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Summary 

Endothelial dysfunction is a pathologic state characterized by an altered equilibrium among 

vasodilatory and antithrombotic mediators and vasoconstrictive and prothrombotic mediators 

produced by the vascular endothelium. Multiple factors induce impaired production or 

increased consumption nitric oxide (NO), the key mediator of vascular homeostasis, produced 

by the nitric oxide synthase enzymes (NOS). Endothelial dysfunction represents one of the 

initial steps in the development of atherosclerosis, a chronic inflammatory disease of the 

vascular wall. The inducible enzyme heme oxygenase 1 (HO-1) represents one of the main 

cellular defense mechanisms against increased oxidative stress and decreased NO 

bioavailability accompanying endothelial dysfunction and atherosclerosis. We studied the 

genetic determinants of endothelial dysfunction and atherosclerosis by evaluating the 

association of the G894T endothelial NOS (eNOS) polymorphism and the HO-1 (GT)n 

promoter polymorphism with coronary artery atherosclerosis severity and risk profile and 

their evolution during hypolipidaemic treatment. In addition, we searched for genetic 

variations in exons 25 and 26 of eNOS gene, encoding the C-terminal part of the protein, 

deemed crucial for proper enzyme function and the 3´- untranslated region crucial for eNOS 

mRNA stability. We did not find an association of the eNOS G894T polymorphism with the 

extent and risk profile of coronary atherosclerosis, nevertheless we observed its association 

with atherosclerotic plaque composition changes during hypolipidaemic therapy. We 

described a novel variant (G3911A) in the noncoding mRNA of exon 26, a finding warranting 

further research of its possible impact on eNOS posttranscriptional regulation. The risk HO-1 

promoter polymorphism was found to positively correlate with coronary artery atherosclerotic 

burden and high-risk coronary plaque features.  

Key words: endothelial dysfunction, atherosclerosis, nitric oxide, endothelial nitric oxide 

synthase, heme oxygenase 1, polymorphism 
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Souhrn 

Endoteliální dysfunkce je patologický stav charakterizovaný narušenou rovnováhou mezi 

vazodilatačními a antitrombotickými mediátory a vazokonstriktivními a protrombotickými 

mediátory produkovanými cévním endotelem. Řada faktorů vede k narušení produkce nebo 

zvýšené konsumpci oxidu dusnatého (NO), produkovaného syntázami oxidu dusnatého 

(NOS), který je klíčovým mediátorem cévní homeostázy. Endoteliální dysfunkce představuje 

jeden z počátečních kroků v rozvoji aterosklerózy, chronického zánětlivého onemocnění cévní 

stěny.  Inducibilní enzym hem oxygenáza 1 (HO-1) představuje jeden z hlavních buněčných 

obranných mechanismů proti zvýšenému oxidativnímu stresu a snížené dostupnosti NO, které 

jsou průvodními jevy endoteliální dysfunkce a aterosklerózy. Studovali jsme genetické 

determinanty endoteliální dysfunkce a aterosklerózy pomocí hodnocení vlivu G894T 

polymorfizmu endotelové NOS (eNOS) a (GT)n polymorfizmu promotoru HO-1 na rozsah a 

rizikový profil koronární aterosklerózy a jejich vývoje během hypolipidemické léčby. Dále 

jsme hledali genetické varianty v exonech 25 a 26 genu eNOS kódujících C-terminální část 

proteinu, která je považovaná za klíčovou pro správnou funkci enzymu a 3´ nepřepisovanou 

oblast klíčovou pro stabilitu eNOS mRNA. Nenalezli jsme asociaci eNOS G894T 

polymorfizmu s rozsahem a rizikovým profilem koronární aterosklerózy, nicméně jsme 

pozorovali jeho vliv na změny složení aterosklerotických plátů během hypolipidemické léčby.  

Objevili novou variantu (G3911A) v nekódující mRNA exonu 26, nález zasluhující další 

výzkum pro jeho možný vliv na posttranskripční regulaci eNOS. Rizikový polymorfizmus 

HO-1 promotoru pozitivně koreloval s rozsahem koronární aterosklerózy a rizikovými 

charakteristikami koronárních plátů. 

Klíčová slova: endoteliální dysfunkce, ateroskleróza, oxid dusnatý, endotelová syntáza oxidu 

dusnatého, hem oxygenáza 1, polymorfizmus 
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Abbreviations 

 

HO-1 – heme oxygenase 1 

eNOS – endothelial nitric oxide synthase 

nNOS – neuronal nitric oxide synthase 

iNOS – inducible nitric oxide synthase 

CO – carbon monoxide 

NO – nitric oxide 

sGC – soluble guanylate cyclase 

ADMA – asymmetric dimethylarginine 

BH4 – tetrahydrobiopterine 

CaM – calmoduline 

FAD – flavin adenin dinucleotide 

FMN – flavin mononucleotide 

cGMP – cyclic guanosine monophosphate 

hsp90 – heat shock protein 90 

ROS – reactive oxygen species 

RNS – reactive nitrogen species 

O2
- – superoxide 

ONOO- –  peroxynitrite 

PCR – polymerase chain reaction 

bp – base pair 

SNP – single nucleotide polymorphism 

Asp – aspartate 

Glu – glutamate 

CAG – coronary angiography 

IVUS – intravascular ultrasound 

VH – virtual histology 

PAV– percent atheroma volume 

VH-TCFA – virtual histology derived thin cap fibroatheroma 

CAD – coronary artery disease 

PAD – peripheral artery disease 
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FRS – Framingham risk score 

NAPDH - nicotinamide adenine dinucleotide phosphate 

NADPH oxidase – nicotinamide adenine dinucleotide phosphate oxidase 

mRNA – messenger RNA 

DNA – deoxyribonucleic acid  

MAPK – mitogen activated protein kinase 

Phosphatidylinositol 3-kinase –  PI3K 

Nrf2 – nuclear factor-E2 related factor-2 

NFκB – nuclear factor kappa B 

VSMC – vascular smooth muscle cell 

LDL – low density lipoprotein 

ox-LDL – oxidized low density lipoprotein 

HDL – high density lipoprotein 

ApoA – apolipoprotein A 

ApoE – apolipoprotein E 

TGF – transforming growth factor 

VEGF – vascular endothelial growth factor 

TNFα – tumor necrosis factor alpha 

3´-UTR – 3´ untranslated region 

ICAM-1 – intercellular adhesion molecule-1 

VCAM-1 – vascular cell adhesion molecule-1 
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1.1. Endothelial dysfunction and atherosclerosis 

Endothelial dysfunction is a pathologic state characterized by an imbalance among 

vasodilatory and antithrombotic mediators and vasoconstrictive and prothrombotic mediators 

produced by the vascular endothelium. It is defined by decreased anticoagulation properties of 

the endothelium, increased expression of adhesive molecules and increased cytokine and 

reactive oxygen species production (ROS) by the endothelia. Multiple mechanisms including 

biochemical or physical injury coupled with genetic predisposition can lead to impaired 

production or dysregulation of pivotal mediators of vascular homeostasis, chiefly nitric oxide 

(NO), a gaseous molecule produced by the nitric oxide synthase (NOS) enzymes. Many other 

vasoactive substances, such as prostacyclin, bradykinin, thromboxane, endothelin, 

angiotensin-II, reactive oxygen species (ROS) and other free radicals, are produced by the 

endothelial cells and other cell types to control the function of the endothelia, vascular smooth 

muscle cells (VSMC) and of circulating blood cells (Furchgott et al., 1999; Ignarro et al., 

1999). Altered production of vasoprotective agents, i.e., endothelial dysfunction, is associated 

with all major cardiovascular risk factors, such as hypertension, hypercholesterolemia, 

smoking and diabetes mellitus and importantly represents a mechanism leading to the 

development and progression of atherosclerosis (Schachinger et al., 2000; Halcox et al., 2002; 

Ignarro and Napoli, 2004; Bugiardini et al., 2004; Lerman and Zeiher, 2005; Li and 

Forstermann, 2013). In addition, endothelial dysfunction is predictive of future cardiovascular 

disease and cardiovascular events (Seals et al., 2014).  Fundamentally, endothelial 

dysfunction is characterized by a loss of NO bioavailability, as will be discussed further (Pae 

et al., 2010). The heme oxygenase (HO) family of enzymes catalyzes the degradation of heme 

to biliverdin (which is subsequently converted to bilirubin by the enzyme biliverdin 

reductase), carbon monoxide (CO) and free iron (Fe2+) (Abraham and Kappas, 2008). The 

inducible form, HO-1 is designated as one of the main cellular defense mechanisms against 

increased oxidative stress and decreased NO bioavailability accompanying endothelial 

dysfunction and atherosclerosis (Abraham and Kappas, 2008; Pae et al., 2010). 

Atherosclerosis is a chronic inflammatory disease of the vessel wall resulting from an 

excessive inflammatory fibroproliferative response to various forms of insult to the 

endothelium and VSMC characterized by accumulation of lipids and fibrous elements (Ross, 

1993; Araujo et al., 2012). Atherosclerotic lesions primarily arise at vessel bifurcations, 

characterized by disturbed blood flow, probably owing to the loss of the atheroprotective 

effect of laminar shear stress (Gimbrone et al., 2000). Under these circumstances, the 
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endothelia increase the expression of adhesion and chemotactic molecules, acquire increased 

permeability for macromolecules including low-density lipoprotein (LDL), thus modifying 

the composition of the subendothelial extracellular matrix. The entry and subsequent retention 

of LDL particles in the vessel wall is considered to be a crucial initial mechanism of 

atherogenesis (Skålén et al., 2002). The trapped LDL particles are subject to initial mild 

oxidation (generating minimally modified LDL-mmLDL), which promotes their atherogenic 

effects via stimulation of pro-inflammatory cytokine production, e.g., interleukin-1 

(IL-1) and tumor necrosis factor alpha (TNF-α) by macrophages (Miller at al., 2005; Choi et 

al., 2009; Maiolino et al., 2013).  Activated macrophages further promote LDL oxidation 

through myeloperoxidase and ROS (Parhami et al., 1993). Completely oxidized LDL particles 

(oxLDL) are internalized by macrophages via scavenger receptors, thus inciting their 

transformation into foam cells (Henriksen et al., 1983), which represent the hallmark of the 

atherosclerotic plaque. Additionally, oxLDL elicit VSMC, macrophage and endothelial cell 

apoptosis with ensuing necrotic core development. Lastly, oxLDLs have been shown to  

up-regulate the expression and induce activation of NADPH (nicotinamide adenine 

dinucleotide phosphate) oxidases, a family of ROS generating enzymes (Rueckschloss et al., 

2001). Indeed, NADPH oxidase and xanthine oxidase-mediated oxidative stress is involved in 

the development of endothelial dysfunction and vascular inflammation underlying 

atherosclerosis (Ignarro and Napoli, 2004; Yang and Ming, 2006; Drummond et al., 2011).  

VSMC represent the second cellular line crucial for the development of atherosclerotic 

lesions. VSMC, originating from the tunica media, upon stimulation by various stimuli, e.g., 

oxLDLs and platelet-derived growth factor (PDGF), migrate to the subendothelial space, 

where they proliferate. Furthermore, VSMC produce extracellular matrix molecules, and  

co-form the fibrous cap overlying the atherosclerotic plaque (Maiolino et al., 2013).  

In summary, endothelial dysfunction is involved in atherosclerotic lesion formation and 

progression by promoting early, as well as late mechanisms of atherosclerosis, including up-

regulation of adhesive molecules, increased cytokine secretion, increased cellular 

permeability, enhanced LDL oxidation, platelet activation and VSMC proliferation and 

migration (Hadi et al., 2005; Abraham and Kappas, 2008). 
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1.2. Nitric oxide synthase isoforms and structure 

The nitric oxide synthase family comprises of three enzyme isoforms, the neuronal 

(nNOS, NOS I), the inducible (iNOS, NOS II) and endothelial NOS (eNOS, NOS III). 

The nNOS gene located on chromosome 12 (12q24) consists of 29 exons and spans 240 kb. 

The nNOS is abundantly expressed in the central and peripheral nervous system, where the 

nNOS-derived NO serves as a neurotransmitter. Furthermore, the nNOS is expressed in the 

myocardium, skeletal muscle, smooth muscle and VSMCs (Forstermann and Sessa, 2012). 

Importantly, nNOS-derived NO plays a significant role the regulation of vascular tone in the 

periphery (Melikian et al., 2009). The eNOS gene consists of 26 exons, spans 21 kb and is 

located on chromosome 7 (7q35-36) encoding a 1203-aminoacid 133-kDa protein. The eNOS 

gene is predominantly expressed in the endothelium and cardiomyocytes. NO produced by the 

eNOS is one of the major determinants of vascular tone, inhibitor of vascular adhesion 

molecule production and VSMC proliferation. The eNOS and nNOS represent the constitutive 

enzyme isoforms, whereas the iNOS is an inducible enzyme. The iNOS gene located on 

chromosome 17 (17q11.2–q12) comprising of 26 exons has a genomic size of 37 kb. INOS is 

predominantly expressed in the immune system cells, however, under certain circumstances, 

i.e., elevated levels of pro-inflammatory mediators, can be expressed in virtually all tissues 

(Roman et al., 2002; Balligand et al., 2009). Once induced, iNOS produces sustained high 

levels of NO (Raman et al., 1999; Forstermann and Sessa, 2012).  

All NOS isoforms share a similar structure, a N-terminal oxygenase domain connected 

via a calmodulin (CaM)-binding amino acid sequence to a reductase domain containing two 

flavins FMN (flavin mononucleotide) and FAD (flavin adenine dinucleotide) and a NAPDH 

amino acid binding sequence. The oxygenase domain represents the catalytic part of the 

enzyme. The NOS enzymes catalyze a reaction in which L-arginin is oxidized to NO and L-

citrullin. NADPH, molecular oxygen and the cofactors Zn2+ and tetrahydrobiopterin (BH4) are 

essential for proper enzyme function. Functional NOS share a homodimer structure, in which 

NAPDH bound to the reductase domain transfers electrons via the two flavins, FAD and 

FMN, across the dimer to the prosthetic heme group of the opposite oxygenase domain, 

converting ferric heme to ferrous that binds oxygen actively (Raman et al., 1999; Balligand et 

al., 2009). NO synthesis by the NOS enzymes takes places in two steps. Firstly, NOS 

hydroxylates L-arginine to Nω-hydroxy-L-arginine. In the second reaction phase, NOS 

oxidizes Nω-hydroxy-L-arginine to L-citrulline and NO (Raman et al., 1999; Forstermann and 

Sessa, 2012).  The active dimeric form of eNOS is stabilized by heme, L-arginine and BH4. In 
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the constitutive NOS isoforms (cNOS), this transport is enabled by the binding of CaM to the 

CaM binding sequence after an increase in intracellular calcium ion concentration due to a 

variety of stimuli, whereas in iNOS, CaM is tightly bound to the enzyme and therefore does 

not serve as a regulator of enzyme function (Raman et al., 1999; Balligand et al., 2009). 

NOS isoforms differ in catalytic activity, regulation and cellular localization. The cNOS 

isoforms produce low concentrations of NO upon stimulation. In contrast, iNOS induced by 

pro-inflammatory mediators produces high concentrations of NO, thus serving an important 

role in host defense against pathogens and tumor cells, but also contributing to several 

pathologic states including septic shock, tissue damage in chronic inflammatory processes and 

acceleration of atherosclerosis in animal models (Kuhlencordt et al., 2001a; Ricciardolo et al., 

2004; Lange et al., 2009). As mentioned above, BH4 is an essential enzyme cofactor, and in 

its absence, the eNOS and nNOS isoforms transfer electrons to molecular oxygen, leading to 

production of the deleterious superoxide radical, as will be further discussed in extent 

(Vasquez-Vivar et al., 1998). The C-terminal parts of the reductase domain of NOS determine 

the rate of reduction equivalent transfer to the heme part of the protein (Roman et al., 2000 a, 

b; Jáchymová et al., 2005). These C-termini slow electron transfer between the two flavins, 

enabling tight electron coupling, thereby suppressing superoxide production (Raman et al., 

1999).  In endothelial dysfunction, electron coupling is altered, giving rise to an increased 

amount of superoxide radicals (Schulz et al., 2008; Yang et al., 2009). The eNOS has the 

longest C-terminus of the three isoforms-42 amino acids, compared to 21 amino acids in the 

iNOS and 33 amino acids in the nNOS, figure 1. The NO synthesis rate is inversely related to 

the length of the C-terminal part of each isoform, hence is highest in iNOS and lowest in 

eNOS (Raman et al., 1999). Due to its dominant role in the development of endothelial 

dysfunction and atherosclerosis, the function and regulation of the eNOS isoform will be 

discussed in detail. 
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Figure 1. C-terminal parts of three mammalian NOS isoforms. (Adapted from Fig. 2 of 

Jáchymová et al., 2005) 

 

 

1.3. Nitric oxide - mechanisms of action in the vasculature 

Upon stimulation by various agonist stimuli, e.g., acetylcholine, shear stress, 

endothelin-1 (ET-1), vascular endothelial growth factor (VEGF), and bradykinin, the eNOS 

produces NO, which regulates multiple aspects of vascular function via activation of the 

primary NO receptor, the soluble guanylate cyclase (sGC). Furthermore, NO initiates 

nitrosation reactions with iron-sulphur-centered proteins or proteins with reactive thiols (S-

nitrosylation) (Sessa, 2004; Maron and Michel, 2012). Upon activation, the sGC produces 

cGMP (cyclic guanosine monophosphate), which functions as a second messenger to 

stimulate protein kinase G (PKG)-dependent activation of myosin light chain phosphatase 

(MLCP), thereby promoting VSMC relaxation, leading to vasodilatation, and inhibition of 

thrombocyte reactivity. Alternatively, cGMP may modulate VSMC relaxation by decreasing 

intracellular levels of Ca2+ via inhibition of Ca2+ mobilization through L-type Ca2+ channels, 

through stimulation of the inositol triphosphate-3 receptor (IP3-R) or by decreasing 

intracellular Ca2+ levels directly via activation of ion exchangers. In thrombocytes, cGMP 

mediated decrease of Ca2+ influx inhibits activation of the glycoprotein IIbIIIa, which is 

essential for thrombocyte aggregation (Harmon et al., 2012; Maron and Michel 2012),  

figure 2. 
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Figure 2. Pleiotropic effects of eNOS-derived NO in the vascular wall. 

Activation of eNOS occurs in response to various stimuli, e.g., acetylcholine, shear stress or 

via receptor-mediated activation by ET-1, VEGF, or bradykinin. Increased levels of reactive 

oxygen species (ROS) adversely affect normal eNOS-NO signaling through multiple 

mechanisms including oxidation of functional cysteine residues of sGC. Arrows indicate 

agonist effects, circular heads indicate inhibitory effects. 

cGMP-cyclic guanosine monophospate; ET-1-endothelin 1; ETB-endothelin receptor type B; 

GTP- guanosine triphosphate; IP3-R- inositol triphosphate-3 receptor; MLCP-myosine light 

chain phosphatase; NO-nitric oxide; PKG-protein kinase G; ROS-reactive oxygen species; 

sGC-soluble guanylate cyclase; SR-sarcoplasmatic reticulum; VEGF-vascular endothelial 

growth factor; VEGFR2- vascular endothelial growth factor receptor 2, VSMC- vascular 

smooth muscle cell. (Adapted from Fig. 4 of Maron and Michel, 2012) 
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In addition, cGMP signaling is likely responsible for the inhibitory effect of NO on VSMC 

proliferation through multiple mechanisms (Forstermann and Sessa, 2012). S-nitrosylation 

contributes to the anti-proliferative actions and ion channel modulation exerted by NO in the 

vascular wall (Feil et al., 2003; Miranda et al., 2003). Furthermore, S-nitrosylation is 

responsible for the inhibition of apoptosis through inactivation of caspase-3 and caspase-8 

(Sessa, 2004). Moreover, NO decreases endothelial expression of adhesion molecules, which 

are implicated in cellular migration, proliferation, atherogenesis, and thrombosis, such as 

ICAM-1, VCAM-1, P-selectin, β-1 integrin and monocyte chemoattractant protein 1 (MCP-1) 

(Kubes et al., 1991; Zeiher et al., 1995; Bombeli et al., 1998; Chamorro-Jorganes et al., 2011; 

Ponnuswamy et al., 2012). NO also inhibits leukocyte adhesion to the vessel wall by 

interfering with the binding ability of the leukocyte adhesion molecule CD11/CD18 to the 

endothelial cell surface or by suppressing CD11/CD18 expression in leukocytes (Arndt et al., 

1993). Collectively, these effects serve to maintain normal vascular tone by inducing vessel 

relaxation, inhibiting vascular cellular proliferation and fibrosis and preventing immune cell 

infiltration of the vascular wall (Maron and Michel, 2012). 

 

1.4. eNOS regulation 

The bioactivity of eNOS derived NO is fundamentally determined by the balance 

between the synthesis and degradation rate of the molecule. NO bioavailability is regulated at 

the level of eNOS gene expression, the eNOS enzymatic activity and lastly at the level of NO 

degradation. Dysregulation of any of these mechanisms can cause endothelial dysfunction 

(Stocker and Keaney, 2004; Madamanchi et al., 2005), as will be discussed further, figure 3. 
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Figure 3. Regulation of eNOS activity and possible mechanisms of endothelial 

dysfunction. 

1. changes in eNOS mRNA or protein levels; 2. decreased substrate availability; 3. decreased 

cofactor availability; 4. altered sub-cellular localization and protein-protein interactions;  

5. altered phosphorylation; 6. decreased NO bioavailability due to increased ROS generation. 

