

that hemin, a potent inducer and substrate for HO-1, markedly reduces cardiac hypertrophy in 

vivo with pressure overload (Liu et al, 2005; Simpson et al, 2007), while others have reported a 

reduction in arterial blood pressure and heart size in spontaneously hypertensive rats treated with 

hemin (Ndisang et al, 2002).  A common feature of these studies is that hypertrophy is 

accompanied by an increase in ROS generation and HO-1 may exert its anti-hypertrophic effects 

by conserving redox homeostasis. However, a direct effect of HO-1 in this regard has not been 

previously documented. Our results show that HO-1 inhibits direct oxidant-induced 

cardiomyocyte hypertrophy through reduced intracellular ROS levels, suggesting that HO-1 

exerts its anti-hypertrophic effects, at least in part, by buffering intracellular ROS. In fact, the 

hypertrophic effect of H2O2 was fully inhibited by pre-treatment with bilirubin, the anti-oxidant 

catalytic by-product of heme degradation by HO-1 (Otterbein et al, 2000). This suggests that in 

the presence of adequate substrate-availability, HO-1 over-expression enhances the anti-oxidant 

reserve in cardiomyocytes, allowing the cells to cope with increased ROS generation and prevent 

the activation of ROS-sensitive signaling cascades leading to hypertrophy, apoptosis and heart 

failure. 

The mechanism by which ROS induces the hypertrophic gene program in 

cardiomyocytes is highly complex, and appears to involve the synchronous activation of multiple 

upstream kinases (Tanaka et al, 2001; Pimental et al, 2001; Xiao et al, 2002; Tu et al, 2002; Kwon 
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et al, 2003; Takano et al, 2003) and calcium sensitive pathways, culminating in the activation of 

redox-sensitive transcription factors such as NF-κB (Aikawa et al, 1997; Tanaka et al, 2001; 

Pimentel et al, 2001; Xiao et al, 2002; Tu et al, 2002; Takano et al, 2003; Ha et al, 2005; Das et al, 

2006).  Our results indicate that the inhibition of oxidant-induced cardiomyocyte hypertrophy by 

HO-1 is dependent, at least in part, on inhibition of NF-κB activity. Interestingly, this link 

between HO-1 and NF-κB may be selective as an anti-hypertrophic pathway as previous 

investigations have demonstrated no link between HO-1 and NF-κB in cardioprotection or 

preconditioning (Das et al, 2006). 

NF-κB has been reported to be involved in regulation of cardiomyocyte hypertrophy in 

response to a variety of stimuli in vitro and in vivo (Purcell et al, 2001; Hirotani et al, 2002; Li et 

al, 2004; Freund et al, 2005). In addition, NF-κB functions cooperatively with other transcription 

factors involved in regulation of the hypertrophic gene program (Jones et al, 2003; Ha et al, 

2005). The common pathway for activation of NF-κB by pro-hypertrophic stimuli appears to be 

mediated by increased ROS production, however the mechanism by which ROS activates NF-κB 

has not been fully characterized (Jones et al, 2003; Ha et al, 2005). Our results clearly 

demonstrate that NF-κB plays an essential role in ROS-induced hypertrophic signaling as the 

effects of H2O2 were completely abolished by SN-50. However, previous investigations have 

demonstrated that the calcineurin/NFAT pathway is involved in hypertrophic signaling (Tongers 

et al, 2004). Clearly, these differing conclusions emphasize the heterogeneity of hypertrophic 

signaling, and the need to examine both agonist-induced and oxidant-induced hypertrophic 

mechanisms. As our study examined the consequences of direct oxidative stress, while others 

have studied G-protein coupled receptor-mediated mechanisms (Tongers et al, 2004), it may be 

that the cellular mechanisms are dependent upon the pathological stimulus.  Interestingly, the 

transcriptional regulator p300, a co-regulator in NFAT signalling, and calmodulin kinase IV are 

both involved in posttranslational modifications of the NF-kB subunit p65/RelA (Hall et al, 
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2006).  The possibility exists for cross-talk or direct interaction between these two vital 

transcription factors and should be explored in future studies. 

In conclusion, the current study shows for the first time that HO-1 directly inhibits 

oxidant-induced cardiomyocyte hypertrophy through a NF-κB-mediated mechanism. Since redox 

imbalance plays a central role in the pathophysiological process leading to cardiac hypertrophy 

and heart failure, HO-1 may be a suitable therapeutic target for treatment in conditions of 

hemodynamic overload, such as hypertension, valvular disease and myocardial infarction. 
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ABSTRACT 

 

Background: Heme oxygenase-1 (HO-1) has a role in vascular protection.  Loss of HO-1 activity 

has previously been shown to accelerate the onset and severity of atherosclerotic plaques, while 

the opposite has been reported with elevated HO-1 activity.  HO-1 confers cytoprotection to 

endothelial and smooth muscle cells, yet may also limit their proliferation.  The role of HO-1 in 

late-stage atherosclerotic plaque stability has not yet been examined.  Hypothesis:  Loss of HO-1 

cytoprotection confers plaque instability in late-stage atherosclerotic lesions of mice.  Methods:  

Both HO-1 wild-type, ApoE deficient (HO-1+/+/ApoE-/-, knockout; KO) and HO-l deficient and 

ApoE deficient (HO-1-/-/ApoE-/-, double knockout; DKO) male mice were fed a Western diet for 

six months.  Histology assessment of brachiocephalic arteries was performed to determine plaque 

composition.  Results: Lesions from DKO-mice were smaller, more calcified, with greater 

extracellular matrix (ECM) compared to KO-mice whose lesions were larger, more lipid dense 

and acellular suggesting less stable fibrous caps. Conclusions:  Contrary to our hypothesis, HO-1 

gene disruption in mice does not lead to atherosclerotic plaque with characteristics of instability. 

However, highly calcified plaques are directly correlated with poor prognosis.  This may have 

implications for patients with low levels of HO-1, whose lesions may be clinically silent longer 

and in the event of rupture more deleterious. 
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INTRODUCTION 

 Vulnerable plaque describes an unstable atherosclerotic lesion at risk of developing 

thrombosis.  Rupture of vulnerable plaque may lead to acute cardiac or cerebrovascular accidents.  