ADMA-asymmetric dimethylarginine; BH4-tetrahydrobiopterine; CaM-calmoduline; cGMP-

cyclic guanosine monophosphate; GTP-guanosine triphosphate; H2O2 – hydrogen peroxide; 

hsp90-heat shock protein 90; NO–nitric oxide; O2
- superoxide; ONOO—peroxynitrite; 

PKG-protein kinase G; SOD-superoxide dismutase. (Adapted from Fig. 1 of Liu and Huang, 

2008) 
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1.4.1. Regulation of eNOS gene transcription 

Laminar shear stress has been identified as a key signal regulating eNOS transcription 

in isolated endothelia, endothelial progenitor cells (EPC) and intact arteries (Ranjan et al., 

1995; Woodman et al., 2005; Tao et al., 2006; Balligand et al., 2009). In addition, this has 

been demonstrated in vivo, as exercise training (causing increased hemodynamic shear stress) 

increases eNOS gene expression, leading to improved NO-mediated endothelial functions 

(Woodman et al., 1997). Human eNOS transcription in response to shear stress is nuclear 

factor kappa B (NFκB)-dependent. In a healthy endothelium with adequate NO production, 

shear stress activates NFκB and promotes eNOS expression with a consecutive increase in 

NO production. Increased NO levels ultimately nitrosylate the p50 subunit of NFκB, leading 

to its inhibition, and thus terminate NFκB-dependent eNOS transcription. In a dysfunctional 

endothelium with decreased NO bioavailability, a deleterious, sustained activation of NFκB 

may result from the failure of NO to adequately inhibit NFκB, thereby promoting pro-

inflammatory gene transcription (Grumbach et al., 2005). This interaction between shear 

stress, NFκB activation, NO production and subsequent NFκB inhibition represents a 

negative-feedback loop responsible for the short-term increases in eNOS transcription in 

response to shear (Grumbach et al., 2005). These findings emphasize the crucial role of NO in 

modulation of the endothelial cell inflammatory state. Under common pathological conditions 

including hypercholesterolemia, hypertension and diabetes, decreased NO availability may 

result in sustained activation of NFκB in response to shear stress, thereby promoting 

inflammatory processes in the endothelium (Grumbach et al., 2005; Balligand et al., 2009). 

Several other transcription factors such as KLF2 (Kruppel-like factor), Foxo-1 and Foxo-3a 

play a role in eNOS transcriptional activity in response to shear stress (SenBanerjee et al., 

2004; Potente et al., 2005).  Oscillatory shear stress (produced by turbulent blood flow) 

increases eNOS expression, but unlike laminar shear stress, via increased levels of ROS 

produced by NADPH oxidases (Cai et al., 2004). Importantly, production of ROS by the 

endothelia is quantitatively higher in response to oscillatory versus laminar shear stress (De 

Keulenaer et al., 1998). These observations explain the adverse effects of oscillatory shear on 

the phenotype of endothelial cells and possibly explain the pro-atherogenic features of 

endothelia exposed to disturbed turbulent flow (Balligand et al., 2009). 

In addition to shear stress, transforming growth factor beta 1 (TGF-ß1), a member of 

the TGF superfamily, whose members play key roles in the regulation of tissue growth and 

development, represents another significant mediator in eNOS transcription (Tai et al., 2004). 

TGF-ß1 has been shown to increase eNOS human umbilical vein endothelial cell (HUVEC) 
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eNOS transcription in a concentration-dependent manner (Saura et al., 2002). Furthermore, 

atorvastatin treatment has been found to increase eNOS transcription via a TGF-ß1 dependent 

pathway, leading to a reduction in atherosclerotic lesion size beyond its lipid lowering effects 

(Vecerova et al., 2012). 

Two functionally relevant polymorphisms in the eNOS gene shown to influence eNOS 

transcriptional activity have been identified.  The T(-786)C variant located in the gene 

promoter results in significantly reduced transcriptional activity, thus possibly leading to 

decreased eNOS-derived NO production (Nakayama et al., 1999). The T(-786)C variant has 

been linked to coronary artery spasm in the Japanese population and an increased risk of 

coronary artery disease (CAD) development in the Caucasian and Asian populations 

(Nakayama et al., 1999; Liu et al., 2013). Furthermore, eNOS transcriptional activity may also 

be regulated by microRNAs (miRs). A study has demonstrated that miRs based from 27-nt 

repeats located in intron 4 of the eNOS gene significantly suppress transcriptional activity, 

contrary to most so far identified miRs that act as inhibitors of translation or degrade mRNA 

(Zhang et al., 2005; Suarez et al., 2007). The levels of these 27-nt miRs vary according to the 

number of intronic repeats, which has been termed the 4 b/a polymorphism. Clinical genetic 

studies have yielded conflicting results in different populations with respect to this eNOS 

variant, some demonstrating an association with endothelial dysfunction (i.e., decreased NO 

production), an increased risk of arterial hypertension, coronary artery disease and ischemic 

stroke (Balligand et al., 2009; Li et al., 2010; Niu et al., 2011; Yao et al., 2013). 

 

1.4.2. Posttranscriptional regulation of eNOS 

Posttranscriptional regulation of eNOS mRNA stability is an important component 

of eNOS regulation and constitutes one of the mechanisms through which laminar shear stress 

affects eNOS activity (Weber et al., 2005). Under basal conditions, eNOS mRNA is very 

stable owing to multiple 3´ untranslated region (3´-UTR) cis-mRNA elements that form 

stabilizing ribonucleoprotein (RNP) complexes (Ho et al., 2013). Upon cellular activation, the 

mRNA half-life can decrease dramatically, thus potentially lowering eNOS mRNA levels 

(Marsden et al., 1992).  It has been shown that the 3´-UTR, encoded by exon 26, is critically 

important for eNOS mRNA steady state levels (Wang and Wang, 2000). A variety of 

mediators involved in atherogenesis, such as TNF-α, are known to decrease eNOS mRNA 

stability via modulation of RNP particle binding to 3´-UTR of eNOS (Tai et al., 2004). 

Translation elongation factor 1-α1 (eEF1A1) and micro-RNAs (e.g., miR-155) are examples 

of the so far identified binding partners of the cis-acting sequences within eNOS mRNA  
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3´-UTR (Tai et al., 2004; Yan et al., 2008; Sun et al., 2012). The endothelial cell growth 

status also profoundly effects posttranscriptional eNOS regulation. A study has demonstrated 

a significant increase of eNOS mRNA levels in proliferating endothelial cells compared with 

confluent cells, not attributable to increases eNOS transcription (Searles et al., 1999). Another 

study by the same group showed that binding of monomeric actin (G-actin) and RNP targeted 

at a cis-element in the eNOS 3´-UTR was responsible for a reduction of eNOS mRNA 

stability in non-proliferating endothelial cells (Searles et al., 2004).  As mentioned above, the 

role of miRs as regulators of eNOS gene expression has emerged. In one study, silencing of 

Dicer (a protein critical for microRNA maturation) lead to an up-regulation of eNOS in 

endothelial cells (Suarez et al., 2007). This study identified two miRs (miR221 and miR222), 

that may be involved in the control of eNOS expression (Suarez et al., 2007). Significantly, 

miR-221/222 were not found to target the 3´- UTR of eNOS. A recent study has found that 

miR-222 exerts its inhibitory effects on eNOS expression through direct inhibition of the 

transcription factor ets-1 (Evangelista et al., 2013). In contrast, miR-155 inhibits eNOS gene 

expression predominantly through decreasing eNOS mRNA stability via binding to the 3´-

UTR, thus serving as an important posttranscriptional modulator and a potential therapeutic 

target (Sun et al., 2012). Sparse data is available on the transcriptional regulation of miRs 

themselves, an area certainly warranting further research (Sun et al., 2012).  

Nevertheless, changes in eNOS enzyme quantity only partially predict the overall 

enzyme function due to the abundant modulation of eNOS activity (Yang and Ming, 2006; 

Balligand et al., 2009; Fleming I, 2010). The chief posttranslational regulation mechanisms of 

eNOS will now be discussed. 

 

1.4.3. Posttranslational regulation of eNOS 

The activity of eNOS is highly regulated by multiple mechanisms including eNOS 

lipidation, phosphorylation, O-glycosylation, S-nitrosylation, S-glutathionylation and direct 

protein-protein interactions. Furthermore, substrate and cofactor availability, as well as 

endogenous inhibitors of eNOS, all contribute  to the “fine-tuning” of NO production. 

 

1) Regulation of eNOS by cellular trafficking 

Co-translationally, the eNOS protein undergoes irreversible myristoylation on  

a glycine (Gly2) residue and post-translationally a double reversible palmitoylation on 

specific cysteine (Cys15 and Cys26) residues. These modifications ensure the subcellular 

targeting of eNOS to the cytoplasmic aspect of the Golgi complex and to plasmalemmal 
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caveolae (Belhassen et al., 1997; Feron et al., 1998; Sessa, 2004). The caveolae, i.e., small 

invaginations of the plasmalemmal membrane, enriched in cholesterol and sphingolipids, are 

determined by the membrane association and oligomerization of caveolins, a family 

of integral membrane proteins representing the principal components of caveolae. The 

caveolae serve as scaffolds for the assembly of multiprotein signaling complexes, including 

eNOS. The targeting of eNOS to caveolae is dynamically regulated, and upon specific stimuli, 

such as intracellular calcium increase, the enzyme can shuttle to intracellular compartments, 

i.e. the Golgi complex and cytoskeleton (Dedio et al., 2001). Shear stress and other agonists 

promote dissociation of eNOS from the inhibitory protein caveolin-1 (Cav-1), as will be 

discussed below, and promotes CaM binding to eNOS, thus facilitating its activation (Rizzo et 

al., 1998). A single-nucleotide polymorphism (SNP) in exon 7 of the eNOS gene, the G894T 

polymorphism, coding for a substitution of Glu by Asp at position 298 (Glu298Asp) in the 

oxygenase domain is associated with decreased NO production in endothelial cells under 

basal conditions and in response to shear stress (Joshi et al., 2007). Notably, the Glu298Asp 

variant is not located in the enzyme active site, but in the side chain region. This alteration 

seems to affect eNOS protein binding to Cav-1, thus resulting in its reduced association with 

the caveolar fraction. Importantly, purified eNOS enzymes containing the wild type and 

Asp298 sequence were found to have identical catalytic activity (Fairchild et al., 2001). Even 

though a full explanation of the mechanisms by which the Asp variant influences eNOS 

enzyme activity in vivo is still lacking (e.g., since the amino acid substitution is remote from 

the known caveolin binding or phosphorylation sites of eNOS and phosphorylation of the 

variant eNOS is unaffected), fairly robust data has been accumulated over the past years in 

favor of functional significance of this common variant (Balligand et al., 2009).  Studies have 

demonstrated an association of the Asp allele with an enhanced systemic pressor response to 

phenylephrine (Philip et al., 1999), a lower basal flow with a preserved response to adenosine 

in coronary arteries (Naber et al., 2001), vasospastic angina pectoris (Yoshimura et al., 1998), 

essential hypertension resistant to conventional antihypertensive therapy (Jáchymová et al., 

2001), and increased risk of carotid and coronary artery atherosclerosis (Lembo et al., 2001; 

Colombo et al., 2003; Balligand et al., 2009; Li et al. 2010).   

 

2) Regulation of eNOS by protein-protein interactions 

The eNOS enzymatic activity is profoundly affected by a multiprotein signaling 

complex that comprises eNOS and a conglomerate of adaptor and structural proteins, kinases, 

phosphatases and protein partners involved in cellular trafficking of eNOS (Yang and Ming, 
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2006; Balligand et al., 2009). One of the extensively studied protein interactions of eNOS in 

the endothelium is with Cav-1. Cav-1 interaction with eNOS results in steric inhibition of 

eNOS, which can be reversed by addition of CaM, supporting a reciprocal regulation of the 

enzyme by inhibitory Cav-1 versus activating calcium/CaM (Li et al., 1995; Feron et al., 

1996). Cav-1 binding to the reductase domain of eNOS compromises its ability to bind CaM 

and to donate electrons to the heme subunit (Ghosh et al., 1998). Consistent with its inhibitory 

role, Cav-1 deficient mice demonstrate higher eNOS activity (Razani et al., 2001). However, 

it remains to be elucidated, whether the Cav-1/eNOS interaction plays an important role in 

atherosclerosis development in humans. 

Another protein playing a crucial role in eNOS regulation is the heat shock protein 90 

(Hsp90) (Balligand, 2002). Firstly, as a chaperone, Hsp90 is involved in the folding of NOS 

enzymes and determines the insertion of heme into the immature protein (Billecke et al., 

2002). Additionally, Hsp90 acts in numerous signal transduction cascades. The binding of 

Hsp90 significantly increases eNOS activity. Hsp90 association with eNOS is enhanced upon 

stimulation with various stimuli, e.g., VEGF, histamine, shear stress, and estrogens (García-

Cardena et al., 1998). The mechanism is mediated, in part, by the enhancement of CaM 

binding affinity to eNOS (Takahashi et al., 2003) and also by reversing the inhibitory action 

of Cav-1 on eNOS (Gratton et al., 2001). In addition, Hsp90 is essential for eNOS 

phosphorylation processes (Yang and Ming, 2006). Further eNOS protein partners include 

dynamin-2 and NOSIP. Dynamin-2 enhances eNOS enzymatic activity, whereas NOSIP 

relocates the enzyme to intracellular compartments, leading to a reduction of eNOS activity 

(Yang and Ming, 2006). 

 

3) Regulation of eNOS by phosphorylation, glycosylation, nitrosylation and glutathionylation 

Multiple signal transduction pathways converge to regulate eNOS via serin, threonin 

and tyrosin residue phosphorylation (Fleming, 2010). The responsible kinases include AMP-

activated protein kinase (AMPK), protein kinase C (PKC), cAMP-dependent protein kinase 

(PKA), calmodulin-dependent protein kinase II (CaMKII), Proline-rich tyrosine kinase 2 

(PYK2) and Akt kinase or protein kinase B (PKB). ENOS activation by shear stress, VEGF, 

estradiol and bradykinin occurs through Akt/PKB, PKA and CaMKII mediated 

phosphorylation of a specific serine residue (Ser1177). The proposed consequence of Ser1177 

phosphorylation is the displacement of the C-terminal tail, thus freeing the FMN-binding 

domain and promoting electron transfer from the reductase to oxygenase domain (Balligand et 

al., 2009) Additional serine phosphorylation sites of eNOS were discovered (e.g., Ser114, 
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Ser615, Ser633), but their in vivo significance remains only partially elucidated (Fleming, 

2010). Phosphorylation of a specific threonine residue (Thr 495) by AMPK and PKC poses an 

inhibitory effect on eNOS. This residue is constitutively phosphorylated in endothelial cells, 

representing a negative regulatory site yielding decreased enzyme activity through 

interference with the binding of CaM (Fleming et al., 2001). Tyrosine residue phosphorylation 

of eNOS has been demonstrated at positions 81 (Tyr81) and 657 (Tyr 657). Tyr81 

phosphorylation occurs upon a variety of eNOS activating agonists (Fulton et al., 2008), but 

its functional impact remains to be determined, whereas Tyr657 phosphorylation, mediated by 

most likely by PYK2, inhibits eNOS activity (Fleming, 2010). The activity of eNOS in 

response to different agonists is determined by simultaneous alterations in Ser1177, Ser615, 

Thr495 and Tyr657 phosphorylation sites with resulting changes in enzyme behavior (Michell 

et al., 2001). It is plausible that such control mechanisms determine endothelial cell 

responsiveness to different agonists (Fleming, 2010).  Additionally, dephosphorylation 

processes mediated by phosphatases acting selectively at certain phosphorylation sites (e.g., 

Ser1177 and Thr495) contribute to the regulation of eNOS activity (Greif et al., 2002). 

There is growing evidence that O-linked glycosylation occurring under conditions of 

increased plasma glucose levels contributes to the regulation of eNOS. Hyperglycemia and 

glucosamine have been shown to inhibit eNOS activity through posttranslational 

glycosylation near the PKB/Akt phosphorylation site (Du et al., 2001). A further 

posttranslational modification of eNOS is S-nitrosylation. Membrane bound eNOS is 

constitutively S-nitrosylated and agonist stimulation promotes denitrosylation, paralleled with 

increased Ser-1177 phosphorylation, leading to enzyme activation (Erwin et al., 2006). 

Recently, S-glutathionylation has emerged as another posttranslational modification of eNOS 

(Chen et al., 2010), its role in eNOS uncoupling will be discussed further. 

 

4) Regulation of eNOS activity by modulation of substrate and cofactor availability 

Availability of the enzyme substrate (L-arginine) and NO scavenging by free radicals 

determine the efficacy of NO production. Under physiological conditions, the intracellular  

L-arginine concentration by far exceeds the Km for eNOS due to active L-arginine uptake via 

cationic amino acid transporters, including CAT-1 (Suschek et al., 2003), recycling of L-

arginine from L-citrulline and recruitment of L-arginine from proteolysis (Hecker et al., 1990) 

However, under pathological conditions, L-arginine intracellular concentrations may 

decrease, hence eNOS might become substrate limited (Kamada et al., 2001). This may be 

due to the competition of eNOS for L-arginine as substrate with other enzymes, including 
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arginase and arginine decarboxylase, possibly causing relative L-arginine deficiency in the 

proximity of eNOS (Berkowitz et al., 2003; Hein et al., 2003, Forstermann and Sessa, 2012). 

The activity of arginase 1 was shown to be activated by S-nitrosylation. Increased 

nitrosylation of arginase 1 has been demonstrated in vessels of old rats coupled with  

up-regulation of the iNOS, as the source of nitrosylating species, providing a possible 

mechanism for the occurrence of endothelial dysfunction in aging vessels (Santhanam et al., 

2007). As will be discussed further, under circumstances of L-arginine and/or BH4 deficiency, 

eNOS  transfers electrons to molecular oxygen, thereby producing superoxide (Balligand et 

al., 2009; Li and Förstermann, 2013). 

The precise role of BH4 in the formation of NO by eNOS still remains unclear, but it 

likely serves as an allosteric and/or redox cofactor (Landmesser et al., 2003). It is however 

clear that a normal endothelial NO production by eNOS is dependent on the optimal 

concentration of BH4, whereas a suboptimal concentration of BH4 leads to eNOS uncoupling 

(Vasquez-Vivar et al., 2003). The crucial role of BH4 availability for proper eNOS function 

was demonstrated in multiple animal and clinical studies. These studies have shown that 

administration of BH4, or GTP-cyclohydrolase I (CTPCH-1, the key enzyme for de novo BH4 

synthesis) overexpression in endothelial cells reverses endothelial dysfunction associated with 

diabetes, hypercholesterolemia and atherosclerosis (Tiefenbacher et al., 2000; Alp et al., 

2004; Cai et al., 2005). Importantly, GTPCH-1 transcription increases in response to shear 

stress, parallel to increased eNOS transcription and activity, thereby optimizing the generation 

of NO by eNOS under circumstances of increased blood flow (Lam et al., 2006). Animal 

studies have demonstrated decreased BH4 levels in atherosclerotic lesions (Vasquez-Vivar  

et al., 2002). In atherosclerosis, oxidation of BH4 by superoxide and peroxynitrite to form 

dihydropterin (BH2) that is inactive for eNOS cofactor function, is paralleled with eNOS-

dependent generation of superoxide and subsequent nitrosative stress secondary to 

peroxynitrite formation leading to a further decrease of BH4 levels, thus forming a vicious 

cycle (Kuzkaya et al., 2003). Additionally, decreased synthesis or diminished BH4 recycling 

have been suggested as mechanisms for the reduced BH4 levels observed in atherosclerosis 

(Li and Förstermann, 2013). 

 

5) Endogenous eNOS inhibitors  

ENOS activity can also be decreased by endogenous inhibitors such as asymmetric 

NG-methylated derivatives of L-arginine, e.g., asymmetric dimethylarginine (ADMA). 

ADMA is a naturally occurring amino acid originating from proteolysis of methylated 
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arginine residues. The methylation of arginine is catalyzed by the enzyme arginine 

methyltransferase (PRMT) type I (Vallance and Leiper, 2004). The intracellular ADMA 

concentration is controlled by dimethylarginine dimethylaminohydrolase (DDAH), which is 

the dominant degradation pathway of ADMA (Murray-Rust et al., 2001). ADMA levels have 

been shown to correlate with risk factors for atherosclerosis, the degree of endothelial 

dysfunction and severity of atherosclerosis (Vallance and Leiper, 2004; Boger and Ron, 2005; 

Yang and Ming, 2006).  A high plasmatic concentration of ADMA has been associated with 

an elevated risk for acute coronary syndromes and predicts adverse cardiovascular events in 

patients undergoing percutaneous coronary intervention (PCI) (Valkonen et al., 2001; Lu et 

al., 2003). Transgenic overexpression of DDAH-1 was shown to increase NO production and 

reduce blood pressure in vivo (Dayoub et al., 2003). Conversely, deletion of DDAH was 

associated with endothelial dysfunction and arterial hypertension (Leiper et al., 2007). The 

precise mechanism responsible for the increased ADMA plasma concentrations observed in 

individuals with atherosclerosis, however, is not clear. In endothelial cells, type 1 PRMT is 

up-regulated by LDL leading to increased ADMA production (Boger et al., 2000). It has been 

shown that S-nitrosylation reduces DDAH activity, thereby leading to ADMA accumulation 

with subsequent eNOS inhibition (Leiper et al., 2002). Up-regulation of iNOS in 

atherosclerotic lesions has been demonstrated in multiple studies (Wilcox et al., 1997; Perotta 

et al., 2011). Such up-regulated iNOS leads to NO overproduction and increased peroxynitrite 

formation, thus causing DDAH inhibition. Consequently, ADMA levels increase, representing 

a possible mechanism of inhibition of constitutively expressed NOS during the course of 

atherosclerosis (Leiper et al., 2002). Furthermore, PRMT I and DDAH are redox-sensitive 

enzymes and oxidative stress has been shown to increase the activity of PRMT and 

reciprocally decrease the activity of DDAH, thereby leading to increased ADMA 

concentrations (Forstermann and Sessa, 2012). In addition to its inhibitory effects on eNOS 

activity, ADMA has also been shown to induce eNOS uncoupling (Antoniades et al., 2009) 

, 

6) Regulation of NO bioavailability 

The bioavailability of NO is determined not only by its production but also by its 

transport, storage and interaction with other molecules (Schulz et al., 2005). Reactions leading 

to NO inactivation mostly belong to the oxidative and nitrosative metabolism of NO (Kelm, 

1999). In the presence of low superoxide levels, NO reacts with molecular oxygen to form 

nitrogen dioxide (NO2). NO2 upon reaction with another NO molecule, forms the nitrosating 

species dinitrogen trioxide (N2O3), which is subsequently hydrolyzed to nitrite. By contrast, in 
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the presence of high superoxide levels, NO reacts with O2– to form peroxynitrite (ONOO–), 

which can decompose to nitrate, or form NO2 and highly destructive hydroxyl radicals. 