The vulnerable plaque is typified as a high volume lesion, with a lipid rich core that is smooth 

muscle and collagen depleted, having a thin fibrous cap and high levels of inflammatory cell 

infiltration and procoagulant substrates (Falk, 1999).  There are two types of vulnerable plaques 

distinguished by either erosion or calcification (Frink, 1994; Falk, 1999; Goldstein et al, 2000).  

Erosion is characterized by absence of endothelium at the site of thrombosis, while calcification is 

described as a predominantly fibrotic lesion with superficial or nodular calcification forming the 

source of thrombosis.  While a majority of thrombi are associated with plaque rupture, nearly a 

third may be attributed to plaque erosion or calcification (Frink, 1994; Falk, 1999; Goldstein et al, 

2000).  Little is known about the molecular mechanisms that distinguish the development of these 

lesions. 

 Heme oxygenase-1 (HO-1) is the rate limiting enzyme in the conversion of heme to CO, 

biliverdin and iron.  HO-1 has been identified in the atherosclerotic plaques of patients including 

endothelial, smooth muscle and inflammatory cells (Ishikawa et al, 2001a; Takahashi et al, 2004).  

In the Watanabe heritable hyperlipidemic rabbit model of atherosclerosis Ishikawa et al, (2001b) 

demonstrated that inhibition of HO-1 enhances lipid peroxide formation in the aortic wall.  In the 

atherosclerosis-susceptible quail model Hoekstra et al, (2003) showed susceptibility to oxidative 

stress in endothelial cells coinciding with low HO-1 expression and activity.  Expression of HO-1 

can protect human endothelial (Brouard et al, 2000) and human smooth muscle cells from 

apoptosis (Brunt et al, 2006).  However, HO-1 can also limit the proliferation of endothelial 

(Abraham et al, 2003) and smooth muscle cells (Peyton et al, 2002).  It has been reported that 

HO-1 expression in the vasculature is associated with reduced inflammation and platelet 

aggregation (Takahashi et al, 2004; Ohta and Yachie 2004; Peng et al, 2004).  In the LDL 

receptor deficient mouse inhibition of HO-1 acutely elevated the onset of lesion formation, 
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whereas induction of HO-1 with hemin reduced onset and severity of lesion progression 

(Ishikawa et al, 2001b).  When adenoviral vectors expressing HO-1 were delivered 

intraventricularly to the ApoE deficient mouse, the elevated expression of HO-1 in the aortic root 

similarly reduced atherosclerotic lesions in that area (Juan et al, 2001).  With the creation of HO-1 

knockout mice by Yet et al, (2003) this enabled cross-breeding with ApoE deficient mice for 

atherosclerotic studies.  Double-knockout mice demonstrated accelerated lesion size, macrophage 

accumulation and highly developed fibrous caps (Yet et al, 2003). 

The molecular events in early and late atherosclerotic lesion development and progression 

are different.  The role of HO-1 in atherosclerotic development must be examined in both contexts 

and expecially at a late stage since the role of HO-1 in plaque vulnerability has not been 

documented.  In studying the brachiocephalic/innominate artery of late-stage atherosclerosis, we 

sought to identify the role of HO-1 in plaque vulnerability (Hansson and Heistad 2007). 

 

MATERIALS AND METHODS 

Animals and treatment 

Heme oxygenase-1 (HO-1) null mice with a C57BL/6-129Sv background were a kind gift 

from Dr. Mark A. Perrella, Department of Medicine, Brigham and Women’s Hospital, Harvard 

Medical School, Boston, MA, USA and Apolipoprotein-E receptor (ApoE) null mice with a 

C57BL/6 background (The Jackson Laboratory, Bar Harbor, ME, USA) were crossbred to obtain 

HO-1−/−apoE−/− and HO-1+/+apoE−/− colonies as before (Yet et al, 2003), and were genotyped by 

PCR using DNA isolated from tail-clip. 

Each tail-clipping was digested using 250 μl of a digestion buffer [0.1 M Tris-HCl 

(pH8.5), 5 mM EDTA, 0.02% SDS, 0.2 M NaCl, 10 μg Proteinase K] for 16 hours at 58 ○C.  

DNA was extracted using DNAzolTM (Invitrogen) according to the manufacturers protocol.  PCR 

sequencing was performed once prior to study inclusion and confirmed at study end-point using 

GoTaqTM (Invitrogen) according to the manufacturers protocol using the following primer set 
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HO/e3   5’ GGT GAC AGA AGA GGC TAA G 3’; HO/I3R  CTG TAA CTC CAC CTC CAA C 

3’; HO/e4  ACG AAG TGA CGC CAT CTG T 3’; NEO1 5’TCT TGA CGA GTT CTT CTG 

AG3’ to confirm HO-1 knock-out and OIMR 180 5’ GCC TAG CCG AGG GAG AGC CG3’; 

OMIR 181 5’ TGT GAC TTG GGA GCT CTG CAG C3’; OMIR 182 5’ GCC GCC CCG ACT 

GCA TCT3’ to confirm ApoE knock-out. 

All mice were housed in a pathogen-free, transgenic facility on a 12 h light/12 h dark 

cycle with food and water provided ad libitum.  After weaning, mice were maintained on the 

“Western” high fat, high cholesterol diet (Harlan-Teklad #TD88137) for six months.  All animal 

protocols were approved by the Animal Care & Use Committee at Queen's University in 

accordance with the Canadian Council of Animal Care guidelines. 

 

Specimen collection 

Mice were weighed and euthanized by CO2 inhalation.  After mice were euthanized, 

whole blood was collected via the abdominal vena cava and set on ice to coagulate; the spleen 

was excised and weighed.  Blood vessels were perfused with ice-cold PBS through the left 

ventricle; aortas from the aortic arch to iliac bifurcation were dissected from the surrounding 

tissue using a micro-dissecting microscope (Leica, MZ16, Richmond Hill, ON, Canada) with an 

Olympus Q-C5 camera (Burnaby, BC, Canada) connected to a computer.  The aorta was dissected 

and the brachiocephalic artery was excised and embedded in OCT, then frozen at −80 °C until 

sections were cut (8 μm in thickness) with a cryostat (Leica, CM1900, Richmond Hill, ON, 

Canada).  Blood was centrifuged and serum was collected and frozen at -80○C for clinical 

chemistry. 