However, low concentrations of peroxynitrite have been suggested to play a role in signal 

transduction processes (Mihm et al., 2003). Furthermore, low levels of peroxynitrite are 

readily detoxified by ROS scavengers (Brik et al., 2000). As mentioned previously, NO partly 

exerts its effects through S-nitrosylation of transcripton factors, enzymes, membrane receptors 

and ion channels (Balligand et al., 2009). S-nitrosylation occurs by means of oxidative 

nitrosylation reactions with peroxynitrite, NO-thiol interactions and transnitrosation reactions 

(Bryan et al., 2004). The rate of  S-nitrosylation is not enzymatically determined, hence the 

concentration of NO and the related species as well their subcellular localization are of 

profound significance. Accordingly, many S-nitrosylable proteins are topographically 

associated to eNOS, representing a key prerequisite for signaling specificity. On the other 

hand, denitrosylation is tightly regulated through the activity of S-nitrosoglutathione 

reductase, a specific denitrosating enzyme (Balligand et al., 2009). 

The complex, multilevel regulation of eNOS activity and NO bioavailability highlights 

the necessity to take into account parameters such as cellular compartment, cell type, intensity 

of stimulus (e.g., oscillating versus laminar shear stress), availability of substrate, cofactors, 

allosteric modulators, chaperones and inhibitors of eNOS as well as modulators of NO 

bioavailability, to be able to predict the overall NO output. 

 

1.5. eNOS uncoupling, endothelial dysfunction and atherosclerosis 

Abundant experimental data implicates that dysfunctional eNOS enzymatic activity 

and increased oxidative stress play fundamental roles in atherosclerotic endothelial 

dysfunction. All major cardiovascular risk factors lead to a reduction in NO bioavailability, 

resulting from decreased NO production and augmented NO inactivation by ROS (Li and 

Förstermann, 2013). Under certain conditions, eNOS can become proatherogenic, i.e., 

uncoupling of eNOS, characterized by a diversion of electron flow from the enzyme substrate 

L-arginine to molecular oxygen resulting in the production of the superoxide radical instead 

of NO (Yang and Ming, 2006; Li and Förstermann, 2013). Accordingly, removal of 

endothelial cells in animal models of atherosclerosis prevented NO formation, but also 

reduced superoxide production (Ohara et al., 1997). As outlined above, several mechanisms 

are implicated in eNOS uncoupling, including BH4 deficiency, depletion of L-arginine and 

ADMA accumulation. S-glutathionylation has recently been identified as an additional 

mechanism involved in eNOS uncoupling (Förstermann and Sessa, 2012). Conditions of 
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increased oxidative stress promote S-glutathionylation of eNOS on two highly conserved 

cysteine residues (Cys689, Cys908) in the reductase domain of eNOS. This modification 

causes reversible eNOS uncoupling, leading to impaired endothelium dependent vasodilation 

(Chen et al., 2010). Importantly, LDL particles have also been shown to induce eNOS 

uncoupling (Pritchard et al., 1995). Currently, eNOS uncoupling is attributed a key role in 

atherogenesis. Apart from reduced NO production, it also potentiates pre-existing oxidative 

stress. ENOS uncoupling is considered to be a dynamic process, with uncoupled and coupled 

eNOS molecules simultaneously occurring in one cell, as has been shown in the 

hypercholesterolemic ApoE knockout mice (Ponnuswamy P et al., 2012). In this study, both 

superoxide and NO production by eNOS were detectable in endothelial cells. However, the 

deleterious effects of superoxide produced by uncoupled eNOS did not exceed the protective 

ones of eNOS-derived NO in this mouse model of atherosclerosis (Ponnuswamy P et al., 

2012). 

Multiple in vitro studies have demonstrated that a variety of atherogenic stimuli, such 

as ox-LDL, TNFα and thrombin suppress eNOS gene expression in cultured endothelial cells 

(Yang and Ming, 2006; Yan et al., 2008). However, most studies of eNOS gene expression in 

animal models of atherosclerosis demonstrate normal or even enhanced eNOS expression in 

atherosclerotic lesions (d'Uscio et al., 2001; Ming et al., 2004). Similarly, a study with human 

coronary atherectomy specimens demonstrated significantly higher eNOS expression in 

plaques of patients with acute coronary syndromes compared to plaques of stable angina 

patients (Rossi ML et al., 2005). However, other studies with human aortic and coronary 

artery specimens found a significant decrease in eNOS gene expression in endothelia 

overlying advanced atherosclerotic lesions, but not in those of early atherosclerotic samples 

(Wilcox et al., 1997; Fukuchi et al., 1999). This data suggests that endothelial dysfunction, at 

least at the early stages of atherosclerosis, is not attributable to a mere decrease in eNOS gene 

expression. 

Numerous studies have shown that the eNOS gene knockout or eNOS inhibition 

promotes atherogenesis (Cayatte et al., 1994; Knowles et al., 2000) and eNOS gene transfer 

improves endothelial function and causes inhibition or regression of atherosclerotic lesions in 

animal models (Mujynya-Ludunge et al., 2005). Controversial results are reported in the 

ApoE-/- mice (an atherosclerosis-prone mouse model) that over-express the eNOS gene. One 

study found that these mice exhibited accelerated atherosclerotic lesion formation (Ozaki et 

al., 2002). However, other researchers have demonstrated a reduction of atherosclerotic 

lesions using the same experimental approach (van Haperen et al., 2002). Furthermore, it has 
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been demonstrated that eNOS, under certain circumstances, e.g., raised oxLDL levels, 

increased superoxide production, and this effect was significantly reduced by administration 

of L-NAME (Pritchard et al. 1995). These findings suggest a dual role of eNOS in 

atherosclerosis development. We can conclude that the reduction of NO bioavailability 

accompanying endothelial dysfunction and atherosclerosis is not the result of decreased eNOS 

protein levels, on the contrary, eNOS expression is generally enhanced in vascular disease. 

However, this compensatory mechanism is often futile, since the eNOS enzyme is subject to 

inhibition or becomes uncoupled (Forstermann and Sessa, 2012; Li and Forstermann, 2013). 

When summarized, current evidence suggests that atherosclerotic endothelial dysfunction is 

primarily caused by a dysregulation of eNOS enzymatic activity and NO inactivation through 

increased oxidative stress. ENOS uncoupling is perceived as an important mechanism 

contributing to endothelial dysfunction and increased oxidative stress in atherosclerosis.  

However, it remains a challenge to unravel the precise molecular mechanisms of eNOS 

deregulation in atherosclerosis. 

 

1.6. Heme oxygenase 

The heme oxygenase (HO) protein family comprises of three isoforms, 

HO-1, 2 ,3. These enzymes catalyze the first and rate-limiting step in the degradation of the 

protoporphyrin ring of heme, yielding equimolar quantities of biliverdin IXa, CO, and Fe2+ 

(Tenhunen et al., 1968). Biliverdin is subsequently rapidly converted to bilirubin by biliverdin 

reductase, and Fe2+, a possible electron donor leading to ROS production, is sequestered into 

transferrin and then ferritin, thereby preventing its potential cytotoxic effects (Morita, 2005; 

Abraham and Kappas, 2008), figure 4. 
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Figure 4. Oxidative metabolism of heme by HO-1 and biliverdin reductase and the 

versatile anti-inflammatory and antioxidative actions of bilirubin in biological systems 

CO-carbon monoxide, NADPH- reduced nicotinamide adenine dinucleotide phosphate, ROS-

reactive oxygen species. (Adapted from Fig. 5 of Abraham and Kappas, 2008) 

 

 

The HO-1, is a 32-kD inducible enzyme, that intriguingly utilizes heme as both a prosthetic 

group and a substrate (Ponka, 1999). The second isoform HO-2, a constitutively synthesized 

36-kDa protein, is unresponsive to the inducers of HO-1. The third isoform, HO-3, also 

catalyzes heme degradation, but much less so when compared with HO-2. According to 

current findings, HO-3 is considered to be a pseudotranscript of HO-2 (Hayashi et al, 2004).  

HO-1 is induced by a variety of stimuli including heme, endotoxin, heavy metals, oxidants, 

hypoxia and hyperoxia, cytokines (IL-10, 13,18), growth factors (PDGF, VEGF), oxLDL and 

UV light (Ryter et al., 2006). Interestingly, NO is a potent inducer of HO-1 in many cells, 

including the endothelia (Marquis and Demble, 1998).  A common feature of many of these 

inducers is the ability to generate ROS, suggesting a cytoprotective effect of HO-1 (Idriss  

et al. 2008). HO-1 is highly constitutively expressed in the spleen and other tissues of the 

reticuloendothelial system responsible for the degradation of aged erythrocytes (Abraham and 

Kappas, 2008). HO-1 is further highly expressed in the hematopoietic stem cells of the bone 

marrow, where it is anticipated to inhibit cellular differentiation by lowering the intracellular 



 

 30 

concentration of heme (Ryter et al., 2006). In addition, HO-1 expression is high in the liver 

parenchyma, owing to the uptake and degradation of plasma heme, hemoglobin, and 

methemalbumin. In other tissues, not directly involved in erythrocyte or hemoglobin 

metabolism, HO-1 typically occurs at undetectable or low levels under basal conditions but its 

expression is readily inducible by various chemical and physical stimuli, as mentioned above 

(Ryter et al., 2006). HO-2 is highly expressed in the testes, but the protein is abundantly 

expressed also in other tissues including the central nervous system, vasculature, liver, 

kidney, and gut (Ryter et al., 2006). Due to its dominant role in relation to vascular 

homeostasis and pathology, the molecular biology of HO-1 will further be discussed in detail. 

The HO-1 was traditionally characterized as an endoplasmic reticulum (ER) associated 

protein. More recently, studies have indicated the targeting of HO-1 into other subcellular 

compartments including, but not limited to the nucleus, plasma membrane and mitochondria 

(Ryter et al., 2006). Kim et al. have described a functional association of HO-1 with the 

caveolae of the plasma membrane in endothelial cells (Kim et al., 2004). The possible 

functional subcellular compartmentalization of HO-1 enzymes uncovers an issue of organelle 

specific function of HO-1 metabolites, which is not yet fully characterized (Ryter et al., 

2006). In the above mentioned study, HO-1 was detectable only in the ER under unstimulated 

conditions, whereas the exposure of endothelial cells to HO-1 inducers profoundly altered the 

subcellular distribution of HO-1. Moreover, variation in subcellular distribution was observed 

in an inducer-specific fashion. After stimulation, HO-1 was shown to co-localize with Cav-1. 

Interestingly, the down-regulation of Cav-1 resulted in a dramatic increase in HO-1 enzyme 

activity despite stable protein expression, indicating an inhibitory role of caveolin-1 on HO-1, 

similar to its inhibitory effect on eNOS (Feron et al., 1996; Kim et al., 2004). These 

observations suggest a possible functional role of HO-1 in caveolae and support the role of 

Cav-1 as an universal inhibitor of signaling mechanisms involving gaseous molecules 

produced in the caveolae (Kim et al., 2004). The regulation of HO-1 and its role in endothelial 

dysfunction and atherosclerosis development will be further discussed in extent. 

 

1.6.1 Bilirubin and carbon monoxide - mechanisms of action in the vasculature 

Substantial evidence has been presented that biliverdin and bilirubin, natural 

antioxidants, represent a cellular defense strategy in response to oxidative stress, acting to 

prevent oxidant-mediated cell death (Kushida et al., 2002). High-normal serum levels of 

bilirubin are inversely related to atherogenesis (Hopkins et al., 1996). Atheroprotective 

actions of bilirubin include inhibition of LDL oxidation, scavenging of ROS and reactive 
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nitrogen species (RNS), attenuation of NADPH oxidase activity, resulting in decreased 

superoxide production and inhibition of PKC activity (Amit and Boneh, 1993; Neuzil and 

Stocker, 1994; Morita, 2005; Wang et al., 2007; Abraham and Kappas, 2008; Pae et al., 

2010). In addition, bilirubin attenuates pro-inflammatory responses of the endothelium via 

inhibition of VCAM-1, MCP-1, and macrophage colony stimulating factor (M-CSF) 

(Kawamura et al., 2005). Furthermore, bilirubin provides protection against myocardial 

reperfusion injury through the suppression of lipid membrane oxidation (Clark et al., 2000), 

figure 4. CO, the second product of heme degradation, has a physiological role in the 

regulation of vascular tone similar to that of NO, in part acting through cGMP (Furchgott and 

Jothianandan, 1991). In addition, CO exerts cGMP independent actions on Ca2+-dependent 

potassium channels, leading to vasorelaxation through Ca2+ desensitisation (Morita, 2005) and 

mediates a decrease in the cytochrome P450 (CYP450) dependent generation of 

vasoconstrictors (Wang, 1998b). Another cGMP independent mechanism of action is the 

activation of the mitogen-activated protein kinase (MAPK) pathway responsible for the 

protective effect of CO against lipopolysaccharide-induced pro-inflammatory cytokine 

production in macrophages and the antiproliferative effect on VSMC (Otterbein et al., 2000). 

Furthermore, CO has been shown to limit VSMC apoptosis (Liu et al., 2002). Finally, CO 

exerts a fibrinolytic effect through suppression of plasminogen activator inhibitor-1 (PAI-1) 

(Fujita et al., 2001), figure 5. Taken together, substantial data indicate that bilirubin and CO 

provide protection against the development of endothelial dysfunction and atherosclerosis. 
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Figure 5. The role of CO in biological systems. 

cGMP-cyclic guanosine monophosphate; COX-cyclooxygenase; CYP 450- cytochrome P-

450; GTP- guanosine triphosphate; NADPH- reduced nicotinamide dinucleotide phoshate;  

P21- cyclin-dependent kinase inhibitor 1 (CKI); p38MAPK-p38 mitogen activated protein 

kinase. (Adapted from Fig. 4 of Abraham and Kappas, 2008) 

 

1.6.2. Regulation of HO-1 expression 

HO-1 activity is principally regulated at the level of gene expression (Morita, 2005; Ryter  

et al., 2006; Stocker and Perrella, 2006). As discussed above, HO-1 expression is inducible in 

a rapid and temporary fashion by a broad range of chemical and physical stimuli. 

Interestingly, only a few mediators that suppress HO-1 expression have been described 

(Pellacani et al., 1998). Following the discovery of the HO-1 transcriptional response, it has 

become evident that multiple modes of signal transduction are involved in the activation of  

HO-1 gene transcription, varying according to cell-type and inducer. The existing evidence 

indicates that most, if not all, HO-1 inducing stimuli act by modulating intracellular signal 

transduction pathways based on protein kinase cascades, which will be briefly reviewed 

(Ryter et al., 2006). 
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As mentioned previously, HO-1 stimulation is primarily controlled at the 

transcriptional level, which is governed by responsive elements localized in the promoter  

5´-flanking region of the HO-1 gene (Morita, 2005). Compelling evidence shows that 

inducers of HO-1 activate different protein phosphorylation-dependent signaling cascades 

(e.g., MAPKs, tyrosine kinases, PI3K, protein kinases A, C, G) that ultimately converge to 

modulate an equally complex system of transcriptional regulators (Ryter et al., 2006; Stocker 

and Perella, 2006). Studies of the HO-1 promoter region have identified numerous response 

elements for transcription factors such as stress-responsive element (StRE), the antioxidant 

response element (ARE), as well as response elements for NFκB, activator proteins 1 and 2, 

and IL-6 (Alam and Den, 1992; Ryter et al., 2006). Likewise, multiple transcriptional factors 

including members of the Jun, Fos, CREB, ATF, Maf and the Cap‘n’Collar basic leucine 

zipper protein (CNC-bZIP) families have been identified (Ryter et al., 2006). Among these, 

the nuclear factor-E2 related factor-2 (Nrf2), a member of the CNC-bZIP family, contains a 

potent transcription activation domain (Alam and Cook, 2003). Nrf2 activates a broad 

metabolic response to oxidative stress and Nrf-2 complexes have been associated with the 

HO-1 response to multiple agents (Itoh et al., 1999). Importantly, HO-1 is not inducible in 

Nrf2 null mice (Chan and Kan, 1999). OxLDL have also been shown to increase HO-1 

expression via Nrf2 in macrophages (Ishii et al., 2004). However, other researchers have 

reported that Nrf2 deficient ApoE null mice experienced decreased atherosclerosis suggesting 

that Nfr2 expression may be pro-atherogenic despite its antioxidant actions (Araujo et al., 

2012). The proposed mechanisms of Nrf2 pro-atherogenic actions are an increase in non-HDL 

cholesterol, promotion of foam cell formation due to an up-regulation of the macrophage 

CD36 scavenger receptor and an increased expression of IL-1α in macrophages (Araujo et al., 

2012). These contradictory effects of HO-1 and Nrf2 in atherogenesis underscore the 

complexity of pathways involved in the response to pro-oxidative and pro-atherogenic 

stimuli. 

 

1.6.3. HO-1 and atherosclerosis 

During the evolution of an atherosclerotic lesion, migration and proliferation of 

VSMC accompanied by accrual of extracellular matrix determine the progression into an 

advanced lesion. Wang and colleagues have demonstrated that expression of HO-1 is 

prominent in endothelial cells, macrophages, and foam cells in human and animal 

atherosclerotic lesions (Wang et al., 1998). Other researches have showed that HO-1 inducers 

reduce lesion size in atherosclerosis prone animals (Ishikawa et al., 2001). A study utilizing 
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adenovirus-mediated gene transfer of HO-1 has demonstrated that selective over-expression 

of HO-1 decreases lesion size in ApoE-/- mice (Juan et al., 2001). Another study with ApoE 

and HO-1 (ApoE-/-HO-1-/-) deficient mice subjected to a western diet for 8 weeks found that 

these mice developed larger and more advanced lesions than ApoE-/- mice exposed to the 

same dietary conditions (Yet et al., 2003). Taken together, these findings provide strong 

evidence for a beneficial effect of HO-1 in experimental atherosclerosis. 

Robust animal data justify interest in HO-1 in human atherosclerosis. The obvious 

implication is that increased HO-1 activity poses an antiatherogenic effect. In fact, the 

classical risk factors of atherosclerosis including hypertension, advanced glycation end 

products, cigarette smoke, oxidized lipids and various systemic inflammatory processes lead 

to increased HO-1 expression (Stocker and Perrella, 2006). Many researchers have therefore 

suggested that up-regulation of HO-1 may represent a protective mechanism counteracting 

endothelial dysfunction and atherosclerosis. Importantly, HO-1 deficiency has been described 

in humans, leading to accelerated atherosclerosis characterized by the presence of fatty streaks 

and fibrous plaques in early childhood, suggesting that HO-1 plays a crucial role in 

vasculoprotection against oxidative insults (Yachie et al., 1999). The concept of a causal 

relationship of HO-1 to cardiovascular diseases has been suggested by studies assessing 

polymorphisms in the 5´-flanking sequence of the HO-1 gene (Exner at al., 2004). Several 

polymorphisms have been identified in the HO-1 gene promoter. Undoubtedly, the most 

studied one so far is the (GT)n dinucleotide-length polymorphism. The number of glutathione 

thymidine (GT) dinucleotide repeats in the promoter of the HO-1 gene modulates the level of 

gene transcription (Exner et al., 2001; Morita, 2005). The long alleles, dichotomized at >25 or 

>27 GT repeats according to different authors (Exner et al., 2001; Kaneda et al., 2002), lead 

to decreased HO-1 inducibility, whereas the short alleles demonstrate adequate HO-1 

expression upon stimulation. Genetic association studies have reported relevance of this 

polymorphism to disease states caused by increased oxidative stress such as abdominal aortic 

aneurysm, risk of restenosis after percutaneous intervention or increased susceptibility to the 

development of atherosclerosis in diabetic patients (Exner et al., 2001 ; Chen et al., 2002; 

Schillinger et al., 2002). In addition, a SNP labeled T(-413)A in the HO-1 promoter, was 

found to be associated with the incidence of CAD in a Japanese population (Ono et al., 2004). 

The authors showed that the AA genotype leads to substantially higher basal promoter 

activity, independent of the length of (GT)n repeats and that patients with this genotype had 

lower incidence of CAD (Ono et al., 2004). However, very little is known about the 
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interaction of transcription factors with these polymorphic regions (Stocker and Perrella, 

2006).  

Numerous studies have evaluated HO-1 expression in patients suffering from 

atherosclerosis (Wang et al., 1998). A study assessing HO-1 expression in monocytes and 

lymphocytes in patients with acute myocardial infarction (AMI), unstable and stable angina 

pectoris demonstrated significant differences of HO-1 expression, which was highest in 

patients with AMI and lowest in patients with stable angina pectoris (Chen et al., 2005). 