 

Lesion Morphology 

Echoanalysis was performed on carotid arteries using the Vevo770TM instrument 

(VisualSonics, Toronto, ON, Canada).  The brachiocephalic artery was <1200 μm in length from 
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the aortic opening to the bifurcation.  Analysis was performed in triplicate sections every 200 μm 

from the aortic opening to the bifurcation.  Brachiocephalic arteries were stained with 

Hematoxylin, Oil Red O, Alizarin Red, Movat's pentachrome and Von Kossa.  Lesions were 

analyzed using Image Pro PlusTM Software (MediaCybernetics, Bethesda, MD, USA). 

 

Statistical Analysis 

All results are presented as mean + standard deviation.  One-way ANOVA coupled to 

Bonferroni multiple comparison post-hoc test or unpaired t-test was used to compare differences 

as appropriate.  A P-value < 0.05 was considered to indicate a statistically significant difference. 

 

RESULTS 

Phenotype of HO-1+/+/ApoE-/- (KO) and HO-1-/-/ApoE-/- (DKO) mice. 

 Atherosclerotic lesions were examined six-months after ad libitum access to Western diet 

to identify late-stage plaques of male mice (Seo et al, 1997; Rosenfeld et al, 2000; Getz et al, 

2000).  Wild type mice did not develop brachiocephalic lesions. Lesion formation was extensive 

throughout the arterial tree of both KO-mice and DKO-mice.  Sites of lesion formation included 

the ascending subclavian, carotid, and brachiocephalic arteries (Figure 5-1, A).  Common carotid 

artery lesions inferior to the cerebral bifurcation developed lesions that can be readily identified 

from their echogenic character and may provide a useful mechanism of tracing long-term lesion 

progression (Figure 5-1 B, C), and calcification (echolucent).  Echogenic lesions were confirmed 

by histology (Figure 5-1 D, E).  Lesions were also observed throughout the aortic arch, abdominal 

aorta, renal and iliac bifurcations.  One KO-mouse (1/9) and two DKO-mice (2/10) did not 

develop brachiocephalic lesions and were excluded from the study, though these mice had 

extensive lesions of the subclavian and left carotid artery. 
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Fig. 5-1. Atherosclerotic lesion formation in the ascending arterial tree from the aortic arch of a 
DKO mouse. A) Gross dissection of aortic arch and major branches following the carotid arteries 
to the cerebral bifurcation, demonstrating extent of lesion formation (white).  Red arrow indicates 
right carotid artery lesion.  B) Long axis view of echogenic right carotid lesion outlined in red; C) 
short axis view of carotid lesions of both right and left carotid arteries. D) Oil-red-O staining of 
lesion from right carotid artery and E) left carotid artery. 
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Fig. 5-2: Body and spleen weights from murine study groups. A) Average spleen weight of KO-
mice was significantly elevated compared to WT-mice after six months of Western diet.  Average 
spleen weight of DKO-mice was significantly higher compared to KO-mice and WT-mice after 
six months of Western diet. B) No difference in average body weight between WT-mice and KO-
mice. A significant difference was found in DKO-mice compared to KO-mice after six months of 
Western diet.  
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The spleen is involved in both lipid metabolism and systemic inflammation.  The spleen is also 

the only organ expressing HO-1 constitutively (Braggins et al, 1986).  Therefore, we weighed 

spleens from all groups of mice.  Wild-type mice (C57BL/6) on Western diet had a spleen weight 

of 98.4 + 14 mg (Figure 5-2, A).  KO-mice on Western diet demonstrated a nearly 40% increase 

compared to wild-type mice (Figure 5-2, A).  DKO-mice on Western diet exhibited pronounced 

splenomegaly with a four-fold increase in spleen weight (Figure 5-2, A).  DKO-mice gained 

significantly more body weight compared to KO-mice (Figure 5-2, B). 

 

Characterization of Late-Stage Plaque from DKO-mice and KO-mice 

 We examined lesion size in KO-mice (Figure 5-3, A) and DKO-mice (Figure 5-3, B) after 

Oil red-O-hematoxylin staining.  We determined that total lesion size was significantly reduced in 

DKO mice (Figure 5-3, C).  Without perfusion fixation at physiological pressure, negative and 

positive remodeling of the artery can erroneously influence these measurements, so we further 

analyzed the lesion size in proportion to medial wall thickness.  We confirmed that even 

normalized to medial wall thickness, DKO-mice had significantly smaller lesions (Figure 5-3, D).  

We observed a slight but insignificant increase in medial wall thickness in DKO-mice compared 

to KO-mice. 

 Though debate is ongoing as to the terminology and conclusions based on multiple 

fibrous-caps and buried fibrous caps in the brachiocephalic artery (Hansson and Heistad, 2007), 

these parameters are considered an indication of plaque vulnerability.  We examined fibrous caps 

(Figure 5-4, A; indicated by solid-arrows) and buried fibrous caps (Figure 5-4, A; demarcated 

with a hashed-arrow).  We excluded thin single-cell/endothelial pseudocaps and any caps without 

acellular necrotic cores (Rosenfeld et al, 2000).  In our examination, we determined no significant 

difference between DKO-mice and KO-mice in the total number of buried fibrous caps (Figure 5-  

 



 111

 

 

Fig. 5-3 Extent of atherosclerotic lesions of the brachiocephalic artery. Representative Oil-red-O 
stained section of brachiocephalic artery from KO-mouse (A) and DKO-mouse (B).  Lesion size 
from DKO-mice were significantly smaller that from KO-mice (C) and when ratioed to medial 
wall thickness.  Note the dark purple dense core (B) is calcification. 
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Fig. 5-4: Extent of fibrous cap development in brachiocephalic artery lesions. A) Representative 
section demonstrating multiple fibrous caps (solid arrows) and a buried fibrous cap from KO-
mouse (hashed arrow). B) No significant difference between groups in total number of fibrous 
caps. C) DKO-mice had significantly fewer buried fibrous caps. (L denotes arterial lumen) 
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Fig. 5-5: Detailed examination of fibrous cap characteristics.  A representative fibrous cap with an 
extensive necrotic core stained with Oil-Red-O (A) or Movat’s pentachrome stain from KO-
mouse (B) labeled according to sites of measurement (P denotes proximal base of fibrous cap, L 
denotes most luminal protrusion of fibrous cap and D denotes distal extension of fibrous cap).   
There was no significant difference in average fibrous cap area between groups (C).  There was a 
significantly higher ratio of fibrous cap to necrotic core in DKO-mice compared to KO-mice (D).  
Neither the proximal (E) nor luminal (F) fibrous cap thickness was different between groups but 
double knockout mice had significantly thicker distal (G) portions of fibrous caps. 
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4, B).  However, the total number of fibrous caps (Figure 5-4, C) was significantly lower in DKO-

mice compared to KO-mice. 