Another study in patients with angiographically defined CAD, HO-1 expression positively 

correlated with the disease burden (Li et al., 2006). Morsi et al. showed that HO-1 expression 

was only detectable in cells from advanced atherosclerotic lesions, in contrast to early lesions 

and healthy coronary artery specimens (Morsi et al., 2006). A plausible interpretation of these 

data is that higher HO-1 expression is a consequence of the atherosclerotic process, 

representing a defense mechanism. In conclusion, ample evidence from animal, as well as 

human studies indicates the key role of HO-1 in the pathogenesis atherosclerosis and imply 

HO-1 as a potential novel therapeutic target. 
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2. STUDY AIMS 
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The aim of our work was to examine the genetic determinants of endothelial dysfunction 

and atherosclerosis by assessing variations in the eNOS a HO-1 genes. 

 

2.1. We sought to identify whether genetic variations in the C-terminal part of eNOS, deemed 

crucial for proper enzyme function, are present in patients with coronary and/or peripheral 

artery disease. 

 

2.2. We sought to elucidate the influence of the eNOS Glu298Asp polymorphism and of the 

HO-1 promoter (GT)n  dinucleotide-length polymorphism on the extent and characteristics of 

coronary artery disease assessed comprehensively by means of coronary angiography, 

intravascular ultrasound and intravascular ultrasound derived virtual histology. Furthermore, 

we aimed to identify the impact of these gene polymorphisms on the evolution of coronary 

artery disease during the course of statin-based hypolipidaemic treatment in patients stable 

angina pectoris. 

 

2.3. We aimed to determine the utility of the HO-1 promoter (GT)n dinucleotide-length 

polymorphism and other noninvasive markers as predictors of coronary artery disease severity 

and coronary artery plaque risk profile as assessed by coronary angiography, intravascular 

ultrasound and intravascular ultrasound derived virtual histology in patients with stable angina 

pectoris. 
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3. HYPOTHESES 
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We tested the following hypotheses: 

 

3.1. Genetic variants in the C-terminal part of the eNOS gene, shown to be crucial for proper 

enzyme function through influence on reduction equivalent transfer by the reductase domain, 

represent a novel genetic factor contributing to endothelial dysfunction and atherosclerosis 

development.  

 

3.2. Will the eNOS Glu298Asp and the HO-1 promoter (GT)n  dinucleotide-length 

polymorphisms, associated with increased risk of endothelial dysfunction and atherosclerosis 

according to multiple studies in different ethnic groups, impact the severity and characteristics 

of coronary artery disease assessed by coronary angiography, intravascular ultrasound and 

intravascular ultrasound derived virtual histology? Furthermore, do these polymorphisms 

influence the progression of coronary atherosclerosis during the course of statin-based 

hypolipidaemic treatment? 

 

3.3. Does the HO-1 promoter (GT)n dinucleotide-length polymorphism, as part of a 

comprehensive spectrum of noninvasive tests, improve the prediction of coronary artery 

disease severity and coronary artery plaque risk profile? 
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4. MATERIALS AND METHODS 
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4.1. Study population 

Ethical Aspects. All studies were approved by the institutional ethics committees of 

participating hospitals and all patients gave informed consent for the study procedures. 

 

4.1.1. Study population assessed for the influence of the eNOS Glu298Asp polymorphism 

and the HO-1 promoter (GT)n polymorphism on the extent and evolution of coronary 

artery atherosclerosis during statin treatment 

Between November 2005 and April 2009, 70 patients with chronic stable angina 

were enrolled in the study. Randomization was performed after CAG in a 1:1 ratio into: 

1) Group A (aggressive): atorvastatin 80 mg once daily (O.D.) + ezetimibe 10 mg O.D. 

2) Group S (standard): continuation of previous statin treatment, or newly assigned standard 

dose statin. 

Basic clinical characteristics are summarized in table 1. 

 

Table 1. Baseline patient characteristics in both treatment groups 

data given as n(%) or mean ± standard deviation (Reproduced from Fig. 1 of Král et al., 2011) 

 

 Aggressive Standard p 

Male 27 (84.4%) 24 (63.2 %) ns 

Age 63.5  9.0 65.5  11.5 ns 

Arterial hypertension 26 (81.3%) 33 (86.8%) ns 

Diabetes mellitus 9 (28.1%) 9 (23.7%) ns 

Hyperlipoproteinemia 22 (68.8%) 28 (73.7%) ns 

Active smokers 22 (68.8%) 23 (60.5%) ns 

History of myocardial infarction 16 (50.0%) 12 (31.6%) ns 

Statin naive 13 (40.6%) 13 (34.2%) ns 

Betablockers 21 (65.6%) 26 (68.4%) ns 

ACE inhibitors 22 (68.8%) 28 (73.7%) ns 
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4.1.2 Study population assessed for the utility of the HO-1 promoter (GT)n 

polymorphism in the prediction of coronary artery disease severity and coronary artery 

plaque risk profile 

Between November 2005 and April 2009, a total of 107 patients with stable angina were 

included in the study. 6 patients were excluded from analysis due to unsuitable VH-IVUS 

data. Genetic analysis was performed in 81 patients (80.2%). Patient characteristics are 

summarized in Table 2. 

 

Table 2. Patient demographics, type of therapy, lipid levels, pro-inflammatory markers, 

HO-1 promoter polymorphism, carotid ultrasound parameters, CAG, IVUS, and VH-

IVUS parameters (reproduced from Table 1 of Kovárník et al., 2013) 

 

 

4.1.3 Study population assessed for eNOS C-terminal variants 

Between September 2008 to September 2009, 150 patients suffering from 

angiographically proven CAD and/or PAD were enrolled in the study. Basic clinical 

characteristics are summarized in Table 3. 
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Table 3. Patient basic clinical characteristics 

data given as n(%) or mean ± standard deviation 

 

Number of patients 150 

Male sex 108 (72%) 

Ageaa  Age 63,3 ± 9,3 

CAD 118 (78,7%) 

PAD 64 (42,7%) 

Arterial hypertension 120 (80%) 

Hyperlipidemia 110 (73,3%) 

Diabetes mellitus 57 (38%) 

Active smokers 68 (45,3%) 

 

 

4.2. Molecular genetic methods 

4.2.1 Genomic DNA isolation 

Patient DNA was isolated from peripheral blood leukocytes using standard techniques. 

 

4.2.2 Molecular genetic analysis of the eNOS and HO-1 genes 

ENOS C-terminal variants 

The polymerase chain reaction (PCR) was performed using oligonucleotide primers 

designed to amplify exon 25 and 26 of the eNOS gene. Amplification of all samples was 

performed on the MJ Research DYAD 220 Peltier Thermal Cycler (Conquer Scientific). The 

reaction was carried out in a final volume of 25 μl containing 1 μl of genomic DNA, 1 μl of 

each primer (3,2 pmol) and 12,5 μl of PP Master Mix. For exon 25 the following primers and 

PCR reaction parameters were used: forward primer ENOS25-sens, 5´-GGA GAC TTT CAC 

GTC CAG GG-3´; reverse primer ENOS25-anti, 5´-ACA GTG GAT CAG AAC CCG AC-3´; 

the mixture was incubated for 94°C 3 min, followed by twenty-nine cycles (each 30 s at 94°C, 

30 s at 63°C, and 45 s at 72°C) and 72°C for 3 min.  For exon 26, the following primers and 

PCR reaction parameters were used: forward primer ENOS26-sens, 5´-GGT TCC TGC TAA 

GGT CTC CG-3´; reverse primer ENOS26-anti, 5´-AAG AAA CAG GAA GCG GGT G-3´; 

the mixture was incubated for 94°C 3 min, followed by twenty-nine cycles (each 30 s at 94°C, 

30 s at 59°C, and 45 s at 72°C) and 72°C for 3 min.  The amplified exons 25 and 26 were 

separated by electrophoresis in 1.5% agarose gel. After staining with ethidium bromide, the 

amplified DNA was purified using the Qiagen Gel Extraction Kit (QIAGEN Ltd). 
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Subsequently, direct sequencing of exon 25 a 26 with forward and reverse primer in all 

samples was performed on the sequenator Prism ABI (Applied Biosystems). Sequence 

analysis of exons 25 a 26 with neighboring regions of introns 24, 25 and the 3´-UTR was 

performed with the Chromas Lite version 2.0 software (Technelysium Pty Ltd). 

 

eNOS exon 7 Glu298Asp polymorphism 

PCR was performed using oligonucleotide primers designed to amplify exon 7 of the 

eNOS gene. Sample amplification was performed in an MJ Research DYAD 220 Peltier 

Thermal Cycler (Conquer Scientific, San Diego, CA). The following primers were used: 

forward primer ENOS7-sense, 5’-GAG ATG AAG GCA GGA GAC AGT-3’ and reverse 

primer ENOS7-anti, 5’-TCC ATC CCA CCC AGT CAA T-3’. The mixture (final 

volume 25 μl) was incubated at 94 °C for 3 min, followed by 30 cycles (each 25 s at 94 °C, 40 

s at 59 °C, and 40 s at 72 °C) at 72 °C for 10 min. Restriction analysis was performed by 

incubating three units of MboI restriction enzyme (Promega, Madison, WI) with the 

amplified DNA for 12 h overnight at 37 °C. The restriction products were separated by 

electrophoresis in a 3.8% agarose gel. The analysis of restriction products 

was performed after the addition of ethidium bromide. The GG (Glu/Glu) variant was 

classified as being protective, whereas the GT (Glu/Asp) and TT (Asp/Asp) variants were 

classified as conferring risk, figure 6 (Gardemann et al., 2002; Colombo et al., 2003). 

 

   M    GG      GT           TT 

 

Figure 6. Determination of the eNOS exon 7 polymorphism at codon 298 

Lane M-100-bp DNA ladder, GG lanes-homozygotes for Glu298 allele, GT lane-

heterozygotes, TT lane-homozygote for Asp298 allele. 
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HO-1 promoter (GT)n polymorphism 

HO-1 gene promoter containing a poly (GT)n repeat was amplified by PCR with fluorescently 

labeled primers: sense primer (HMOX1_S 5-AGAGCCTGCAGCTTCTCAGA-3) and 

antisense primer (HMOX1_AS 5-ACAAAGTCTGGCCATAGG AC-3). All PCR products 

were generated in 25 μl volumes containing Plain Combi PP Master Mix (Top-Bio, Prague, 

Czech Republic), 1.6 pmol forward primer, 1.6 pmol reverse primer and 25 ng of template 

DNA. All amplifications were performed in a Dyad thermocycler (BIORAD, 

Hercules, CA) with the following protocol: a 5-min denaturation at 95 °C was followed by 30 

cycles of 30 s at 95 °C, 30 s at 66 °C, 30 s at 72 °C and then a final extension at 72 °C for 5 

min. The PCR product sizes were determined using Li-cor 4200 (LI-COR Biosciences, 

Lincoln, NE) and ABI PRISM 3130 Genetic Analyzer (Applied Biosystems Carlsbad, CA) 

DNA sequencers. We used IR700 labeled primers for Li-cor analysis and 6-FAM labeled 

primers for ABI analysis. The determination of fragment length was accomplished using 

SagaGT (LI-COR Biosciences) and Peak Scanner™ Software (Applied Biosystems). 

Selected samples were sequenced in an ABI PRISM 3100 Genetic Analyzer (Applied 

Biosystems) automated DNA sequencer and then included as size markers in every 

electrophoresis run. We divided alleles according to the number of GT repeats in two 

subclasses based on higher induction of the HO-1 gene by oxidative stress observed in 

promoters with less than 25 (GT)n, class S (short) alleles (protective HO-1), and lower 

induction in promoters with 25 or more (GT)n, class L (long) alleles (risk HO-1), as described 

previously (Exner et al., 2004; Morita, 2005). Homozygous class S and heterozygotes were 

grouped together and compared to homozygous class L carriers. 

 

4.3. Invasive coronary artery assessment 

Coronary angiography and IVUS 

Coronary angiography (CAG) was performed according to standard recommendations. 

Coronary artery atherosclerotic burden was assessed by means of our own angiographic 

scoring system (angio score). The score was calculated as a sum for all lesions with more than 

20 % diameter stenosis found during CAG: 3 points for a stenosis > 50 % in the proximal 

third of an artery, 2 points for a stenosis < 50 % in the proximal third of an artery or a stenosis 

> 50 % distal to proximal third of artery and 1 point for a stenosis < 50 % distal to proximal 

third of an artery. After CAG and percutaneous coronary intervention (PCI), if indicated, the 

operator selected a target vessel for IVUS. Only one coronary artery was investigated in each 

patient. The inclusion criteria were as follows: 1) native artery with plaque burden  
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(PB) > 20 % by IVUS; 2) stenosis ≤ 50 % of lumen diameter by angiography with no 

indication for either PCI or coronary artery bypass grafting (CABG); 3) plaque length > 30 

mm by IVUS. In cases with similar findings in more than one coronary artery, the artery with 

the largest PB was selected for analysis. An IVUS phased-array probe (Eagle Eye 20 MHz 2.9 

F monorail), IVUS console, Gold standard software, and automatic pullback (research 

pullback, model R-l00) were used (Volcano Corp., Rancho Cordova, CA). After 

administration of 200 μg of intracoronary nitroglycerin, the IVUS probe was introduced into 

the selected coronary artery beyond a distal fiduciary point (well-defined side branch). 

Motorized pullback at 0.5 mm/s was performed through the rest of coronary artery. In the 

follow-up study, patients underwent repeated CAG and IVUS of the same coronary artery 

after 12 months. 

 

IVUS and VH-IVUS analysis 

All measurements were performed in the catheterization laboratory of the General 

University Hospital of Charles University, Prague, Czech Republic and analyzed by a single 

operator. IVUS B-mode images were reconstructed from radiofrequency data (Volcano 

Therapeutics Inc., Rancho Cordova, CA), and contour detection was performed using cross-

sectional views with semi-automatic contour detection software to provide a geometrical and 

compositional output. Manual planimetry was used in cases of non-adequate automatic 

software tracing (pc VH 2.1, Volcano Corp.). Each frame from the VH-IVUS loop was 

analyzed. Volumes were calculated using Simpson’s rule and then normalized for pullback 

length. The primary IVUS endpoint for plaque magnitude assessment was the percent 

atheroma volume (PAV), which was calculated as (Σ(EEMCSA-Lumen CSA) divided by Σ 

EEMCSA) x 100, where EEMCSA was the external elastic membrane cross-sectional area, 

and Lumen CSA was the luminal cross-sectional area. The change of PAV was computed as 

PAVfollow up – PAVbaseline for each patient. To avoid differences in pullback length, 

baseline and follow-up studies were normalized to the same overall length (the mean of the 

two studies). VH-IVUS uses spectral analysis of IVUS radiofrequency data to classify plaque 

components into four categories: fibrous, fibro-fatty, calcification, and necrotic core. VH-

IVUS analyses are reported in relative amounts (percentages of plaque). The virtual histology-

derived thin-cap fibroatheroma (VH-TCFA) was defined as a plaque with PAV > 40 % and 

consisting of more than 10 % of necrotic core in direct contact with the vessel lumen. 
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4.4. Noninvasive predictors of coronary artery disease severity and risk profile 

Framingham risk score (FRS) 

The FRS predicts the 10-year risk of coronary events according to a gender-specific 

model using age, diabetes mellitus (DM), total cholesterol or LDL (used in this study), 

systolic and diastolic blood pressure, and smoking (Mahmood et al., 2014). Risk score was 

calculated using β-coefficients to compute the linear function, as described previously 

(Wilson et al., 1998). 

Ultrasonographic examination of the carotid arteries 

Carotid intima-media thickness (IMT) measurement was performed using B-mode 

ultrasound with an 8 MHz linear probe on the outlying wall of the common carotid artery 

(ACC) and the internal carotid artery (ACI- on both sides) in longitudinal sections during end-

diastole. For purposes of CAD prediction, we used IMTmass (sum of IMT in ACC and ACI 

for both sides) and IMTmax (maximum of all IMT measurements in every patient). 

Experienced ultrasonographers adjudicated carotid plaque presence in the carotid bulb if two 

of the following three criteria were met: (1) abnormal wall thickness (defined as IMT >1.5 

mm); (2) abnormal shape (protrusion into the lumen, loss of alignment with adjacent arterial 

wall boundary); and (3) abnormal wall texture (brighter echoes than adjacent boundaries). 

Pro-inflammatory mediators and plasma lipids 

The following pro-inflammatory mediators were analyzed by means of the enzyme-

linked immunosorbent assay (ELISA): VCAM-1, ICAM-1, TNF-α, CD 40 ligand, high-

sensitivity C reactive protein (hsCRP), and IL-6. Furthermore, the complete plasma lipid 

examination was performed assessing total cholesterol (TC), LDL-C, HDL-C, triglycerides, 

Apo-A and Apo-B100. 

 

4.5. Statistical analysis  

Mean values ± standard deviation or percentages were calculated for all variables. 

Differences between groups were compared using the χ2 test. Statistical significance was 

calculated by Fischer’s exact test for categorical variables and by Student’s t-test for 

continuous variables. Data were analyzed using JMP 3.2 statistical software (SAS Institute, 

Cary, NC). A p-value of <0.05 was considered statistically significant. Multivariate statistical 

analysis was performed using IBM SPSS software version 17.0. Linear regression analysis 

was used for three dependent variables: angio score, PAV, and NC. Logistic regression was 

used for the dependent variable VH-TCFA. Optimal groups of predictors were chosen for 

achieving the best prediction of dependent variables. 
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The PhD thesis is based on two papers published in impacted journals and 

one submitted manuscript: 

 

Král A, Kovárník T, Králík L, Skalická H, Horák J, Mintz GS, Uhrová J, Sonka M, Wahle A, 

Downe R, Aschermann M, Martásek P, Linhart A. Genetic variants in haem oxygenase-1 and 

endothelial nitric oxide synthase influence the extent and evolution of coronary artery 

atherosclerosis. Folia Biol (Praha). 2011;57(5):182-90. (IF = 1,151) 

 

Kovarnik T, Kral A, Skalicka H, Mintz GS, Kralik L, Chval M, Horak J, Skalicka L, Sonka 

M, Wahle A, Downe RW, Uhrova J, Benakova H, Cernohousova L, Martasek P, Belohlavek 

J, Aschermann M, Linhart A. The prediction of coronary artery disease based on non-invasive 

examinations and heme oxygenase 1 polymorphism versus virtual histology. J Invasive 

Cardiol. 2013;25(1):32-7. (IF  = 1,569) 

 

Kral A, Linhart A, Martasek P. Genetic variants in the C-terminus of the endothelial nitric 

oxide synthase in patients with coronary artery and peripheral artery disease. Article in 

submission. 
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5.1. Paper 1 

 

Král A, Kovárník T, Králík L, Skalická H, Horák J, Mintz GS, Uhrová 

J, Sonka M, Wahle A, Downe R, Aschermann M, Martásek P, Linhart 

A: 

 

Genetic variants in haem oxygenase-1 and endothelial nitric oxide 

synthase influence the extent and evolution of coronary artery 

atherosclerosis. 

 

Folia Biol 57,182-90, 2011 (IF = 1,151) 
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5.2. Paper 2 

 

Kovarnik T, Kral A, Skalicka H, Mintz GS, Kralik L, Chval M, Horak 

J, Skalicka L, Sonka M, Wahle A, Downe RW, Uhrova J, Benakova 

H, Cernohousova L, Martasek P, Belohlavek J, Aschermann M, 

Linhart A: 

 

The prediction of coronary artery disease based on non-invasive 

examinations and heme oxygenase 1 polymorphism versus virtual 

histology.  

 

J Invasive Cardiol 25, 32-7, 2013 (IF – 1,569) 
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5.3. Paper 3 

 

Kral A, Linhart A, Martasek P: 

 

Genetic variants in the C-terminus of the endothelial nitric oxide 

synthase in patients with coronary artery and peripheral artery 

disease.  
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Abstract 

Nitric oxide (NO), produced by the endothelial nitric oxide synthase (eNOS), is essential for 

endothelial and vascular homeostasis. The C-terminal part of eNOS is crucial for adequate 

enzyme function: therefore, genetic variants affecting this part of the protein would be 

expected to have profound effects on its function. The aim of the study was to search for 

genetic variations in the C-terminal part of eNOS, encoded by exons 25 and 26 in patients 

with symptomatic atherosclerosis. 150 patients with symptomatic atherosclerosis involving 

either the coronary or lower limb arteries were enrolled in the study. Two novel variants in 

exons 25, the G3617C polymorphism (synonymous variant) and exon 26, the G3911A 

polymorphism in the noncoding mRNA (the 3´ untranslated region-UTR) and a novel variant 

in intron 24 were discovered in 3 different individuals. Significantly, the 3´UTR has been 

shown to be critically important for eNOS mRNA steady state levels. Thus, any variant in this 

region might alter the binding affinity of regulatory trans-acting elements, and thereby 

influence the posttranscriptional regulation of eNOS. In conclusion, our study did not 

demonstrate significant genetic variation in the C-terminal part of eNOS in individuals 

suffering from symptomatic atherosclerosis. Nevertheless, a novel variant in the noncoding 

mRNA of eNOS was discovered in one patient, a finding that warrants further investigation of 

its possible impact on eNOS mRNA stability. 