 Fibrous caps are a significant contributing factor to plaque stability (Falk, 1999).  We 

therefore performed additional detailed measurements of the fibrous caps of DKO-mice compared 

to KO-mice (Figure 5-5).  We measured total fibrous cap area, underlying necrotic core area, and 

fibrous-cap thickness at the proximal (P), luminal (L), and distal (D) fibrous cap origin (Figure 5-

5, A, B).  There was no significant difference between DKO-mice and KO-mice in total fibrous 

cap area (Figure 5-5, C).  However, the fibrous cap to necrotic-core ratio was two-fold greater in 

DKO-mice compared to KO-mice.  In cap thickness no significance was found in either the 

proximal cap (Figure 5-5, E) or luminal cap (Figure 5-5, F), while the distal cap, the most 

susceptible to breakage, was ~50% thicker in DKO-mice compared to KO-mice (Figure 5-5, G).  

 We further examined the composition of lesions measuring both the area of the lesion and 

the density of lipid, calcium, and extracellular matrix (ECM) between groups.  As expected, given 

that the necrotic cores of KO-mice were more extensive (Figure 5-5, D), they had significantly 

more lipid area (Figure 5-6 A, C) compared to that measured in DKO-mice (Figure 5-6, B, C).  

However, when we examined the density of the lipid laden area there was no significant 

difference between groups (Figure 5-6, D).  To identify the degree of calcification we analyzed 

lesions by Von Kossa stain in KO-mice (Figure 5-7, A) and DKO-mice (Figure 5-7, D).  In 

addition, we analyzed lesions by Alizarin red staining, which is more sensitive to calcium 

deposition (Figure 5-7 A vs. B).  The advantage of Alizarin red is obvious too for its capacity for 

phosphorescence under polarized light (Figure 5-7, C, F).  We measured the area of calcification 

between groups and found that DKO-mice had approximately 6-fold higher lesion calcification 

coverage (Figure 5-7, D-G) in comparison to KO-mice (Figure 5-7, A-C,G).  As well, we found a 

4-fold higher density in the calcified areas of lesions from DKO-mice compared to KO-mice 

(Figure 5-7, H). 
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Fig. 5-6: Extent of lipid composition in brachiocephalic lesions. Representative image of Oil red-
O stained lesion from a KO-mouse (A) and DKO-mouse (B).  Total lipid area within the lesion 
was significantly less in DKO-mice (C). Lipid density in areas stained with Oil red-O were not 
significantly different between groups (D). 
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Fig. 5-7: Extent of calcification in brachiocephalic lesions. Representative images of calcification 
from KO-mouse (A-C) and DKO-mouse (D-F).  VonKossa’s stain for calcium (A,D) Alizarin red 
stain for calcium under polarized light (B,E) or red fluorescence (C,F).  DKO-mice had 
significantly more calcified area of their lesions compared to KO-mice (G).  Density of calcified 
areas were significantly greater in DKO-mice compared to KO-mice (H). 
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To establish the contribution of extracellular matrix stability to lesions comparatively 

between DKO-mice and KO-mice we analyzed lesions use Movat’s pentachrome stain which 

marks ground substance blue, elastin/nuclei black, collagen/reticular fibers yellow, and 

muscle/cytoplasm red.  We found no discernable difference between KO-mice (Figure 5-8, A) and 

DKO-mice (Figure 5-8, B) for lesion area covered in ECM (Figure 5-8, C).  However, when we 

analyzed the density of ECM we found a nearly 2-fold higher ECM density in lesions from DKO-

mice compared to KO-mice (Figure 5-8, D). 

 

DISCUSSION 

 We sought to examine the role of HO-1 in plaque stability.  The current results establish 

that HO-1 deficient mice, through as of yet unknown mechanisms, have a propensity for weight 

gain.  This is surprising since most reports with HO-1 deficient mice at a similar age weigh less 

than their littermates.  Recent studies have suggested a role for HO-1 in obesity and metabolic 

syndrome.  In a series of studies using rodent models of metabolic syndrome, elevated HO-1 

expression increased plasma adiponectin levels, sensitivity to insulin and reduced adiposity and 

adipogenesis (Kim et al, 2008, Li et al, 2008, Nicolai et al, 2009, Peterson et al, 2009).  Our 

results appear to be in agreement with these reports suggesting an important role for HO-1 in 

metabolic syndrome that has yet to be fully characterised. 

We also discovered that the late stage atherosclerotic ApoE deficient model used in our 

work resulted in enlarged spleen and when HO-1 deficiency is added to this model we observed 

splenomegaly.  Splenomegaly is a phenotype observed in HO-1 deficient mice (two-three times 

normal weight).  We did not have a separate HO-1 deficient control animal group and are 

therefore unable to ascertain whether the four-five fold increase in spleen weight on an ApoE 

deficient background is over and above that of the normal phenotype.  Enlarged spleen is  
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Fig. 5-8: Extent of extracellular matrix in brachiocephalic lesions.  Representative sections of 
lesions stained with Movat’s pentachrome from a KO-mouse (A) and DKO-knockout mouse (B) 
to evaluate extracellular matrix of lesions.  Total area of lesion with extracellular matrix was not 
different between groups (C).  Extracellular matrix density was significantly higher in DKO-mice 
compared to KO-mice (D) 
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associated with reductions in patient plasma cholesterol (Fatouros et al, 1995).  Also, humans 

with splenectomy as a result of trauma have been known to have higher plasma cholesterol and a 

two-fold higher mortality rate due to ischemic heart disease, though no information is available 

regarding CVD morbidity (Witztum, 2002).  Splenectomy is associated with elevated 

triglycerides and plasma cholesterol with notable acceleration in atherogenesis in rats, ApoE 

deficient mice and cholesterol-fed rabbits (Caligiuri et al, 2002, Witztum, 2002).  Chronic 

inflammation induced as a model of lupus in LDL receptor deficient mice demonstrate elevated 

spleen weight coincident with accelerated atherogenesis and high systemic inflammation (Stanic 

et al, 2006).  Over time female mice may develop larger and more advanced atherosclerotic 

lesions than their male counterparts; interestingly, spleen cultures from young female mice, even 

in the absence of estrogens, respond to oxidized LDL to induce a proliferative T-cell response 

which is not seen in male cultures (Caligiuri et al, 1999).  Splenectomy is also associated with 

elevated calcium levels in the blood, an effect normalized by splenin (Doroshenko and 

Korpachev, 1989). 