 

Abbreviations: ADMA - asymmetric dimethylarginine, AMI - acute myocardial infarction, 

Asp - aspartic acid, bp - base pairs, BH4 - tetrahydrobiopterine, CAD - coronary artery 

disease, eNOS - endothelial nitric oxide synthase, FAD - flavin adenine dinucleotide, FMN - 

flavin mononucleotide, Glu - glutamic acid, iNOS - inducible nitric oxide synthase, NADPH - 

reduced nicotinamide adenine dinucleotide phosphate,  nNOS - neuronal nitric oxide 

synthase, NO - nitric oxide, PAD - peripheral artery disease, PCR - polymerase chain 

reaction, 3´-UTR- 3´- untranslated region 

 

Introduction 

Atherosclerosis with its various clinical manifestations represents the most frequent 

cause of mortality in developed countries. To date, many risk factors of atherosclerosis have 

been identified, but the genetic determinants of the development, extent and severity of 

atherosclerosis is still poorly characterized. Nitric oxide (NO) represents the principal 

regulator of vascular tone (Vallance et al., 2000) whose further effects include prevention of 

leukocyte adhesion (Lefer et al., 1997), thrombocyte-endothelial interaction (Radomski et al., 
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1987), scavenging of superoxide radicals (Loscalzo et al., 1995) and inhibition of vascular 

smooth muscle cell proliferation (Garg et al., 1989) Therefore, it has been suggested that a 

reduction in basal NO production may predispose to hypertension, vasospasm, thrombosis, 

and atherosclerosis development (Cosentino et al., 1998; Cook et al., 1997; Oemar et al., 

1998; Rudic et al., 1999).  

NO is produced by the nitric oxide synthase (NOS) enzymes. The NOS enzyme family 

consists of three isoforms (endothelial-eNOS, neuronal-nNOS and inducible, iNOS) which 

share a similar structure, a N-terminal heme (oxygenase) domain connected by a calmodulin- 

binding amino acid sequence to a reductase domain. The reductase domain, accepts electrons 

from NADPH and transports them via two flavins, FAD and FMN, to the iron molecule of the 

heme (Raman et al., 1999).  Tetrahydrobiopterin (BH4), is an essential enzyme cofactor, and 

in its absence, the eNOS and nNOS isoforms transfer electrons to molecular oxygen, leading 

to production of the deleterious superoxide radical (Vasquez-Vivar et al. 1998).  The essential 

role of the C-terminal parts of the reductase domain of NOS for the rate of reduction 

equivalent transfer to the heme part of the protein and thus proper enzyme function has been 

described previously (Roman et al., 2000 a, b; Jáchymová et al., 2005). These C-termini slow 

electron transfer between the two flavins, enabling tight electron coupling, thereby 

suppressing superoxide production (Raman et al., 1999).  In endothelial dysfunction, electron 

coupling is altered, giving rise to an increased amount of free radicals (Schulz et al., 2008; 

Yang et al., 2009; Li and Forstermann, 2013). 

 The eNOS has the longest C-terminus of the three isoforms-42 amino acids, compared 

to 21 amino acids in the iNOS and 33 amino acids in the nNOS (Figure 1). NO synthesis rate 

is inversely related to the length of the C-terminal extension in the particular isoform, hence, 

is highest in iNOS and lowest in eNOS (Raman et al., 1999). Therefore, polymorphisms or 

mutations in the C-terminal part of eNOS could profoundly affect enzyme function through a 

change in the rate of electron flow and thus play a role in the pathogenesis of endothelial 

dysfunction and atherosclerosis. The eNOS gene, located on chromosome 7q35-36, is 

composed of 26 exons (Marsden et al., 1993). Several common genetic variants in the eNOS 

gene have been identified, including the T-786C variant located in the eNOS promoter that 

has been shown to suppress the eNOS gene transcription and the 4 b/a polymorphism 

representing variability in the number of 27-nt repeats in intron 4 (Wang et al., 1996; Tsukada 

et al., 1998; Shimasaki et al., 1998; Nakayama et al., 1999). These intronic repeats give rise to 

micro RNAs (miRs) that act as inhibitors of transcription, contradictory to most miRs that act 

as inhibitors of translation or degrade mRNA (Zhang et al., 2005). The most extensively 
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studied in relation to endothelial dysfunction and atherosclerosis is the 894G/T or Glu298Asp 

polymorphism in exon7. The variant protein demonstrates decreased basal association to 

caveolae (small invaginations of the plasmalemmal membrane serving as scaffolds for the 

assembly of multiprotein signaling complexes) as well as reduced dissociation from the 

inhibitory protein caveolin-1 in response to eNOS agonists (Joshi et al., 2007).  Studies have 

shown that individuals homozygous for the Asp298 allele demonstrate decreased NO 

production in response to agonist stimuli (Joshi et al., 2007), presumably accounting for the 

predisposition to the development of endothelial dysfunction (Naber et al. 2001) and 

atherosclerosis (Hingorani et al., 1999; Colombo et al., 2002; Li et al., 2010). 

Surprisingly, little attention has been focused on the search for genetic variants in the 

reductase domain of the eNOS which is essential for proper enzyme function, as mentioned 

above (Jáchymová, et al., 2005). We hypothesized that variants in the C-terminal part of the 

reductase domain of eNOS could represent an unrecognized genetic factor contributing to 

eNOS uncoupling, endothelial dysfunction and atherosclerosis development. Furthermore, we 

postulated that variants in the noncoding mRNA-the 3´ untranslated region (3´-UTR) encoded 

by exon 26, demonstrated to be crucial for eNOS mRNA stability (Ho et al., 2013) may prove 

to be an additional mechanism leading to altered eNOS activity in individuals with endothelial 

dysfunction and atherosclerosis.  

In the present study, we searched for genetic variants in exons 25 and 26 of the eNOS 

gene, encoding the C-terminus and the 3´-UTR in patients with coronary artery disease 

(CAD) and peripheral artery disease (PAD).  

 

Materials and Methods 

Patient population 

A total of 150 patients admitted to the Second Department of Medicine, Department of 

Cardiovascular Medicine of the General University Hospital in Prague from September 2008 

to September 2009 were enrolled in the study if they suffered from angiographically proven 

CAD and/or PAD. The study was approved by the institutional ethics committee and all 

patients gave informed consent to the genetic analysis.  

 

Genetic analysis 

The DNA was extracted from peripheral blood leukocytes using standard techniques. 

The polymerase chain reaction (PCR) was performed using oligonucleotide primers designed 

to amplify exon 25 and 26 of the eNOS gene. Amplification of all samples was performed on 
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the MJ Research DYAD 220 Peltier Thermal Cycler (Conquer Scientific). The reaction was 

carried out in a final volume of 25 μl containing 1 μl of genomic DNA, 1 μl of each primer 

(3,2 pmol) and 12,5 μl of PP Master Mix. For exon 25 the following primers and PCR 

reaction parameters were used: forward primer ENOS25-sens, 5´-GGA GAC TTT CAC GTC 

CAG GG-3´; reverse primer ENOS25-anti, 5´-ACA GTG GAT CAG AAC CCG AC-3´; the 

mixture was incubated for 94°C 3 min, followed by twenty-nine cycles (each 30 s at 94°C, 30 

s at 63°C, and 45 s at 72°C) and 72°C for 3 min.  For exon 26, the following primers and PCR 

reaction parameters were used: forward primer ENOS26-sens, 5´-GGT TCC TGC TAA GGT 

CTC CG-3´; reverse primer ENOS26-anti, 5´-AAG AAA CAG GAA GCG GGT G-3´; the 

mixture was incubated for 94°C 3 min, followed by twenty-nine cycles (each 30 s at 94°C, 30 

s at 59°C, and 45 s at 72°C) and 72°C for 3 min.   

The amplified exons 25 and 26 were separated by electrophoresis in 1.5% agarose gel. 

After staining with ethidium bromide, the amplified DNA was purified using the Qiagen Gel 

Extraction Kit (QIAGEN Ltd). Subsequently, direct sequencing of exon 25 a 26 with forward 

and reverse primer in all samples was performed on the sequenator Prism ABI (Applied 

Biosystems). Sequence analysis of exons 25 a 26 with neighboring regions of introns 24, 25 

and the 3´-UTR was performed with the Chromas Lite version 2.0 software (Technelysium 

Pty Ltd). 

 

Results 

Basic clinical characteristics of the patient cohort are summarized in Table 1.  

Sequencing of exon 25 revealed a novel G3617C variant in one patient. This variant leads to a 

substitution of cytosine (C) for guanosine (G), representing a synonymous mutation since 

both triplets-CGG a CGC encode the amino acid arginine (R) (Figure 2). Furthermore, a novel 

G→A polymorphism in intron 24, located 12 bp before the start of exon 25 was identified in 

one other patient. Sequencing of exon 26 revealed a novel G3911A variant leading to a 

substitution of adenosine (A) for guanosine (G), in the noncoding mRNA 6 bp from the stop 

codon (Figure 3). 

 

Discussion 

The C-terminal part of eNOS is responsible for a substantial deceleration of 

intraprotein electron transfer, thereby facilitating tight electron coupling and minimal electron 

leak from intraprotein transport resulting in suppressed generation of free radical species 

(Roman et al., 2000a). An important mechanism leading to endothelial dysfunction and 
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atherosclerosis is eNOS uncoupling, i.e. altered electron coupling by the enzyme, 

characterized by a diversion of electron flow from L-arginine to molecular oxygen resulting in 

the production of the superoxide radical instead of NO (Schulz et al., 2008; Yang et al., 2009; 

Li and Forstermann, 2013).  Several mechanisms are involved in the development of eNOS 

uncoupling including depletion of L-arginine, accumulation of asymmetric dimethylarginine 

(ADMA), BH4 deficiency and eNOS S-glutathionylation, which occurs under conditions of 

increased oxidative stress (Förstermann and Sessa, 2012). However, genetic factors 

contributing to the development of eNOS uncoupling and dysregulation in endothelial 

dysfunction and atherosclerosis have remained elusive. 

Given its significance for proper enzyme function, genetic variants in the C-terminal 

part of eNOS could alter electron transfer with a resulting disequilibrium between superoxide 

and NO production. Nevertheless, to our best knowledge, no functionally significant genetic 

variations in the C-terminal part of eNOS have been reported to date, maybe in part, due to a 

lack of focus on this area. We postulated that genetic variations in the C-terminal part of 

eNOS might represent a genetic basis for endothelial dysfunction, one of the initial steps in 

atherogenesis (Davignon et al., 2004). We tested this hypothesis on a cohort of patients with 

symptomatic atherosclerosis involving either the coronary or lower limb arteries. Genotyping 

of exons 25 and 26 which constitute the C-terminal and neighboring region of the reductase 

domain of eNOS was performed with the use of direct sequencing, a time-consuming, but in 

return, the most precise method applied in the search for novel genomic variations.  

The genomic analysis of exons 25 and 26 of the eNOS gene, however, demonstrated 

minimal genetic variation in our patient population. No amino acid-altering variants in exons 

25 and 26 were detected, nevertheless, a novel variant in the 3´-UTR of exon 26- the G3911A 

variant was described.  The 3´-UTR, containing multiple, evolutionarily conserved 

pyrimidine-rich sequence elements, is critically important for eNOS mRNA steady state levels 

(Wang et al., 2000).  Under basal conditions, eNOS mRNA is highly stable due to multiple 

3´-UTR cis-mRNA elements that form stabilizing ribonucleoprotein (RNP) complexes (Wang 

and Wang, 2000; Ho et al., 2013). A variety of mediators involved in atherogenesis, such as 

tumor necrosis factor alpha (TNF-α), oxidized low density lipoproteins (ox-LDL) and 

thrombin have been shown to decrease eNOS mRNA stability and thus dramatically decrease 

eNOS mRNA levels via modulation of trans-acting element binding to 3´-UTR regions of 

eNOS (Eto et al., 2001; Searles, 2006). Translation elongation factor 1-α1 (eEF1A1), 

heterogeneous nuclear ribonucleoprotein E1(hnRNP E1), sONE (NOS3AS), small interfering 

RNAs (siRNAs) and micro-RNAs (e.g. miR-155) are examples of the presently identified 
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binding partners of the cis-acting sequences within eNOS mRNA 3´-UTR (Robb et al., 2004; 

Yan G et al. 2008; Sun et al., 2012; Ho et al., 2013).  

Given the significance of the region for eNOS mRNA stability and hence eNOS protein 

levels, any genetic variant in the eNOS 3´-UTR could dramatically alter the binding affinity 

of trans-acting elements, and thereby modulate posttranscriptional regulation of eNOS (Wang 

et al., 2000). Importantly, no sequence variants in the human eNOS 3´-UTR  have been 

reported to date. Therefore, our finding of a novel genetic variant in the 3´-UTR of the eNOS  

certainly warrants further investigation of its possible impact on eNOS posttranscriptional 

regulation. 

In conclusion, our study demonstrated minimal variation in exons 25 and 26 of the 

eNOS gene encoding the C-terminal region of the protein in individuals suffering from 

symptomatic atherosclerosis. The fact that no amino acid-altering variants in the C-terminus 

of eNOS were found may reflect its pivotal significance for proper eNOS function, when any 

changes in sequence would be too deleterious. The potential functional significance of the 

novel variant in the 3´-UTR of human eNOS will be the subject of future research. 
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Table 1. Basic clinical characteristics of the patient population 

data given as n(%) or mean ± standard deviation 

 

Number of patients 150 

Male sex 108 (72%) 

Age 63,3±9,28 

CAD  118(78,7%) 

PAD  64(42,7%) 

Hypertension  120(80%) 

Hyperlipidemia  110(73,3%) 

Diabetes mellitus  57(38%) 

Active smokers  68 (45,3%) 

 

 

Figure 1. C-terminal parts of three mammalian NOS isoforms. (Adapted from Fig. 2 of 

Jáchymová et al., 2005) 

 

 

Figure 2.  Novel synonymous G3617C variant localized in exon25 of the eNOS gene. 
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Figure 3. Novel G3911A variant localized in the noncoding region (3´-UTR) of exon 26 of 

the eNOS gene 
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6.1. Paper 1, Folia Biologica 57, 182-190, 2011 

 

ENOS derived NO is the pivotal mediator of vascular homeostasis and alterations in eNOS 

activity and/or increased NO degradation are considered key mechanisms in endothelial 

dysfunction and atherosclerosis, disease states characterized by increased oxidative stress. 

The HO-1 is perceived as one of the chief cellular defense mechanisms against oxidative 

stress. However, the contribution of the eNOS and HO-1 gene variations to the development 

of endothelial dysfunction and atherosclerosis remains only partially elucidated. 

We studied the influence of the eNOS exon 7 Glu298Asp polymorphism and the HO-1 

promoter (GT)n polymorphism on the extent and characteristics of coronary artery 

atherosclerotic involvement assessed by means of CAG, IVUS and IVUS-VH. In addition, we 

assessed the influence of these polymorphisms on the changes in coronary atherosclerotic 

involvement during the course of hypolipidaemic statin-based therapy. 

 

Baseline plaque characteristics 

We did not observe significant differences in baseline plaque composition with respect to the 

eNOS a HO-1 polymorphisms in the study population. Importantly, we found a higher 

prevalence of TCFA in HO-1 risk variant carriers (70.0 % vs. 46.2 %, p =0.047). 

 

Coronary artery atherosclerotic burden and plaque magnitude 

The total coronary atherosclerotic burden, as expressed by the angio score, was significantly 

greater in HO-1 risk variant carriers (HO-1 risk 9.4 ± 4.0 vs. protective 6.9 ± 3.2, p = 0.005), 

but did not differ with respect to the eNOS genotype (eNOS risk 8.1 ± 3.9 vs. eNOS 

protective 7.8 ± 3.6, p = 0.69). Similarly, the PAV was significantly higher in carriers of  

HO-1 risk variant (HO-1 risk 49.3 % ± 6.6 vs. protective 45.0 % ± 5.5, p = 0.004), but did not 

differ with respect to the eNOS genotype (eNOS risk 46.7 % ± 6.8 vs. protective  

46.7 % ± 5.9, p = 0.98). 

 

Changes of plaque composition 

A significant interaction between eNOS and HO-1 genotypes and changes in plaque 

composition was observed, the results are summarized in table 4. 

 

 

 



 

 83 

Table 4. Changes of plaque composition according to eNOS and HO-1 genotypes 

(Reproduced from Tab. 4 of Král et al., 2011)  

 

Plaque tissue change 

in % 

Protective 

ENOS 

Risk ENOS Protective  

HO-1 

Risk HO-1 

Fibrous -0.3 ± 6.3 -2.4 ± 7.6 - 0.7 ± 8.2 - 2.3 ± 4.8 

 p = 0.22 p = 0.34 

Fibro-fatty -1.0 ± 10.4 -5.1 ± 9.7 - 5.7 ± 10.9 0.9 ± 7.4 

 p = 0.09 p = 0.006 

Necrotic core 1.3 ± 7.0 3.9 ± 6.7 4.1 ± 7.4 0.4 ± 5.8 

 p = 0.1 p = 0.03 

Dense calcium 0.5 ± 6.0 3.7 ± 5.3 2,8 ± 6,8 1,3 ± 3,9 

 p = 0.02 p = 0.29 

 

 

Discussion 

The key finding of this study is that patients with the HO-1 risk promoter 

polymorphism had greater coronary artery atherosclerotic burden (as expressed as a higher 

angio score) and more prominent atherosclerotic plaques in coronary arteries (as expressed as 

higher PAV). Another significant finding was the higher prevalence of the VH-TCFA type of 

plaques in these patients. Importantly, plaques with higher proportions of necrotic tissue, such 

as the TFCA plaques are related to the development of unstable plaques. These plaques are 

prone to rupture, representing a frequent mechanism of acute coronary syndromes (Virmani et 

al., 2006; Stone et al., 2011). 

The formation and progression of the plaque necrotic core is caused by apoptosis of 

foam cells coupled with impaired phagocytosis of the dead cells (Tabas et al., 2009). 

Concurrently, the structural integrity of the TCFAs is directly linked to the survival of VSMC 

of the thin-fibrous cap, which prevents exposure of plaque content to the haemostatic system 

(Larsen et al., 2010). In animal studies, HO-1 induction was associated with a significant 

increase in plaque cap thickness and a reduction in the necrotic core size and plaque lipid 

accumulation, contributing to plaque stabilization (Cheng et al., 2009). In contrast, HO-1 
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knockout led to severely reduced numbers of VSMC due to increased apoptosis (Yet et al., 

2003). These findings indicate that HO-1, through CO and its further signaling pathways, 

inhibits apoptosis in VSMC, macrophages and foam cells, thus attenuating key processes that 

contribute to plaque destabilization (Larsen et al., 2010). In addition, CO concurrently inhibits 

VSMC migration and proliferation (Morita et al., 1997; Rodriguez et al., 2010), additional 

crucial processes of atherosclerosis development (Abraham and Kappas, 2008). Furthermore, 

CO exerts a potent anti-inflammatory effect on plaque macrophages and endothelia through 

multiple pathways including decreased TNF-α and IL-6 production, inhibition of adhesion 

molecule expression, e.g., E-selectin and VCAM-1, and increased IL-10 production (Yet et 

al., 2003, Larsen et al., 2010). Importantly, HO-1 over-expression in endothelia significantly 

attenuates inflammatory mediator production and reverses impaired eNOS expression induced 

by ox-LDL and TNF-α, thus alleviating endothelial dysfunction (Kawamura et al., 2005). 

Through these pleiotropic effects, HO-1 seems to confer protection against the progression of 

the atherosclerotic process as well as destabilization of advanced plaques. 

Significant differences in HO-1 expression have been detected in patients with 

different forms of CAD and HO-1 expression has been shown to correlate with increasing 

coronary lesion complexity and stenosis grade (Chen et al., 2005; Song et al., 2009). 

Similarly, Cheng et al. have demonstrated in a study of carotid endarterectomy specimens that 

HO-1 expression was specifically up-regulated in vulnerable plaques characterized by 

increased lipid and macrophage accumulation and low collagen and VSMC content and that 

HO-1 expression correlated with levels of pro-inflammatory and plaque destabilizing 

cytokines and chemokines (Cheng et al., 2009). In addition, other researchers have shown that 

products of the HO-1 enzymatic reaction enhance NO bioavailability by modulating eNOS 

expression and activity, preventing NO inactivation and by compensating for NO deprivation 

(Pae et al., 2010). In light of the current evidence, enhanced HO-1 expression in 

atherosclerotic lesions most likely represents a compensatory atheroprotective and anti-

inflammatory response, acting to restore vascular function, in part through enhancement of 

NO bioavailability, and prevent plaque instability.  However, under certain conditions, the 

levels of HO-1 protein and HO-1 activity may be discordant, presumably due to 

posttranslational modifications. Therefore, further research is required to clarify why highly 

up-regulated HO-1 may be overwhelmed and thus fail to halt the progression of 

atherosclerotic lesions (Araujo et al., 2012). 

HO-1 activity is principally regulated at the level of gene transcription. Thus, any 

mechanism affecting the transcriptional activity of the HO-1 gene can profoundly alter HO-1 
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enzymatic activity. Undoubtedly, the most extensively studied genetic variant affecting HO-1 

expression is the HO-1 (GT)n polymorphism located in the gene promoter. As described 

previously, the number of GT dinucleotide repeats in the gene promoter modulates the level 

of gene transcription (Yamada et al., 2000). The long alleles (L) demonstrate decreased HO-1 

transcriptional activity upon induction, compared with the short alleles (S) (Taha et al., 2010). 

Multiple studies have reported the relevance of this polymorphism to the risk of coronary 

artery disease (Chen et al., 2002; Kaneda et al., 2002; Schillinger et al., 2002; Araujo et al., 

2012). According to our findings, the HO-1 (GT)n promoter polymorphism plays an 

important role in coronary artery atherosclerosis development, progression and possibly in 

plaque type formation as well. The blunted induction of HO-1 gene transcription in the 

promoter risk variant carriers resulting in increased oxidative stress (Morita, 2005) 

presumably accounts for the increased susceptibility of these individuals to the development 

of more advanced coronary atherosclerosis, such as we have observed in our population. 