 We determined that combined ApoE and HO-1 deficiency results in greater calcification 

of atherosclerotic lesions.  Potentially several different mechanisms may contribute to 

calcification in atherosclerotic lesions, however inflammation and apoptosis are known to be 

associated with atheromatous calcification (Shanahan et al, 1994).  Indeed the presence and extent 

of calcification in atherosclerotic plaques is associated with worse prognosis (Raggi et al, 2000) 

as they result in so called “hard-infarcts”.  This is particularly true in cases of cerebrovascular 

accidents.  Larger lipid pools below the fibrous cap dramatically increase mechanical strain on the 

cap (Huang et al, 2001).  In carotid endarterectomy for treatment of ischemia, carotid plaque 

calcification was associated with plaque stability (Shaalan et al, 2004).  In that study, they found 

plaque area calcification was two-fold greater in asymptomatic patients, whereas symptomatic 

patients demonstrated greater inflammatory/macrophage burden.  The concept of calcification and 
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its historic classification in stages of atherosclerosis lesions remains controversial (Stary, 2000; 

Stary, 2001).  Indeed, plaque calcification does not increase vulnerability to fluid shear stress and 

may contribute to very moderate stabilization (Lin et al, 2006). 

We found that lipid content of lesions was more extensive in KO-mice compared to 

DKO-mice.  Although total lesion ECM coverage was not significantly different between groups, 

the ECM-density was more developed in DKO-mice.  Further, we found that total fibrous caps 

throughout the lesion of DKO-mice were significantly less abundant than in KO-mice.  Taken 

together, these results suggest plaque stability was greater in DKO-mice than KO-mice.  The 

mechanisms of this finding remain to be examined but likely are a consequence of the differential 

effect HO-1 has on different cells types and HO-1’s duplicitous interplay in cytoprotective and 

antiproliferative actions in vascular cells. 

 In this study we were surprised by the unanticipated non-validation of our initial 

hypothesis.  It raises the potential for a paradoxical role for HO-1 in early and late atherogenesis 

with regard to onset and severity versus progression and stability of plaques.  It has been well 

established that inhibition of HO-1 exacerbates onset/severity of atherosclerotic lesions and 

restenosis.  This was established in studies performed by Ishikawa et al. (2001) using 

protoporhyrin molecules that inhibit HO-1.  However, these molecules themselves can cause 

oxidative stress and off-target effects including inhibition of eNOS (Abraham and Kappas, 2008).  

When Yet et al (2003) established the HO-1 knock-out model, they created a double knockout 

using ApoE deficient mice and clearly established specificity in HO-1’s role in deterring 

atherogenic lesion onset and severity.  This study was relatively small—four to six animals 

depending on analysis—and only consisted of female mice since male mice backcrossed to a pure 

C57BL/6 background are not viable.  More recently, knock-out of Bach1, a negative regulator of 

HO-1 expression, increased HO-1 expression in endothelial and macrophage cells and less so in 

smooth muscle cells, which led to a delay in atherogenesis (Watari et al, 2008).  We do not 
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discount the observations of these studies as the phenotypes are clear and obvious.  We suggest 

rather that future work should proceed to further examine of the role of HO-1 expression in 

atherosclerotic lesion development in vivo.  These studies should examine larger cohorts, over a 

greater and more extensive timeline, with both male and female subjects to examine the influence 

of HO-1 for age and sex differences in atherogenesis (Caligiuri et al, 1999).  In particular, studies 

focused at uncovering the role of HO-1 expression in cellular compartments such as the 

endothelium, smooth muscle cell and macrophage would be of interest.  Some studies of cellular 

compartment expression of HO-1 have been performed.  Intraventricular adenoviral delivery of 

HO-1 favored endothelial expression and restricted atherogenesis (Juan et al, 2001).  In SM22-

alpha (smooth muscle cell) restricted expression of HO-1 there was elevated blood pressure and 

blunted NO dilatory action (Imai et al, 2001).  Lethally-irradiated female LDL-receptor deficient 

mice reconstituted with bone marrow from HO-1 deficient mice had greater macrophage content 

in atherosclerotic lesions, but no difference in lesion size (Orozco et al, 2007). 

In conclusion, we establish that in late atherosclerotic lesion development of male mice, 

complex lesion progression occurs in the brachiocephalic artery, with signs of vulnerability.  We 

find that HO-1 deficiency increases calcification which may favor stability, but may be worse for 

prognosis, if we translate this interpretation to a clinical setting.  Further work is necessary to 

establish the molecular mechanisms regulating HO-1 in conditions involving arterial calcification, 

metabolic syndrome and progression and stability of advanced atherosclerotic lesions.  In 

particular, a focus on cell specific expression or repression of HO-1 in macrophages, endothelial 

cells and smooth muscle cells is of great interest.  Our study has several limitations.  We did not 

examine a time course to establish that KO-mice would progress similarly to DKO-mice given 

more time.  Also, the mice studied here were on a mixed B6/129Sv genetic background so we 

cannot rule out completely confounding genetic modifier loci which may impact these results.  
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More studies are needed to clarify the specificity of HO-1 or its metabolites in late-stage 

atherosclerosis. 
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CHAPTER 6. GENERAL DISCUSSION 

 
Our understanding of the molecular mechanisms of HO-1 has important consequences 

when translating preclinical research to a clinical setting.  To manage CVD using HO-1 based 

strategies we must uncover these mechanisms and determine whether HO-1 is a bystander, 

contributor, or guardian in the onset, development or progression of CVD.  In all likelihood the 

role of HO-1 may be dictated by circumstance; having a role as both friend and foe.  Excessive 

anti-oxidant effects may interfere with physiological signaling of reactive oxygen species such as 

hydrogen peroxide in cell proliferation and activation (Zanetti et al, 2002; El-Mowafy et al, 2008; 

Yin and Huang 2007).  When we describe pharmacologic and toxic agents, dose and duration 

determine protection versus toxicity.  The need to achieve a measured response in HO-1 levels in 

the vasculature was demonstrated by the excessive apoptosis of vascular smooth muscle cells in 

high HO-1 expressing cells (Liu et al, 2002).  Though this may well be a desired outcome in 

situations such as restenosis (Tulis et al, 2001), it may be equally disastrous for established 

fibrous caps of atherosclerotic lesions, precipitating atherothrombotic complications.  In our 

initial study, we established that HO-1 can protect human vascular smooth muscle cells from 

apoptosis.  Our results differ significantly from those presented by Liu et al in 2002b; the major 

differences being the cell source, plating conditions, choice of viral vector and level of HO-1 

expression.  In Liu et al’s study rat smooth muscle cells were used, in low serum proliferative 

conditions with inflammatory cytokine-induced apoptosis.  They expressed HO-1 with an 

adenoviral vector which achieved high levels of HO-1 (5-20 fold increase).  In our study, we used 

human vascular smooth muscle cells, in serum-free quiescent conditions and expressed moderate 

(2-3 fold increase) levels of HO-1.  In addition, we studied the effect of applying a direct oxidant 

(H2O2) for oxidative stress-induced apoptosis, rather than inflammation.  However, inflammation 

itself is well known to cause oxidative stress.  Together these studies emphasize the consideration 

that must be given when approaching use of HO-1 in CVD management, a disease 
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characteristically involving both inflammation and oxidative stress.  Further, we must be cautious 

of over interpretation in our findings as the effects of certain oxidants, particularly H2O2 have 

dose- and cell type- dependent differences.  In previous work using rat smooth muscle cells, H2O2 

(200 μM) was shown to increase the proliferation rate of serum-starved smooth muscle cells and 

decrease the proliferation rate of endothelial and fibroblast cells (Rao and Berk, 1992).  In other 

studies using rat smooth muscle cells H2O2 (100 μM) increased cell death while catalase 

prevented cell death without affecting proliferation (Li, 1997a; Li, 1997b). 

In our study we established co-dependence between Akt and HO-1 through Nrf2 

transcriptional regulation in human smooth muscle cells.  After our study was published, similar 

results were confirmed in auditory (So et al, 2006), lung epithelial (Lin et al, 2007), glial (Park et 

al, 2007), pancreatic (Pugazhenthi et al, 2007), hepatic (Hsu et al, 2007), cardiomyoblast (Pachori 

et al, 2007), endothelial (Zhang et al, 2008) and cancer (Velmurugan et al, 2009) cells.  

Surprisingly, there was some controversy as to how these mechanisms are maintained during long 

term expression (Batzlsperger et al, 2007).  The study by Batzlsberger et al, (2007) demonstrated 

that HO-1 expression protected endothelial cells from oxidative stress-induced apoptosis but 

attenuated cellular proliferation due to reduced Akt activity.  This antiproliferative effect could be 

reversed by expression of constitutively active Akt.  At first this data seems to contradict our 

results; though in actuality it provides essential evidence for a negative feedback mechanism to 

the positive feedback mechanism we described in smooth muscle cells (i.e. the yang to our yin).  

When this data was revealed, we had already extended the mechanisms uncovered in Akt-HO-1 

cytoprotection to a gene therapy hypothesis that would improve survival of EPCs in an infarct 

environment.  Fortuitously, we had combined expression of both HO-1 and constitutively active 

Akt.  Thus, we likely prevented any potential problem should similar antiproliferative effects of 

stand-alone HO-1 expression occur in EPCs to that described by Batzlsberger et al (2007) in 

mature endothelial cells. 
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We took advantage of the combined molecular mechanism for cytoprotection identified 

between Akt and HO-1 in an attempt to impact future strategies aimed at cell based therapy for 

post-ischemic tissue recovery.  Cell therapy has encountered a major challenge, namely a 

cardiovascular patient’s cells are functionally deficient and the post-infarct recipient environment 

is hostile to transplanted cells.  Though debate is ongoing as to which is the most effective cell 

substrate to use in post-ischemic recovery, we chose the human EPC for its ease of isolation and 

its potential for autologous transplantation in patients.  Work remains to determine the most 

effective route of delivery, cell density and optimal gene therapy strategy for use in cell-based 

therapy (Dzau et al, 2005).  Also, considerable effort is still required to establish confidence for 

using EPCs for ex vivo gene therapy for patients.  There is a risk of insertion mutagenesis when 

delivering genetic material to cells, a hazard that may result in cancer.  Improvements in vector 

development with more predictable gene insertion reduce risk.  Vectors carrying inducible 

thymidine kinase “suicide” genes allow induction of apoptosis should they become mutagenic.  

As well, regulation of viral vectors that respond only to pathologic stimuli will provide greater 

specificity to the levels of gene expression (i.e. HO-1) and can provide restricted expression to 

certain cellular compartments.  This would be a significant advantage to cells in hostile infarct 

environments.  It would benefit strategies aimed at treating atherosclerosis where it might be 

beneficial to have higher expression of HO-1 in endothelial cells and lower expression in smooth 

muscle cells.  Certain vectors are less effective in some cell types.  For example, in our experience 

cardiomyocytes, such as HL-1 cells, are resistant to transduction with MSCV but are amenable to 

adenoviral gene expression. 

Primary myocyte cultures are averse to many of the molecular biology techniques used in 

our work (i.e. plasmid promoter-reporter transfection, delivery of siRNA, and viral transduction).  

Absence of an adult cell type suitable for molecular biology tools has been a challenge to the field 

of molecular regulation of cardiomyocyte hypertrophy.  However, the HL-1 cell-line is derived 

from adult mice and continuously divides, while maintaining a differentiated adult cardiac 
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phenotype, amenable to molecular and genetic tools (Claycomb et al, 1998; White et al, 2004).  