Moreover, our results, as well as other current findings, suggest that adequate HO-1 activity 

may help to prevent the transformation of a lesion to a high-risk plaque by impeding accretion 

of the necrotic core and promoting VSMC survival in the plaque fibrous cap (Yet et al., 2003; 

Cheng et al., 2009; Larsen et al., 2010). 

The observed influence of the (GT)n HO-1 promoter variant on changes in plaque 

composition is somewhat puzzling. We observed an unfavorable type of plaque 

transformation in patients with the protective HO-1 variant, characterized by a decrease of 

fibro-fatty tissue and an increase of necrotic core proportion during statin treatment 

therapy. Paradoxically, the HO-1 risk variant was associated with an increase of fibro-fatty 

tissue and a significantly lower increase in the necrotic core proportion when compared with 

the protective variant. The more favorable plaque composition changes observed 

in patients with the HO-1 risk promoter variants might possibly be caused by statin therapy. 

Statins have been shown to induce HO-1 expression through impeding the prenylation of 

small G proteins such as Ras. Additionally, the p38MAPK and the PI3K-Akt kinase pathways 

are involved in statin mediated HO-1 induction (Lee et al., 2004; Chen et al., 2006; Ali et al., 

2009). We speculate that impaired inducibility of HO-1 expression upon pro-atherogenic 

stimuli in the HO-1 L/L variant carriers may represent one of the principal mechanisms 

contributing to the atherosclerotic plaque formation and progression in these individuals. 

Thus, ameliorated HO-1 expression induced by statins may have lead to the favorable plaque 

composition changes observed in risk HO-1 carriers in our study. Importantly, almost 40 % of 

patients were statin naive prior to trial enrolment, and all statins utilized in our trial have been 
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demonstrated to induce HO-1 expression (Chen et al., 2006). We further hypothesize that the 

atherosclerotic process in carriers of the protective HO-1 promoter variant may be driven 

primarily by different mechanisms not as susceptible to statin therapy, thereby possibly 

explaining the unfavorable plaque composition changes observed in these patients. 

Conversely, the eNOS Glu298Asp polymorphism had no impact on the severity of 

coronary artery atherosclerotic involvement quantified by angio score, or baseline plaque 

magnitude and composition in our cohort. Multiple studies have evaluated the relationship of 

the Glu298Asp eNOS polymorphism to the risk of CAD with conflicting results (Colombo  

et al., 2003; Jaramillo et al., 2010; Li et al., 2010), but to our best knowledge, no study to date 

has evaluated the impact of this eNOS variant on coronary artery atherosclerotic involvement 

assessed by IVUS and IVUS-VH. 

Substantial evidence demonstrating that alterations in NO synthesis promote 

atherosclerosis in experimental animals has been presented. ApoE-deficient mice treated with 

L-NAME experienced significant progression of aortic atherosclerosis (Kauser et al., 2000). 

Likewise, long-term inhibition of eNOS by L-NAME administration to rats resulted in 

induction of coronary inflammation and atherosclerosis (Tomita et al.,1998). Another study 

has shown that endothelial over-expression of arginase II induced endothelial dysfunction and 

enhanced atherosclerosis in mice (Vaisman et al., 2012).  The importance of eNOS in 

vasculoprotection was further demonstrated in a study utilizing the ApoE/eNOS double-

knockout mice model. In this study, eNOS deficient mice developer accelerated 

atherosclerosis including coronary artery disease and aortic aneurysm (Kuhlencordt et al., 

2001b). Additional studies have confirmed that eNOS gene knockout promotes atherogenesis 

(Knowles et al., 2000), and eNOS gene transfer or eNOS over-expression improves 

endothelial function along with regression of atherosclerotic lesions in experimental animals 

(Mujynya-Ludunge et al., 2005; Jiang et al., 2012). On the other hand, most studies in 

atherosclerotic animal models have shown unchanged or even augmented eNOS expression in 

atherosclerotic lesions despite the presence of endothelial dysfunction (d'Uscio et al., 2001; 

Ming et al., 2004). A study of human coronary artery specimens found a significant decrease 

in eNOS gene expression only in endothelial cells overlying advanced atherosclerotic lesions, 

as opposed to early atherosclerotic lesion samples (Fukuchi et al., 1999). Thus, current 

evidence implies that endothelial dysfunction and atherosclerosis are determined primarily by 

impaired NO bioavailability caused by deregulated eNOS enzymatic activity, eNOS 

uncoupling and NO inactivation through increased oxidative stress, rather than eNOS gene 

down-regulation. 
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Extensive research has focused on the possible genetic determinants of altered eNOS 

derived NO production. Multiple eNOS gene polymorphisms with variable clinical impact 

have been identified (Wang and Wang, 2000; Cook, 2006). The following polymorphisms 

influence eNOS transcriptional activity: the T(-786)C variant in the eNOS promoter has been 

shown to affect gene transcription by a significant influence on eNOS promoter activity; the 4 

b/a polymorphism in intron 4 determines the number of 27-nt miRs that act as suppressors of 

eNOS transcriptional activity (Balligand et al., 2009). Differently, the eNOS 894 G/T 

(Glu298Asp) polymorphism does not affect gene transcription, but instead influences eNOS 

posttranslational regulation. The Asp variant is associated with decreased NO production by 

endothelia in response to shear stress (Joshi et al., 2007). The proposed mechanisms leading 

to an altered NO production by the variant enzyme are decreased basal association to caveolae 

and reduced dissociation from caveolin-1 in response to shear stress (Joshi et al., 2007).  

Another work by the same group showed that an amino acid substitution at position 298 of the 

eNOS protein leads to a significant reduction in amino acid distances, thereby possibly 

affecting protein geometry and thus eNOS protein–protein interactions (Joshi and Bauer, 

2008). These alterations seem to affect eNOS protein function and possibly explain the 

enhanced disease risk associated with the Asp allele (Joshi et al., 2011).  Numerous studies in 

support of the functional significance of this eNOS variant have been presented (Yoshimura et 

al., 1998; Philip et al., 1999; Naber et al., 2001; Gardemann et al., 2002; Colombo et al., 

2003; Li et al., 2010). 

Although we did not find a relationship between the presence of the eNOS risk 

variants and the magnitude of coronary atherosclerosis and baseline plaque composition, we 

observed an association of this eNOS polymorphism with atherosclerotic plaque composition 

changes during statin treatment. In patients with the eNOS protective variant (Glu/Glu), we 

found favorable plaque composition changes characterized by a significantly lower increase in 

plaque calcified tissue as well as a statistically nonsignificant trend toward smaller 

progression of the necrotic core during statin therapy, compared with carriers of the risk 

variants. To the best of our knowledge, our findings represent the first data on the possible 

influence of the eNOS Glu298Asp polymorphism on plaque composition changes during 

statin treatment. It has been demonstrated that oxLDL decrease eNOS expression via 

activation of the Rho-Rho kinase pathway (Blum et al., 2009). Statins lead to enhanced eNOS 

expression through multiple mechanisms including a modest reduction of oxLDL levels and a 

concurrent inhibition of the Rho-Rho kinase pathway. Furthermore, statins increase eNOS 

activity via activation of the Akt kinase pathway and inhibition of Cav-1 expression in 
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endothelial cells (Kureishi et al., 2000; Blum et al., 2009; Balakumar et al., 2012). We 

speculate that the effects of statins may be more pronounced in the wild-type eNOS enzyme 

carriers, and therefore, the greater up-regulation of eNOS activity could contribute to the 

favorable changes in plaque composition observed in these individuals. However, the extent 

to which our observations were affected by statin treatment remains to be elucidated by future 

investigations. 
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6.2. Paper 2, Journal of Invasive Cardiology 25, 32-37, 2013 

 

The prediction of CAD and its risk profile is one of the key objectives in preventive 

cardiology. Abundant clinical data implicate an important role of the HO-1 promoter (GT)n 

polymorphism in relation to atherosclerosis. We studied the utility of the HO-1 promoter 

(GT)n polymorphism and other noninvasive markers in the prediction of coronary artery 

disease severity and coronary artery plaque risk profile. 

 

In this study, we evaluated a spectrum of non-invasive predictors of the following parameters: 

1) Angio score derived from CAG – expressing total coronary atherosclerotic burden 

2) Percent atheroma volume (PAV) derived from IVUS – relative volume of a selected 

atherosclerotic plaque 

3) Necrotic core (NC) derived from VH-IVUS – relative amount of necrotic core of a 

selected atherosclerotic plaque 

4) Thin cap fibroatheroma (TCFA) derived from VH-IVUS - a high risk rupture-prone 

type of plaque, predictive of future coronary events. 

The spectrum of noninvasive examinations assessed in this study included the HO-1 (GT)n 

promoter polymorphism, pro-inflammatory cytokine and plasma lipid levels and parameters 

derived from an ultrasonographic examination of carotid arteries. 

 

HO-1 polymorphism and prediction of coronary atherosclerosis 

Similarly to our previous study (Král et al., 2011), the risk HO-1 polymorphism was 

found to influence the extent of coronary atherosclerosis expressed as a higher angio score 

(9.1 ± 4.2 vs.  6.9 ± 3.1; p = 0.008). Furthermore, risk HO-1 variant carriers showed more 

prominent plaques, indicated as higher PAV (48.6 ± 6.6% vs. 45.8 ± 5.8%; p = 0.04).  

In addition, plaques in HO-1 risk variant carriers were characterized by higher proportions of 

necrotic core (17.1 ± 8.9% vs. 12.7 ± 7.8%; p = 0.02). The proportion of dense calcium and 

fibro-fatty components of coronary plaques also differed significantly with respect to the  

HO-1 variant, figure 7. A statistically non-significant trend was observed for a more frequent 

occurrence of the VH-TFCA lesion phenotype in risk HO-1 variant carriers (51.1% vs. 30.3%, 

p = 0.06). However, the significance of the HO-1 risk polymorphism in the prediction of VH-

TCFA was confirmed by multivariate analysis, table 5. 
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Figure 7. Relationship between HO-1 promoter polymorphism and plaque composition 

(Reproduced from Fig. 1 of Kovárník et al. 2013) 

 

 

Other noninvasive parameters in the prediction of coronary atherosclerosis 

In addition to the HO-1 risk variant, LDL <2.6 mmol/L on hypolipidaemic therapy 

correlated with the extent of coronary atherosclerosis, i.e., angio score (8.8 ± 3.8 vs. 6.9 ± 4.0; 

p = 0.018). Furthermore the FRS showed a significant, albeit modest correlation with the 

angio score (p = 0.032; r = 0.21), a finding confirmed by multivariate analysis (data not 

shown). In addition to the HO-1 risk variant, PAV was also higher in patients with plaques in 

the carotid bulb (48.6 ± 5.7% vs. 44.7 ± 6.8%; p = 0.008). Furthermore, ApoA was a 

significant predictor of NC in the multivariate analysis (data not shown). Patients with VH-

TCFA lesions had lower levels of ApoA (1.19±0.16 mmol/L vs. 1.3±0.26 mmol/L; p=0.04), 

and higher FRS (9.1±3.1 vs. 7.8±3.1; p=0.03). In addition to the HO-1 risk polymorphism, 

only carotid plaque was an independent predictor of VH-TCFA according to multivariate 

analysis, table 5. 
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Table 5. Predictors of VH-TCFA from multivariate analysis 

Logistic regression analysis, correct prediction rate 80,9%. (Reproduced from Tab. 5 of 

Kovárník et al., 2013) 

 

 

Discussion 

The principal finding of this study is the correlation between the risk HO-1 promoter 

variant and total coronary atherosclerotic burden, as well as high-risk coronary plaque 

features such as higher PAV and larger necrotic core. Additionally, the risk HO-1 promoter 

variant predicted the occurrence of the VH-TCFA type of plaque. Our results are of profound 

significance, given the risk attributable to these plaque features (Stone et al., 2011). 

Additional noninvasive tests found to predict coronary artery disease severity and risk profile 

were the FRS, presence of carotid bulb plaque and decreased ApoA levels.  

HO-1 plays a key role in maintaining vascular redox homeostasis and in the 

prevention against vascular injury. Accumulating evidence shows that HO-1 expression in the 

vasculature exerts protective effects against atherosclerosis due to its antioxidant, anti-

inflammatory, anti-apoptotic, anti-proliferative, and immunomodulatory properties (Abraham 

and Kappas, 2008; Araujo et al., 2012). As mentioned previously, HO-1 is highly expressed in 

all key cell types found in human atherosclerotic lesions. Additionally, abundant data from 

animal models shows that modulation of HO-1 expression significantly alters atherogenesis 

(Ishikawa et al., 2001, Juan et al., 2001; Yet et al., 2003; Cheng et al., 2009).  Enhanced HO-1 

expression appears to be protective against the development of both early and advanced 

atherosclerotic plaques. Its antioxidant and anti-inflammatory properties may impede the 

development of early plaques (Ishikawa et al., 2001; Orozco et al., 2007), while its anti-
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apoptotic activities may represent an important mechanism against lesion progression into an 

advanced plaque and reduce plaque vulnerability for rupture (Cheng et al., 2009; Li et al., 

2011). The impaired HO-1 expression in risk HO-1 promoter variant carriers (Yamada et al., 

2000; Taha et al., 2010), leading to increased oxidative stress, vascular inflammation and 

enhanced apoptosis of foam cells and VSMCs (Araujo et al., 2012), is likely responsible for 

the greater magnitude and higher risk profile of coronary atherosclerosis we have observed in 

our patients. Based on our findings, we suggest to incorporate the assessment of the HO-1 

(GT)n promoter polymorphism into the spectrum of noninvasive predictors of coronary artery 

disease severity and risk profile. 
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6.3. Paper 3, manuscript in submission 

ENOS uncoupling is one of the principal phenomenon underlying endothelial 

dysfunction and atherosclerosis. The C-terminal part of eNOS is crucial for proper electron 

coupling, and hence enzyme function.  The aim of this study was to search for genetic 

variants in the C-terminus of the reductase domain of eNOS encoded by exons 25 and 26 in 

patients with angiographically documented CAD and PAD. In addition, the noncoding mRNA 

(3´-UTR) of exon 26, shown to have a significant role in eNOS posttranscriptional regulation, 

was evaluated for sequence variations. 

Allelic variations were assessed by means of direct sequencing. A novel synonymous 

(G3617C) variant in exon 25 was found in one patient. Furthermore, a novel variant 

(G3911A) leading to a substitution of adenosine (A) for guanosine (G) in the noncoding 

mRNA 6 bp from the stop codon of exon 26 was discovered in one other patient, figure 8. 

 

Figure 8. Novel G3911A variant localized in the noncoding region (3´-UTR) of exon 26 of 

the eNOS gene. Reproduced from Fig. 3 of Král et al, manuscript submitted 

 

 
 

 

Discussion 

The C-terminal part of the reductase domain of eNOS is crucial for proper enzyme function. It 

slows the rate of reduction equivalent transfer to the catalytic domain of the protein (Roman et 

al, 2000 a, b; Jáchymová et al., 2005), and thus enables tight electron coupling with 

suppression of superoxide production (Raman et al., 1999).  Therefore, we hypothesized that 

polymorphisms or mutations in the C-terminal part of eNOS could profoundly affect enzyme 
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function through a change in the rate of electron flow and coupling, and thus play a role in the 

pathogenesis of endothelial dysfunction and atherosclerosis. The genomic analysis of exons 

25 and 26 of the eNOS gene, however, demonstrated minimal genetic variation in our patient 

population. No amino acid-altering variants in exons 25 and 26 were detected, nevertheless, a 

novel variant in the noncoding region-3´-UTR of exon 26 was found. As outlined previously, 

posttranscriptional regulation of eNOS mRNA stability is an important component of the 

immensely complex system of eNOS regulation. Under unstimulated conditions, eNOS 

mRNA is highly stable due to multiple 3´-UTR cis-mRNA elements that form stabilizing 

RNP complexes (Wang and Wang, 2000; Ho et al., 2013). A range of mediators involved in 

atherogenesis, such as tumor TNF-α, have been shown to decrease eNOS mRNA stability via 

modulation of RNP binding to the 3´-UTR of eNOS (Tai et al., 2004). Given the significance 

of the 3´-UTR in eNOS posttranscriptional regulation, it is plausible that genetic variants in 

the 3´-UTR could alter the binding affinity of trans-acting elements, and thereby influence 

eNOS mRNA stability (Wang and Wang, 2000). Thus, our finding of a novel genetic variant 

in the 3´-UTR of the human eNOS gene warrants further investigation of its possible impact 

on eNOS posttranscriptional regulation. 
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7.  CONCLUSIONS  AND  FUTURE  

PERSPECTIVES 
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Endothelial dysfunction is one of the key steps in atherosclerosis initiation and 

progression, but to date, the genetic factors contributing to endothelial dysfunction and 

atherosclerosis development are poorly characterized. The eNOS and HO-1 are enzymes 

crucial for vascular homeostasis, thus, alterations in their regulation and function are involved 

in atherogenesis (Ignarro and Napoli, 2004; Abraham and Kappas, 2008; Forstermann and 

Sessa, 2012; Araujo et al., 2012). Principally, endothelial dysfunction and atherosclerosis are 

characterized by decreased NO bioavailability (Yang and Ming, 2006; Li and Forstermann, 

2013). ENOS uncoupling, a phenomenon with multifactorial genesis, is one of the chief 

mechanisms leading to decreased NO bioavailability in the vasculature (Li and Forstermann, 

2013). According to current evidence, HO-1 up-regulation during the course of the 

atherosclerotic disease represents one of the key mechanisms acting to restore NO 

bioavailability and vascular homeostasis (Abraham and Kappas, 2008; Araujo et al., 2012). 

Numerous genetic association studies have evaluated the relationship of several 

common eNOS polymorphisms to the risk of endothelial dysfunction and atherosclerosis 

development, in part, with conflicting results (Li et al., 2010; Liu et al., 2013; Yao et al., 

2013). The eNOS G894T (Glu298Asp) polymorphism has been linked to increased risk of 

atherosclerosis in multiple studies (Gardemann et al., 2002; Colombo et al., 2003; Li et al., 

2010). Notably, the decreased eNOS Asp variant activity is not related to decreased cellular 

eNOS levels, consistent with the notion that intimate spatial and temporal regulation is 

required for proper eNOS function in endothelial cells (Joshi et al., 2007). Similarly, the  

HO-1 (GT)n promoter polymorphism, shown to profoundly influence HO-1 expression, and 

hence enzymatic activity, has been linked to increased risk of atherosclerosis in many studies 

(Abraham and Kappas, 2008; Araujo et al., 2012).  However, very limited data are available 

on the impact of these eNOS and HO-1 polymorphisms on the extent and characteristics/risk 

profile of coronary artery atherosclerotic disease (Colombo et al., 2002; Liang et al., 2013). 

Moreover, reports assessing the influence of eNOS and HO-1 gene variants on the 

progression of coronary artery atherosclerosis are completely lacking.  Furthermore, little 

attention has been devoted to the search for variations in exons 25 and 26, encoding the C-

terminal part of the eNOS reductase domain, shown to be crucial for proper enzyme function 

(Roman et al., 2000 a, b; Jáchymová et al., 2005) and the 3´-UTR, demonstrated to have a key 

role in eNOS mRNA stability (Wang and Wang, 2000; Ho et al., 2013). 

We thus sought to evaluate the genetic determinants of endothelial dysfunction and 

atherosclerosis by assessing the impact of common eNOS and HO-1 polymorphisms on 

coronary artery disease severity and risk profile assessed comprehensively by means of CAG, 
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IVUS and IVUS-VH, and their evolution during hypolipidaemic treatment. In addition, we 

searched for sequence variations in exons 25 and 26 of the eNOS gene, encoding the C-

terminus of eNOS and the 3´-UTR. 

We did not observe an association of the eNOS G894T polymorphism with the extent 

and risk profile of coronary atherosclerosis characterized in detail by a broad spectrum of 

parameters derived from CAG and IVUS. Nevertheless, we observed an association of this 

eNOS variant with plaque composition changes during hypolipidaemic statin-based therapy. 

Statins have been shown to increase eNOS activity through several mechanisms. These 

actions include an up-regulation of eNOS expression by counteracting the inhibitory effects of 

ox-LDLs and via a TGF-ß1 dependent pathway (Blum et al., 2009; Vecerova et al., 2012). In 

addition, statins increase eNOS mRNA stability and enzyme activity through inhibition of the 

Rho-Rho kinase pathway (Blum et al., 2009). Further beneficial actions of statins on 

posttranslational eNOS regulation are exerted through the activation of the PI3K-Akt pathway 

leading to increased binding affinity of eNOS for calmodulin, while concurrently reducing the 

levels of the inhibitory Cav-1 (Kureishi et al., 2000; Blum et al., 2009; Balakumar et al., 

2012). We hypothesize that effects of statins on posttranslational eNOS regulation, namely 

eNOS protein caveolar association and other protein-protein interactions, may be more 

pronounced in the wild-type eNOS carriers, thus possibly leading to the restoration of 

adequate eNOS activity contributing to the favorable plaque composition changes we have 

observed in these individuals. Further investigations on this relationship are certainly 

warranted. 

Our study demonstrated no amino-acid altering variants in the C-terminal part of 

eNOS in patients with atherosclerosis, a finding that may reflect the pivotal significance of the 

C-terminus for proper eNOS function, when any changes in sequence would be too 

deleterious. Given the significance of the 3´-UTR for the regulation of eNOS mRNA stability, 

our finding of a novel genetic variant in the 3´-UTR of the human eNOS gene warrants 

further investigation of its possible impact on eNOS posttranscriptional regulation. 