One of the greatest challenges in uncovering cellular mechanisms in cardiomyocytes is inability 

to achieve sustainable cell culture.  Despite the best efforts of several colleagues, we have not 

been able to extend the life of cardiomyocytes in culture beyond three days.  This is in direct 

contrast to the claims of others (Bistola et al, 2008; Banyasz et al, 2008).  Establishment of an 

adult cardiomyocyte cell-line is important for ascertaining molecular mechanisms pertinent to 

hypertrophy in the adult heart. 

To date, isolated embryonic and neonatal primary cardiomyocytes have been the most 

widely used models for the study of cardiac mechanisms in vitro, but their use is somewhat 

limited as they lack many adult cardiomyocyte characteristics.  Despite suggested improvements 

to neonatal culture (Sreejit et al, 2008), they are still prone to overgrowth by non-myocytes (i.e. 

fibroblasts).  Moreover, they cease to divide after the neonatal period, and molecular and genetic 

manipulation is difficult.  It is also a challenge to distinguish the reactivation of the embryonic 

gene program in neonatal cells from latent programs still active immediately prior to, or just after, 

birth.  This is particularly salient given that the embryonic gene program is fundamental in 

pathophysiological hypertrophy in the adult heart in vivo (Frey and Olson, 2002).   

Since its establishment, more than one-hundred research articles have utilized the 

phenotypically-adult HL-1 cell-line to study mechanisms of cardiomyocyte function.  We were 

the first to reveal transcriptional mechanisms of cardiomyocyte hypertrophy in the HL-1 cell-line.  

During the progression of our work only two other papers have used HL-1 cardiomycoytes to 

study hypertrophy (Chandrasekar et al, 2005; López-Andrés et al, 2008).  We anticipate our work 

will be fundamental in establishing the precedent for using HL-1 cardiomycoytes as a 

phenotypically-adult cell-line for elucidating regulatory pathways in cardiomyocyte hypertrophy 

in vitro which may aid the understanding of in vivo mechanisms. 

Similar to our work, Tongers et al (2004) demonstrated that HO-1 had a direct role in 

mediating an anti-hypertrophic effect induced by ET-1 via restriction of calcineurin/NFAT 
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signaling in neonatal cardiomyocyte culture.  In that study, they show that ET-1 coordinated its 

signaling through multiple kinases: ERK, p38 and Jnk.  They postulated that an upstream 

mediator of calcineurin was targeted by HO-1, but that it was not mediated through the L-type 

Ca++ channel (LTCC) or protein kinase G pathways.  They believed an antioxidant effect may 

mediate MAPK inhibition through HO-1, a suggestion based on an unreported finding that DCF 

fluorescence was reduced by bilirubin in ET-1 treated cells.  The drawback to that work was the 

use of neonatal cardiomyocytes, which are prone to contamination with fibroblasts (Boateng et al, 

2002; Boerma et al, 2002).  The ET-1 hypertrophy pathway is affected by the presence of non-

myocyte cells (Harada et al, 1997) and ROS co-operate with Ca++ in the activation of calcineurin 

in fibroblasts (Huang et al, 2001). 

The redox state of cardiomyocytes is highly variable with many paths capable of causing 

oxidative stress.  Our work was necessary to establish a direct mechanism between HO-1 and 

oxidative stress that provided transcriptional regulation linking oxidative stress and the 

antihypertrophic effects of HO-1.  Initially, we hypothesized that the upstream mediator of 

calcineurin targeted by HO-1 proposed by Tongers et al (2004) would be Akt.  Given our 

previous findings demonstrating codependence of HO-1 and Akt in survival against oxidative 

stress in smooth muscle cells, a similar mechanism was likely to exist in cardiomyocytes under 

oxidative stress.  To our surprise examination of kinase pathways known to play a role in cardiac 

hypertrophy, including Akt, revealed no significant effect from HO-1 expression.  We postulated 

that a mechanism further downstream from established G protein-coupled receptor-associated 

kinase pathways might provide a potential candidate for HO-1’s anti-hypertrophic effects.  We 

assumed that HO-1 regulated a direct transcriptional mechanism, likely a redox sensitive 

transcription factor.  The literature supported examination of NF-kB.  NF-kB is a redox sensitive 

transcription factor that when blocked reduces myocardial hypertrophy without deteriorating 

cardiac function (Kawano et al, 2005). 
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Based on our data NF-kB appeared to play a central role in oxidative stress-mediated 

hypertrophy in HL-cardiomyocytes.  Since we did not observe any additive effect with NF-kB 

inhibition and HO-1 or its by-products, we did not examine additional transcription factors.  

However, it is interesting to note that the transcriptional regulator p300, a co-regulator in NFAT 

signaling and both p300 and calmodulin kinase IV, are involved in posttranslational modifications 

of the NF-kB subunit p65/RelA (Hall et al, 2006).  A unique mechanism of reciprocal regulation 

between NFAT and NF-kB has been recently elucidated for balancing TCR-mediated 

glucocorticoid-induced TNF-receptor expression (Zhan et al, 2008).  Though we did not pursue 

other transcriptional regulators such as NFAT, AP-1, GATA4, MEF2C or cross-regulatory 

mechanisms shared with NF-kB, we postulate that similar cross-regulatory mechanisms may be 

revealed in future studies using the HL-1 cardiomyocyte. 

Although originally established as anti-atherogenic, it is apparent that the role of HO-1 

remains duplicitous.  At issue in the context of arterial disease is that normal levels of endogenous 

HO-1 are insufficient to counteract the chronic inflammation and stress during arterial 

pathogenesis.  The question remains: why does HO-1, which exerts protective effects in the vessel 

wall by regulating apoptosis, proliferation, and inflammation not become chronically elevated to 

sufficient levels to prevent arterial disease?  Could it be that long-term expression of elevated HO-

1 has detrimental consequences, or loses potency? 