According to our findings, the risk HO-1 promoter polymorphism (L/L) correlates 

with greater coronary artery atherosclerotic burden and high-risk coronary plaque features, 

such as more prominent plaques, larger necrotic core proportion and a higher prevalence of 

the TCFA type of plaque. Other researchers have demonstrated that the protective HO-1 

promoter genotypes exhibit higher HO-1 expression under conditions of high oxidative stress, 

such as endothelial dysfunction and atherosclerosis (Morita 2005; Chen et al. 2012). 

Therefore, the observed greater disease burden and higher risk profile of CAD in HO-1 risk 
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variant carriers is attributable to insufficient HO-1 activity resulting in persistent oxidative 

stress and inflammation in the vascular wall.  On the other hand, the protective HO-1 variant 

did not prevent negative plaque composition changes during statin therapy in our patients, 

suggesting that adequate HO-1 activity may be overwhelmed in atherosclerosis and thus fail 

to impede the progression of atherosclerotic lesions. We conclude that impaired induction of 

HO-1 expression in HO-1 risk promoter variant carriers is responsible for the development of 

more advanced coronary atherosclerosis with higher risk plaques we have observed in our 

patients.   

To the best of our knowledge, no study to date has evaluated the relationship of eNOS 

and HO-1 genetic variants to coronary atherosclerosis characterized in such a thorough 

manner and larger-scale studies are warranted to confirm and possibly further extend our 

findings. Our results significantly contribute to the recognition of the genetic background of 

endothelial dysfunction and atherosclerosis and the elucidation of possible causes of variable 

vascular responses to hypolipidaemic therapy. In light of our results, HO-1 promoter 

polymorphism assessment in individuals with suspected coronary artery disease seems 

desirable, given the unequivocally higher risk of the L/L variant carriers characterized by 

greater disease burden and high-risk coronary artery plaque features. Thus, we suggest to 

incorporate the assessment of the HO-1 (GT)n promoter polymorphism into the spectrum of 

noninvasive tests utilized for coronary artery disease severity and risk profile prediction. 

Larger-scale studies focusing specifically on eNOS Glu298Asp polymorphism interaction 

with coronary artery plaque characteristics and composition changes during statin treatment 

are essential, given our interesting preliminary findings.  

Nevertheless, atherosclerotic endothelial dysfunction is certainly only in part 

attributable to variations in the eNOS gene, as an immense number of interactions and 

regulatory mechanisms converge to fine-tune eNOS function, ensuring tailored NO 

production. Furthermore, functional DNA variants may be modified by numerous 

environmental factors, such as cigarette smoking (Wang et al., 1996). Exogenous NO supply, 

used to date (e.g., nitrates), in no way resembles the prompt regulation of eNOS activity in 

response to specific stimuli in distinct cell types and subcellular compartments. The very 

complex molecular regulation of eNOS appears essential for coordinate signaling of an 

effector, whose actions are critically dose and localization dependent. Thus, the desired 

strategy would be one that restores endogenous eNOS-derived NO production in situ 

(Balligand et al., 2009). Some currently used drugs improve endothelial function through 

multiple beneficial actions on eNOS, including increased enzyme abundance and activity. 

http://slovnik.seznam.cz/en-cz/?q=unequivocally
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These include drugs affecting the renin–angiotensin–aldosterone system (RAAS), statins, 

calcium channel blockers, thiazolidinediones, and certain beta blockers (e.g., nebivolol, 

carvedilol) (Forstermann and Sessa, 2012; Seals et al., 2014). 

Further advances in the understanding of the molecular biology of eNOS uncoupling 

and decreased NO bioavailability will help to identify potential novel therapeutic approaches 

aimed at specific signaling pathways (Kietadisorn et al., 2012). Future pharmacological 

strategies may aim to restore proper enzyme activation, e.g., through modulation of Cav-1 

activity, or restore eNOS catalytic activity by replenishing substrate and cofactor supply, 

inducing proper protein conformation, phosphorylation state, and interaction with Hsp90. 

Alternatively, upstream signaling elements such as VEGF receptor 2 (VEGFR2) and specific 

PI3K/Akt isoforms, may represent potential therapeutic targets (Balligand et al., 2009).  

A further promising strategy striving to preserve or restore proper eNOS function despite an 

unfavorable local redox environment aims at targeting specific redox-sensitive cysteine thiols 

in the reductase domain involved in S-glutathionylation-induced eNOS uncoupling (Chen  

et al., 2010; Maron and Michel, 2012). In addition, eNOS transcription enhancers (AVE9488 

and AVE3085) show promising preclinical data, leading to enhanced eNOS activity and 

vasoprotective actions in experimental animals (Kietadisorn et al., 2012). 

Currently, up-regulation of HO-1 is perceived as a protective mechanism 

counteracting endothelial dysfunction and atherosclerosis in humans. However, further 

investigations of patients with HO-1 deficiency and patients with insufficient expression of 

HO-1 in response to risk factors of atherosclerosis, such as HO-1 L/L genotype carriers are 

required. Measurement of HO-1 protein levels and HO-1 activity in the plasma and at the 

cellular level in individuals with different HO-1 genotypes will be necessary, as oxidative 

stress may elicit different degrees of HO-1 response in various cell types (Morita, 2005). 

Correlation of the HO-1 genotype with tissue and cellular HO-1 activity in response to 

oxidative stress is certainly an area warranting future research. 

Given the role currently attributed of HO-1 in atheroprotection and restoration of NO 

bioavailability, HO-1 induction or the delivery of the end products of heme degradation 

represent promising therapeutic approaches. Specific pharmacological interventions under 

development include induction of HO-1 expression with targeted gene delivery or drugs such 

as heme arginate, administration of CO by inhalation or use of CO releasing molecules 

(CORM), and administration of biliverdin/bilirubin or inhibitors of bilirubin conjugation, 

resulting in increased unconjugated bilirubin levels (Morita, 2005; Abraham and Kappas, 

2008; Araujo et al., 2012). Current observations indicate that the protective effects of HO-1 
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may differ according to the protein level and the specific site of expression. However, 

contemporary HO-1 inducers and HO-1 gene delivery techniques do not produce an organ-

specific overexpression of HO-1. Thus, the key for future therapeutic applications of HO-1 

modulation lies in proper targeting of enhanced HO-1 expression at a specific site, e.g., the 

vascular wall, to enable maximal cytoprotection at the site of the atherosclerotic lesion with 

minimal adverse effects (Morita, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 101 

 

 

8.  SUMMARY OF PUBLICATION ACTIVITY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 102 

8.1.  Papers related to PhD thesis 

 

Kral, A., T. Kovarnik, L. Kralik, H. Skalicka, J. Horak, G.S. Mintz, J. Uhrova, M. Sonka, A. 

Wahle, R. Downe, M. Aschermann, P. Martasek, and A. Linhart. 2011. Genetic 

variants in haem oxygenase-1 and endothelial nitric oxide synthase influence the 

extent and evolution of coronary artery atherosclerosis. Folia Biologica. 57:182-190. 

(IF = 1,15) 

 

Kovarnik, T., A. Kral, H. Skalicka, G.S. Mintz, L. Kralik, M. Chval, J. Horak, L. Skalicka, 

M. Sonka, A. Wahle, R.W. Downe, J. Uhrova, H. Benakova, L. Cernohousova, P. 

Martasek, J. Belohlavek, M. Aschermann, and A. Linhart. 2013a. The prediction of 

coronary artery disease based on non-invasive examinations and heme oxygenase 1 

polymorphism versus virtual histology. The Journal of Invasive Cardiology. 25:32-37. 

(IF  = 1,56) 

 

Kral A, Linhart A, Martasek P. Genetic variants in the C-terminus of the endothelial nitric 

oxide synthase in patients with coronary artery and peripheral artery disease. 

(Manuscript in submission)  

 

8.2.  Original publications unrelated to the thesis  

 

Kralova, J., Z. Kejik, T. Briza, P. Pouckova, A. Kral, P. Martasek, and V. Kral. 2010. 

Porphyrin-cyclodextrin conjugates as a nanosystem for versatile drug delivery and 

multimodal cancer therapy. Journal of Medicinal Chemistry. 53:128-138.  

(IF  = 5,24; cited 46x) 

 

Kejik, Z., T. Briza, J. Kralova, P. Pouckova, A. Kral, P. Martasek, and V. Kral. 2011. 

Coordination conjugates of therapeutic proteins with drug carriers: a new approach for 

versatile advanced drug delivery. Bioorganic & Medicinal Chemistry Letters. 

21:5514-5520. (IF  = 2,55; cited 6x) 

 

Kovarnik, T., G.S. Mintz, H. Skalicka, A. Kral, J. Horak, R. Skulec, J. Uhrova, P. Martasek, 

R.W. Downe, A. Wahle, M. Sonka, V. Mrazek, M. Aschermann, and A. Linhart. 2012. 



 

 103 

Virtual histology evaluation of atherosclerosis regression during atorvastatin and 

ezetimibe administration: HEAVEN study. Circulation Journal. 76:176-183.  

(IF  = 3,76; cited 19x) 

 

Widimsky, P., F. Rohac, J. Stasek, P. Kala, R. Rokyta, B. Kuzmanov, M. Jakl, M. Poloczek, 

J. Kanovsky, I. Bernat, O. Hlinomaz, J. Belohlavek, A. Kral, V. Mrazek, V. Grigorov, 

S. Djambazov, R. Petr, J. Knot, D. Bilkova, M. Fischerova, K. Vondrak, M. Maly, and 

A. Lorencova. 2012. Primary angioplasty in acute myocardial infarction with right 

bundle branch block: should new onset right bundle branch block be added to future 

guidelines as an indication for reperfusion therapy? European Heart Journal. 33:86-

95. (IF = 10,47; cited 14x) 

 

Jachymova, M., A. Muravska, T. Palecek, P. Kuchynka, H. Rehakova, S. Magage, A. Kral, 

T. Zima, K. Horky, and A. Linhart. 2012. Genetic variation screening of TNNT2 gene 

in a cohort of patients with hypertrophic and dilated cardiomyopathy. Physiological 

Research. 61:169-175. (IF = 1,56; cited 1x) 

 

Kovarnik, T., A. Kral, H. Skalicka, L. Skalicka, O. Dostal, L. Kralik, P. Martasek, M. 

Aschermann, J. Horak, A. Linhart, A. Wahle, and M. Sonka. 2013. Prediction of 

coronary vessel involvement on the basis of atherosclerosis risk factor analysis. 

Bratislavske Lekarske Listy. 114:413-417. (IF = 0,34) 

 

 

8.3. Citations of papers related to PhD thesis (WoS) 

 

Genetic Variants in Haem Oxygenase-1 and Endothelial Nitric Oxide Synthase Influence 

the Extent and Evolution of Coronary Artery Atherosclerosis  

Kral, A; Kovarnik, T; Kralik, L; Skalicka, H; Horak, J; Mintz, GS; Uhrova, J; Sonka, M; 

Wahle, A; Downe, R; Ascherrnann, M; Martasek, P; Linhart, A. 

FOLIA BIOLOGICA Volume: 57 Issue: 5 Pages: 182-190 Published: 2011  

 

Times Cited (5): 

 

http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kral,%20A
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kovarnik,%20T&ut=12285382&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kralik,%20L
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Skalicka,%20H
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Horak,%20J&ut=11969498&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Mintz,%20GS
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Uhrova,%20J&cacheurlFromRightClick=no
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Sonka,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Wahle,%20A
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Downe,%20R
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Ascherrnann,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Martasek,%20P&ut=13183206&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Linhart,%20A
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Linhart,%20A


 

 104 

1. Association Between Heme Oxygenase 1 Gene Promoter Polymorphisms and 

Susceptibility to Coronary Artery Disease: A HuGE Review and Meta-Analysis  

By: Qiao, Huaiyu; Sai, Xiaoyong; Gai, Luyue; et al. 

AMERICAN JOURNAL OF EPIDEMIOLOGY  Volume: 179   Issue: 9   Pages: 1039-1048 

Published: MAY 1 2014  

 

2. Stress Perception and (GT)n Repeat Polymorphism in Haem Oxygenase 1 Promoter Are 

Both Risk Factors in Development of Eating Disorders  

By: Slachtova, L.; Kaminska, D.; Chval, M.; et al. 

FOLIA BIOLOGICA  Volume: 59   Issue: 6   Pages: 233-239   Published: 2013  

  

3. Review of the Cost Effectiveness of Pharmacogenetic-Guided Treatment of 

Hypercholesterolaemia  

By: Sorich, Michael J.; Wiese, Michael D.; O'Shea, Rebekah L.; et al. 

PHARMACOECONOMICS  Volume: 31   Issue: 5   Pages: 377-391   Published: 2013  

 

4. The Prediction of Coronary Artery Disease Based on Non-Invasive Examinations and 

Heme Oxygenase 1 Polymorphism Versus Virtual Histology  

By: Kovarnik, Tomas; Kral, Ales; Skalicka, Hana; et al. 

JOURNAL OF INVASIVE CARDIOLOGY  Volume: 25   Issue: 1   Pages: 32-37  Published: 

JAN 2013  

 

5. Microsatellite Polymorphism in Haem Oxygenase 1 Gene Promoter in Multiple Sclerosis  

By: Zbornikova, P.; Kralik, L.; Lelkova, P.; et al. 

FOLIA BIOLOGICA  Volume: 58   Issue: 2   Pages: 69-74   Published: 2012  

  

 

The Prediction of Coronary Artery Disease Based on Non-Invasive Examinations and 

Heme Oxygenase 1 Polymorphism Versus Virtual Histology  

Kovarnik, T; Kral, A; Skalicka, H; Mintz, GS; Kralik, L; Chval, M; Horak, J; Skalicka, L; 

Sonka, M; Wahle, A; Downe, RW; Uhrova, J; Benakova, H; Cernohousova, L; Martasek, P; 

Belohlavek, J; Aschermann, M; Linhart, A  

JOURNAL OF INVASIVE CARDIOLOGY Volume: 25 Issue: 1 Pages: 32-37  

Published: JAN 2013  

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=1
javascript:;
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=2
javascript:;
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=3
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=3
javascript:;
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=4
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=4
javascript:;
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=3&SID=N1vffsfQSckBmfi42MV&page=1&doc=5
javascript:;
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kovarnik,%20T&ut=12285382&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kral,%20A
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Skalicka,%20H
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Mintz,%20GS
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Kralik,%20L
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Chval,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Horak,%20J&ut=11969498&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Skalicka,%20L
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Sonka,%20M
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Wahle,%20A
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Downe,%20RW
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Uhrova,%20J
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Benakova,%20H
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Cernohousova,%20L
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Martasek,%20P&ut=13183206&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&SID=N1vffsfQSckBmfi42MV&field=AU&value=Belohlavek,%20J
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Aschermann,%20M&ut=10254946&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=N1vffsfQSckBmfi42MV&field=AU&value=Linhart,%20A&ut=7841993&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage


 

 105 

 

Times Cited (1): 

Association Between Heme Oxygenase 1 Gene Promoter Polymorphisms and Susceptibility 

to Coronary Artery Disease: A HuGE Review and Meta-Analysis  

By: Qiao, Huaiyu; Sai, Xiaoyong; Gai, Luyue; et al. 

AMERICAN JOURNAL OF EPIDEMIOLOGY  Volume: 179   Issue: 9   Pages: 1039-1048 

Published: MAY 1 2014  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=6&SID=N1vffsfQSckBmfi42MV&page=1&doc=1&cacheurlFromRightClick=no
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitingArticles&qid=6&SID=N1vffsfQSckBmfi42MV&page=1&doc=1&cacheurlFromRightClick=no
javascript:;


 

 106 

 

 

 

 

9. REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 107 

Abdel-Wahab, M., A.A. Khattab, B. Liska, R. Toelg, W. El-Hammady, N. Farag, V. Geist, A. 

Ramzy, and G. Richardt. 2008. Relationship between cardiovascular risk as predicted 

by established risk scores and coronary artery plaque composition as detected by 

virtual histology intravascular ultrasound analysis: the PREDICT pilot study. 

EuroIntervention : journal of EuroPCR in collaboration with the Working Group on 

Interventional Cardiology of the European Society of Cardiology. 3:482-489. 

Abraham, N.G., and A. Kappas. 2005. Heme oxygenase and the cardiovascular-renal system. 

Free radical biology & medicine. 39:1-25. 

Abraham, N.G., and A. Kappas. 2008. Pharmacological and clinical aspects of heme 

oxygenase. Pharmacological reviews. 60:79-127. 

Alam, J., and J.L. Cook. 2003. Transcriptional regulation of the heme oxygenase-1 gene via 

the stress response element pathway. Current pharmaceutical design. 9:2499-2511. 

Alam, J., and Z. Den. 1992. Distal AP-1 binding sites mediate basal level enhancement and 

TPA induction of the mouse heme oxygenase-1 gene. The Journal of biological 

chemistry. 267:21894-21900. 

Ali, F., M. Zakkar, K. Karu, E.A. Lidington, S.S. Hamdulay, J.J. Boyle, M. Zloh, A. Bauer, 

D.O. Haskard, P.C. Evans, and J.C. Mason. 2009. Induction of the cytoprotective 

enzyme heme oxygenase-1 by statins is enhanced in vascular endothelium exposed to 

laminar shear stress and impaired by disturbed flow. The Journal of biological 

chemistry. 284:18882-18892. 

Alp, N.J., M.A. McAteer, J. Khoo, R.P. Choudhury, and K.M. Channon. 2004. Increased 

endothelial tetrahydrobiopterin synthesis by targeted transgenic GTP-cyclohydrolase I 

overexpression reduces endothelial dysfunction and atherosclerosis in ApoE-knockout 

mice. Arteriosclerosis, thrombosis, and vascular biology. 24:445-450. 

Amit, Y., and A. Boneh. 1993. Bilirubin inhibits protein kinase C activity and protein kinase 

C-mediated phosphorylation of endogenous substrates in human skin fibroblasts. 

Clinica chimica acta; international journal of clinical chemistry. 223:103-111. 

Antoniades, C., C. Shirodaria, P. Leeson, A. Antonopoulos, N. Warrick, T. Van-Assche, C. 

Cunnington, D. Tousoulis, R. Pillai, C. Ratnatunga, C. Stefanadis, and K.M. Channon. 

2009. Association of plasma asymmetrical dimethylarginine (ADMA) with elevated 

vascular superoxide production and endothelial nitric oxide synthase uncoupling: 

implications for endothelial function in human atherosclerosis. European heart 

journal. 30:1142-1150. 



 

 108 

Araujo, J.A., M. Zhang, and F. Yin. 2012. Heme oxygenase-1, oxidation, inflammation, and 

atherosclerosis. Frontiers in pharmacology. 3:119. 

Arndt, H., C.W. Smith, and D.N. Granger. 1993. Leukocyte-endothelial cell adhesion in 

spontaneously hypertensive and normotensive rats. Hypertension. 21:667-673. 

Balakumar, P., S. Kathuria, G. Taneja, S. Kalra, and N. Mahadevan. 2012. Is targeting eNOS 

a key mechanistic insight of cardiovascular defensive potentials of statins? Journal of 

molecular and cellular cardiology. 52:83-92. 

Balligand, J.L. 2002. Heat shock protein 90 in endothelial nitric oxide synthase signaling: 

following the lead(er)? Circulation research. 90:838-841. 

Balligand, J.L., O. Feron, and C. Dessy. 2009. eNOS activation by physical forces: from 

short-term regulation of contraction to chronic remodeling of cardiovascular tissues. 

Physiological reviews. 89:481-534. 

Belcaro, G., A.N. Nicolaides, G. Laurora, M.R. Cesarone, M. De Sanctis, L. Incandela, and 

A. Barsotti. 1996. Ultrasound morphology classification of the arterial wall and 

cardiovascular events in a 6-year follow-up study. Arteriosclerosis, thrombosis, and 

vascular biology. 16:851-856. 

Belhassen, L., O. Feron, D.M. Kaye, T. Michel, and R.A. Kelly. 1997. Regulation by cAMP 

of post-translational processing and subcellular targeting of endothelial nitric-oxide 

synthase (type 3) in cardiac myocytes. The Journal of biological chemistry. 

272:11198-11204. 

Beltowski, J., A. Jamroz, and E. Borkowska. 2004. [Heme oxygenase and carbon monoxide in 

the physiology and pathology of the cardiovascular system]. Postepy higieny i 

medycyny doswiadczalnej. 58:83-99. 

Berkowitz, D.E., R. White, D. Li, K.M. Minhas, A. Cernetich, S. Kim, S. Burke, A.A. 

Shoukas, D. Nyhan, H.C. Champion, and J.M. Hare. 2003. Arginase reciprocally 

regulates nitric oxide synthase activity and contributes to endothelial dysfunction in 

aging blood vessels. Circulation. 108:2000-2006. 

Billecke, S.S., A.T. Bender, K.C. Kanelakis, P.J. Murphy, E.R. Lowe, Y. Kamada, W.B. 

Pratt, and Y. Osawa. 2002. hsp90 is required for heme binding and activation of apo-

neuronal nitric-oxide synthase: geldanamycin-mediated oxidant generation is 

unrelated to any action of hsp90. The Journal of biological chemistry. 277:20504-

20509. 



 

 109 

Bluestein, D., Y. Alemu, I. Avrahami, M. Gharib, K. Dumont, J.J. Ricotta, and S. Einav. 

2008. Influence of microcalcifications on vulnerable plaque mechanics using FSI 

modeling. Journal of biomechanics. 41:1111-1118. 

Blum, A., and R. Shamburek. 2009. The pleiotropic effects of statins on endothelial function, 

vascular inflammation, immunomodulation and thrombogenesis. Atherosclerosis. 