We have provided evidence which may challenge the benefit HO-1 might confer in 

sustaining fibrous cap stability in advanced atherosclerotic lesions.  This clinically desirable 

outcome requires a stable smooth muscle to macrophage ratio.  Intuitively, anti-apoptotic actions 

of HO-1 on smooth muscle cells would ensure maintenance of a stable, and therefore non-

thrombogenic fibrous cap (Clarke et al, 2006).  What impact anti-apoptotic effects on 

macrophages would be in this context remains to be determined.  However, since vascular smooth 

muscle proliferation is necessary to establish and maintain the fibrous cap, HO-1’s demonstrated 

anti-proliferative effects characterized in models of restenosis and graft lesion formation suggest a 
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limitation to fibrous cap formation (Tulis et al, 2001; Deng et al, 2004).  In atherogenic models 

studied to date, lesions were reduced in overall size by delivery of adenoviral HO-1 (Juan et al 

2007).  However, this has not removed questions regarding fibrous cap stability and progression.  

Yet et al (2003) demonstrated large fibrous cap formation in HO-1 deficient mice on an Apo-E 

background.  In an elegant study, Levonen et al (2007) demonstrated clear homeostatic balance 

between smooth muscle proliferation and apoptosis in a balloon injury model mediated by Nrf2, a 

transcription factor we too have characterized to regulate HO-1 (Brunt et al, 2006).  In our work 

we identified the potential for HO-1 in advanced lesions to provide a less stable plaque.  

However, in humans, HO-1 expression is variable but rarely absent.  It may benefit future studies 

to include heterozygous HO-1 deficient mice to observe the effect of moderate reductions in HO-

1 expression.  Our in vivo study will focus on identifying a mechanism for the lesion properties 

identified.  We will attempt to quantify the degree of proliferation and apoptosis in the lesions, 

identify potential involvement of adipokines such as adiponectin, and characterize the plasma 

lipid profile.  Future studies should attempt to examine the role of HO-1 expression at different 

stages of lesion progression. 

The ability of HO-1 to combat vascular instability and arrest vascular dysfunction is 

considerable.  However, less understood are the mechanisms regulating HO-1 expression and 

activity under physiological and pathological states.  Despite exciting and impressive data in 

support of HO-1, its substrate heme, or its metabolites CO, biliverdin and Fe++ in the treatment of 

CVD many unanswered questions surround this protein, its metabolites and its efficacy in 

therapeutic situations.  The fundamental question of heme supply for HO-1 during times of stress 

remains tenuous.  It is unknown whether there is a risk of cannibalizing essential heme proteins or 

diverting heme supply away from their formation (i.e. eNOS) during times of high or prolonged 

HO-1 activity, particularly in chronic disease states (Morita et al, 2005).  The focus of most 

research to date has dealt in pre-emptive strategies that increase HO-1 levels prior to onset of 

pathology as a means of bolstering the endogenous response to disease.  This addresses CVD 
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management with a focus on prevention.  However, fewer studies have reported the use of HO-1, 

its substrate or its metabolites in the recovery or regression of CVD and future basic pre-clinical 

exploration should make this a priority.  The study of either HO-1 or HO-2 has often been done 

independently.  Future work should consider the two enzyme systems in parallel, as they are not 

mutually exclusive.  This was demonstrated by Seta et al (2006), in which HO-1 and HO-2 appear 

to be co-operative during inflammation, a process possibly linked through Akt.   

The interplay between HO-1 and protein partners, such as Akt, biliverdin reductase, or 

Bach1 provides unique opportunities to enhance the effectiveness of therapies based on HO-1 

mechanisms.  In this regard, a great deal of information awaits discovery regarding HO-1 

mechanisms, in particular: its mode of transactivation, posttranslational modification and 

degradation, as well as its role in compartmentation in mitochondria, endoplasmic reticulum and 

the nucleus.  Further work is needed to establish whether heme substrate is limited in therapeutic 

or pathologic conditions and in vivo studies are needed to evaluate the effective dose and timing 

of administration of HO-1 or its metabolites in CVD.  As well, it remains to be seen what method 

of delivery is optimal to exert direct HO-1 or HO-like protection in various CVD, which may 

include: pharmacologic, genetic, metabolic, substrate, or inhibitory strategies that repress HO 

inactivation, degradation or transcription.  Also, HO-1 as a response to CVD, despite being 

insufficient in concentration or duration to preclude the onset of pathology, may be useful to 

herald the onset of disease and serve as a diagnostic marker (Seshadri et al, 2003).  Currently, 

HO-1 gene therapy is a legitimate option for non-option CVD patients supported by a growing 

body of evidence to suggest its effectiveness.  To date, a lack of a consistent and specific means 

of eliciting HO-1, without causing cellular stress, remains to be realized and so transcriptionally-

regulated genetic approaches are still likely to see the clinical setting in the near future (Hurttila et 

al, 2008).  The advances in regulatable and cell specific vectors should support this approach.  

Further, it should not be discounted or ignored that HO-1 might have the potential to exacerbate 

CVD in some instances.  Evidence that both supports and detracts from HO-1’s use in managing 
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CVD should be embraced as both provide critical and necessary information that may lead to 

optimization of HO-1 based therapeutic strategies for CVD management. 
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Mentor Lost 

 

I call to peers: review my plight, for lost is care of coming night, a way to grasp my last result, to 

have eternal weight, on this the great experiment.   

 

No vitiate to bear; awash with light, untold my thoughts do carry forth young minds whose 

struggles live undone.   

 

A dream, a voice, no tasks remain, an urge holds fast my shaking mind, as fires they burn, a quest 

for truth is courted fresh in graduand mind. 

 

A call on peers for grant of thought, a way to quench the burning fires.   

 

The call is heard and leads me on. 
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Scholar’s Oath 

 

I am a scholar.  I join the ranks of my fellows and honor them in conveying to the world:  Let not 

my mind be engaged in thirsts for glory, power, reputation or worldly possession, for they are the 

enemies of truth.  Let me embrace philanthropy, modesty, respect for my fellows and the belief 

that my pursuits will bring good to this world.  I am a servant of the earth and all its children.  

Grant unto me strength of conviction and humility, the power to see my mistakes and correct 

wrongdoing.  I shall not fear truth, nor defer its communication, be it held in praise or scorn.  I 

shall seek always to share knowledge for noble applications and overcome boundaries that hinder 

this pursuit.  I am called to lift the veil of the unknown and discover new knowledge for the world 

to embrace.  Lend me the time to turn unto my calling, with correctness, perseverance and 

patience, until such time as the infinite is revealed. 
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