203:325-330. 

Boger, R.H., and E.S. Ron. 2005. L-Arginine improves vascular function by overcoming 

deleterious effects of ADMA, a novel cardiovascular risk factor. Alternative medicine 

review : a journal of clinical therapeutic. 10:14-23. 

Boger, R.H., K. Sydow, J. Borlak, T. Thum, H. Lenzen, B. Schubert, D. Tsikas, and S.M. 

Bode-Boger. 2000. LDL cholesterol upregulates synthesis of asymmetrical 

dimethylarginine in human endothelial cells: involvement of S-adenosylmethionine-

dependent methyltransferases. Circulation research. 87:99-105. 

Bombeli, T., B.R. Schwartz, and J.M. Harlan. 1998. Adhesion of activated platelets to 

endothelial cells: evidence for a GPIIbIIIa-dependent bridging mechanism and novel 

roles for endothelial intercellular adhesion molecule 1 (ICAM-1), alphavbeta3 

integrin, and GPIbalpha. The Journal of experimental medicine. 187:329-339. 

Bryan, N.S., T. Rassaf, R.E. Maloney, C.M. Rodriguez, F. Saijo, J.R. Rodriguez, and M. 

Feelisch. 2004. Cellular targets and mechanisms of nitros(yl)ation: an insight into their 

nature and kinetics in vivo. Proceedings of the National Academy of Sciences of the 

United States of America. 101:4308-4313. 

Bryk, R., P. Griffin, and C. Nathan. 2000. Peroxynitrite reductase activity of bacterial 

peroxiredoxins. Nature. 407:211-215. 

Bugiardini, R., O. Manfrini, C. Pizzi, F. Fontana, and G. Morgagni. 2004. Endothelial 

function predicts future development of coronary artery disease: a study of women 

with chest pain and normal coronary angiograms. Circulation. 109:2518-2523. 

Cai, H., J.S. McNally, M. Weber, and D.G. Harrison. 2004. Oscillatory shear stress 

upregulation of endothelial nitric oxide synthase requires intracellular hydrogen 

peroxide and CaMKII. Journal of molecular and cellular cardiology. 37:121-125. 

Cai, S., J. Khoo, and K.M. Channon. 2005. Augmented BH4 by gene transfer restores nitric 

oxide synthase function in hyperglycemic human endothelial cells. Cardiovascular 

research. 65:823-831. 

Cau, S.B., F.S. Carneiro, and R.C. Tostes. 2012. Differential modulation of nitric oxide 

synthases in aging: therapeutic opportunities. Frontiers in physiology. 3:218. 



 

 110 

Cayatte, A.J., J.J. Palacino, K. Horten, and R.A. Cohen. 1994. Chronic inhibition of nitric 

oxide production accelerates neointima formation and impairs endothelial function in 

hypercholesterolemic rabbits. Arteriosclerosis and thrombosis : a journal of vascular 

biology / American Heart Association. 14:753-759. 

Clark, J.E., R. Foresti, P. Sarathchandra, H. Kaur, C.J. Green, and R. Motterlini. 2000. Heme 

oxygenase-1-derived bilirubin ameliorates postischemic myocardial dysfunction. 

American journal of physiology. Heart and circulatory physiology. 278:H643-651. 

Colombo, M.G., M.G. Andreassi, U. Paradossi, N. Botto, S. Manfredi, S. Masetti, G. Rossi, 

A. Clerico, and A. Biagini. 2002. Evidence for association of a common variant of the 

endothelial nitric oxide synthase gene (Glu298-->Asp polymorphism) to the presence, 

extent, and severity of coronary artery disease. Heart. 87:525-528. 

Colombo, M.G., U. Paradossi, M.G. Andreassi, N. Botto, S. Manfredi, S. Masetti, A. Biagini, 

and A. Clerico. 2003. Endothelial nitric oxide synthase gene polymorphisms and risk 

of coronary artery disease. Clinical chemistry. 49:389-395. 

Cook, S. 2006. Coronary artery disease, nitric oxide and oxidative stress: the "Yin-Yang" 

effect--a Chinese concept for a worldwide pandemic. Swiss medical weekly. 136:103-

113. 

Cooke, J.P., and V.J. Dzau. 1997. Nitric oxide synthase: role in the genesis of vascular 

disease. Annual review of medicine. 48:489-509. 

Cosentino, F., S. Patton, L.V. d'Uscio, E.R. Werner, G. Werner-Felmayer, P. Moreau, T. 

Malinski, and T.F. Luscher. 1998. Tetrahydrobiopterin alters superoxide and nitric 

oxide release in prehypertensive rats. The Journal of clinical investigation. 101:1530-

1537. 

d'Uscio, L.V., T.A. Baker, C.B. Mantilla, L. Smith, D. Weiler, G.C. Sieck, and Z.S. Katusic. 

2001. Mechanism of endothelial dysfunction in apolipoprotein E-deficient mice. 

Arteriosclerosis, thrombosis, and vascular biology. 21:1017-1022. 

Davignon, J., and P. Ganz. 2004. Role of endothelial dysfunction in atherosclerosis. 

Circulation. 109:III27-32. 

Dayoub, H., V. Achan, S. Adimoolam, J. Jacobi, M.C. Stuehlinger, B.Y. Wang, P.S. Tsao, M. 

Kimoto, P. Vallance, A.J. Patterson, and J.P. Cooke. 2003. Dimethylarginine 

dimethylaminohydrolase regulates nitric oxide synthesis: genetic and physiological 

evidence. Circulation. 108:3042-3047. 

De Keulenaer, G.W., D.C. Chappell, N. Ishizaka, R.M. Nerem, R.W. Alexander, and K.K. 

Griendling. 1998. Oscillatory and steady laminar shear stress differentially affect 



 

 111 

human endothelial redox state: role of a superoxide-producing NADH oxidase. 

Circulation research. 82:1094-1101. 

Dedio, J., P. Konig, P. Wohlfart, C. Schroeder, W. Kummer, and W. Muller-Esterl. 2001. 

NOSIP, a novel modulator of endothelial nitric oxide synthase activity. FASEB 

journal : official publication of the Federation of American Societies for Experimental 

Biology. 15:79-89. 

Drummond, G.R., S. Selemidis, K.K. Griendling, and C.G. Sobey. 2011. Combating oxidative 

stress in vascular disease: NADPH oxidases as therapeutic targets. Nature reviews. 

Drug discovery. 10:453-471. 

Du, X.L., D. Edelstein, S. Dimmeler, Q. Ju, C. Sui, and M. Brownlee. 2001. Hyperglycemia 

inhibits endothelial nitric oxide synthase activity by posttranslational modification at 

the Akt site. The Journal of clinical investigation. 108:1341-1348. 

Dulak, J., A. Loboda, A. Jazwa, A. Zagorska, J. Dorler, H. Alber, W. Dichtl, F. Weidinger, 

M. Frick, and A. Jozkowicz. 2005. Atorvastatin affects several angiogenic mediators 

in human endothelial cells. Endothelium : journal of endothelial cell research. 12:233-

241. 

Erwin, P.A., D.A. Mitchell, J. Sartoretto, M.A. Marletta, and T. Michel. 2006. Subcellular 

targeting and differential S-nitrosylation of endothelial nitric-oxide synthase. The 

Journal of biological chemistry. 281:151-157. 

Eto, M., C. Barandier, L. Rathgeb, T. Kozai, H. Joch, Z. Yang, and T.F. Luscher. 2001. 

Thrombin suppresses endothelial nitric oxide synthase and upregulates endothelin-

converting enzyme-1 expression by distinct pathways: role of Rho/ROCK and 

mitogen-activated protein kinase. Circulation research. 89:583-590. 

Evangelista, A.M., A.M. Deschamps, D. Liu, N. Raghavachari, and E. Murphy. 2013. miR-

222 contributes to sex-dimorphic cardiac eNOS expression via ets-1. Physiological 

genomics. 45:493-498. 

Exner, M., E. Minar, O. Wagner, and M. Schillinger. 2004. The role of heme oxygenase-1 

promoter polymorphisms in human disease. Free radical biology & medicine. 

37:1097-1104. 

Exner, M., M. Schillinger, E. Minar, W. Mlekusch, G. Schlerka, M. Haumer, C. Mannhalter, 

and O. Wagner. 2001. Heme oxygenase-1 gene promoter microsatellite polymorphism 

is associated with restenosis after percutaneous transluminal angioplasty. Journal of 

endovascular therapy : an official journal of the International Society of Endovascular 

Specialists. 8:433-440. 



 

 112 

Fairchild, T.A., D. Fulton, J.T. Fontana, J.P. Gratton, T.J. McCabe, and W.C. Sessa. 2001. 

Acidic hydrolysis as a mechanism for the cleavage of the Glu(298)-->Asp variant of 

human endothelial nitric-oxide synthase. The Journal of biological chemistry. 

276:26674-26679. 

Feil, R., S.M. Lohmann, H. de Jonge, U. Walter, and F. Hofmann. 2003. Cyclic GMP-

dependent protein kinases and the cardiovascular system: insights from genetically 

modified mice. Circulation research. 93:907-916. 

Feron, O., L. Belhassen, L. Kobzik, T.W. Smith, R.A. Kelly, and T. Michel. 1996. 

Endothelial nitric oxide synthase targeting to caveolae. Specific interactions with 

caveolin isoforms in cardiac myocytes and endothelial cells. The Journal of biological 

chemistry. 271:22810-22814. 

Feron, O., F. Saldana, J.B. Michel, and T. Michel. 1998. The endothelial nitric-oxide 

synthase-caveolin regulatory cycle. The Journal of biological chemistry. 273:3125-

3128. 

Ferris, C.D., S.R. Jaffrey, A. Sawa, M. Takahashi, S.D. Brady, R.K. Barrow, S.A. Tysoe, H. 

Wolosker, D.E. Baranano, S. Dore, K.D. Poss, and S.H. Snyder. 1999. Haem 

oxygenase-1 prevents cell death by regulating cellular iron. Nature cell biology. 1:152-

157. 

Fleming, I. 2010. Molecular mechanisms underlying the activation of eNOS. Pflugers Archiv 

: European journal of physiology. 459:793-806. 

Fleming, I., B. Fisslthaler, S. Dimmeler, B.E. Kemp, and R. Busse. 2001. Phosphorylation of 

Thr(495) regulates Ca(2+)/calmodulin-dependent endothelial nitric oxide synthase 

activity. Circulation research. 88:E68-75. 

Forstermann, U. 2010. Nitric oxide and oxidative stress in vascular disease. Pflugers Archiv : 

European journal of physiology. 459:923-939. 

Forstermann, U., and W.C. Sessa. 2012. Nitric oxide synthases: regulation and function. 

European heart journal. 33:829-837, 837a-837d. 

Fujita, T., K. Toda, A. Karimova, S.F. Yan, Y. Naka, S.F. Yet, and D.J. Pinsky. 2001. 

Paradoxical rescue from ischemic lung injury by inhaled carbon monoxide driven by 

derepression of fibrinolysis. Nature medicine. 7:598-604. 

Fukuchi, M., and A. Giaid. 1999. Endothelial expression of endothelial nitric oxide synthase 

and endothelin-1 in human coronary artery disease. Specific reference to underlying 

lesion. Laboratory investigation; a journal of technical methods and pathology. 

79:659-670. 



 

 113 

Fulton, D., L. Ruan, S.G. Sood, C. Li, Q. Zhang, and R.C. Venema. 2008. Agonist-stimulated 

endothelial nitric oxide synthase activation and vascular relaxation. Role of eNOS 

phosphorylation at Tyr83. Circulation research. 102:497-504. 

Furchgott, R.F. 1999. Endothelium-derived relaxing factor: discovery, early studies, and 

identification as nitric oxide. Bioscience reports. 19:235-251. 

Furchgott, R.F., and D. Jothianandan. 1991. Endothelium-dependent and -independent 

vasodilation involving cyclic GMP: relaxation induced by nitric oxide, carbon 

monoxide and light. Blood vessels. 28:52-61. 

Garcia-Cardena, G., R. Fan, V. Shah, R. Sorrentino, G. Cirino, A. Papapetropoulos, and W.C. 

Sessa. 1998. Dynamic activation of endothelial nitric oxide synthase by Hsp90. 

Nature. 392:821-824. 

Garcia-Garcia, H.M., G.S. Mintz, A. Lerman, D.G. Vince, M.P. Margolis, G.A. van Es, M.A. 

Morel, A. Nair, R. Virmani, A.P. Burke, G.W. Stone, and P.W. Serruys. 2009. Tissue 

characterisation using intravascular radiofrequency data analysis: recommendations 

for acquisition, analysis, interpretation and reporting. EuroIntervention : journal of 

EuroPCR in collaboration with the Working Group on Interventional Cardiology of 

the European Society of Cardiology. 5:177-189. 

Gardemann, A., J. Lohre, S. Cayci, N. Katz, H. Tillmanns, and W. Haberbosch. 2002. The T 

allele of the missense Glu(298)Asp endothelial nitric oxide synthase gene 

polymorphism is associated with coronary heart disease in younger individuals with 

high atherosclerotic risk profile. Atherosclerosis. 160:167-175. 

Garg, U.C., and A. Hassid. 1989. Nitric oxide-generating vasodilators and 8-bromo-cyclic 

guanosine monophosphate inhibit mitogenesis and proliferation of cultured rat 

vascular smooth muscle cells. The Journal of clinical investigation. 83:1774-1777. 

Ghosh, S., R. Gachhui, C. Crooks, C. Wu, M.P. Lisanti, and D.J. Stuehr. 1998. Interaction 

between caveolin-1 and the reductase domain of endothelial nitric-oxide synthase. 

Consequences for catalysis. The Journal of biological chemistry. 273:22267-22271. 

Gimbrone, M.A., Jr., J.N. Topper, T. Nagel, K.R. Anderson, and G. Garcia-Cardena. 2000. 

Endothelial dysfunction, hemodynamic forces, and atherogenesis. Annals of the New 

York Academy of Sciences. 902:230-239; discussion 239-240. 

Gratton, J.P., M. Morales-Ruiz, Y. Kureishi, D. Fulton, K. Walsh, and W.C. Sessa. 2001. Akt 

down-regulation of p38 signaling provides a novel mechanism of vascular endothelial 

growth factor-mediated cytoprotection in endothelial cells. The Journal of biological 

chemistry. 276:30359-30365. 



 

 114 

Greif, D.M., R. Kou, and T. Michel. 2002. Site-specific dephosphorylation of endothelial 

nitric oxide synthase by protein phosphatase 2A: evidence for crosstalk between 

phosphorylation sites. Biochemistry. 41:15845-15853. 

Grumbach, I.M., W. Chen, S.A. Mertens, and D.G. Harrison. 2005. A negative feedback 

mechanism involving nitric oxide and nuclear factor kappa-B modulates endothelial 

nitric oxide synthase transcription. Journal of molecular and cellular cardiology. 

39:595-603. 

Hadi, H.A., C.S. Carr, and J. Al Suwaidi. 2005. Endothelial dysfunction: cardiovascular risk 

factors, therapy, and outcome. Vascular health and risk management. 1:183-198. 

Halcox, J.P., W.H. Schenke, G. Zalos, R. Mincemoyer, A. Prasad, M.A. Waclawiw, K.R. 

Nour, and A.A. Quyyumi. 2002. Prognostic value of coronary vascular endothelial 

dysfunction. Circulation. 106:653-658. 

Hangaishi, M., N. Ishizaka, T. Aizawa, Y. Kurihara, J. Taguchi, R. Nagai, S. Kimura, and M. 

Ohno. 2000. Induction of heme oxygenase-1 can act protectively against cardiac 

ischemia/reperfusion in vivo. Biochemical and biophysical research communications. 

279:582-588. 

Harmon, S., I. Inkielewicz-Stepniak, M. Jones, M. Ledwidge, M.J. Santos-Martinez, C. 

Medina, M.W. Radomski, and J.F. Gilmer. 2012. Mechanisms of aggregation 

inhibition by aspirin and nitrate-aspirin prodrugs in human platelets. The Journal of 

pharmacy and pharmacology. 64:77-89. 

Hayashi, S., Y. Omata, H. Sakamoto, Y. Higashimoto, T. Hara, Y. Sagara, and M. Noguchi. 

2004. Characterization of rat heme oxygenase-3 gene. Implication of processed 

pseudogenes derived from heme oxygenase-2 gene. Gene. 336:241-250. 

Hecker, M., W.C. Sessa, H.J. Harris, E.E. Anggard, and J.R. Vane. 1990. The metabolism of 

L-arginine and its significance for the biosynthesis of endothelium-derived relaxing 

factor: cultured endothelial cells recycle L-citrulline to L-arginine. Proceedings of the 

National Academy of Sciences of the United States of America. 87:8612-8616. 

Hein, T.W., C. Zhang, W. Wang, C.I. Chang, N. Thengchaisri, and L. Kuo. 2003. Ischemia-

reperfusion selectively impairs nitric oxide-mediated dilation in coronary arterioles: 

counteracting role of arginase. FASEB journal : official publication of the Federation 

of American Societies for Experimental Biology. 17:2328-2330. 

Henriksen, T., E.M. Mahoney, and D. Steinberg. 1981. Enhanced macrophage degradation of 

low density lipoprotein previously incubated with cultured endothelial cells: 



 

 115 

recognition by receptors for acetylated low density lipoproteins. Proceedings of the 

National Academy of Sciences of the United States of America. 78:6499-6503. 

Hingorani, A.D., C.F. Liang, J. Fatibene, A. Lyon, S. Monteith, A. Parsons, S. Haydock, R.V. 

Hopper, N.G. Stephens, K.M. O'Shaughnessy, and M.J. Brown. 1999. A common 

variant of the endothelial nitric oxide synthase (Glu298-->Asp) is a major risk factor 

for coronary artery disease in the UK. Circulation. 100:1515-1520. 

Ho, J.J., G.B. Robb, S.C. Tai, P.J. Turgeon, I.A. Mawji, H.S. Man, and P.A. Marsden. 2013. 

Active stabilization of human endothelial nitric oxide synthase mRNA by hnRNP E1 

protects against antisense RNA and microRNAs. Molecular and cellular biology. 

33:2029-2046. 

Hong, M.K., G.S. Mintz, C.W. Lee, J.W. Lee, J.H. Park, D.W. Park, S.W. Lee, Y.H. Kim, 

S.S. Cheong, J.J. Kim, S.W. Park, and S.J. Park. 2008. A three-vessel virtual histology 

intravascular ultrasound analysis of frequency and distribution of thin-cap 

fibroatheromas in patients with acute coronary syndrome or stable angina pectoris. 

The American journal of cardiology. 101:568-572. 

Hopkins, P.N., L.L. Wu, S.C. Hunt, B.C. James, G.M. Vincent, and R.R. Williams. 1996. 

Higher serum bilirubin is associated with decreased risk for early familial coronary 

artery disease. Arteriosclerosis, thrombosis, and vascular biology. 16:250-255. 

Chamorro-Jorganes, A., L. Calleros, M. Griera, M. Saura, A. Luengo, D. Rodriguez-Puyol, 

and M. Rodriguez-Puyol. 2011. Fibronectin upregulates cGMP-dependent protein 

kinase type Ibeta through C/EBP transcription factor activation in contractile cells. 

American journal of physiology. Cell physiology. 300:C683-691. 

Chan, K., and Y.W. Kan. 1999. Nrf2 is essential for protection against acute pulmonary injury 

in mice. Proceedings of the National Academy of Sciences of the United States of 

America. 96:12731-12736. 

Chen, C.A., T.Y. Wang, S. Varadharaj, L.A. Reyes, C. Hemann, M.A. Talukder, Y.R. Chen, 

L.J. Druhan, and J.L. Zweier. 2010. S-glutathionylation uncouples eNOS and regulates 

its cellular and vascular function. Nature. 468:1115-1118. 

Chen, J.C., K.C. Huang, and W.W. Lin. 2006. HMG-CoA reductase inhibitors upregulate 

heme oxygenase-1 expression in murine RAW264.7 macrophages via ERK, p38 

MAPK and protein kinase G pathways. Cellular signalling. 18:32-39. 

Chen, M., L. Zhou, H. Ding, S. Huang, M. He, X. Zhang, L. Cheng, D. Wang, F.B. Hu, and 

T. Wu. 2012. Short (GT) ( n ) repeats in heme oxygenase-1 gene promoter are 



 

 116 

associated with lower risk of coronary heart disease in subjects with high levels of 

oxidative stress. Cell stress & chaperones. 17:329-338. 

Chen, S.M., Y.G. Li, and D.M. Wang. 2005. Study on changes of heme oxygenase-1 

expression in patients with coronary heart disease. Clinical cardiology. 28:197-201. 

Chen, Y.H., S.J. Lin, M.W. Lin, H.L. Tsai, S.S. Kuo, J.W. Chen, M.J. Charng, T.C. Wu, L.C. 

Chen, Y.A. Ding, W.H. Pan, Y.S. Jou, and L.Y. Chau. 2002. Microsatellite 

polymorphism in promoter of heme oxygenase-1 gene is associated with susceptibility 

to coronary artery disease in type 2 diabetic patients. Human genetics. 111:1-8. 

Cheng, C., A.M. Noordeloos, V. Jeney, M.P. Soares, F. Moll, G. Pasterkamp, P.W. Serruys, 

and H.J. Duckers. 2009. Heme oxygenase 1 determines atherosclerotic lesion 

progression into a vulnerable plaque. Circulation. 119:3017-3027. 

Choi, S.H., R. Harkewicz, J.H. Lee, A. Boullier, F. Almazan, A.C. Li, J.L. Witztum, Y.S. 

Bae, and Y.I. Miller. 2009. Lipoprotein accumulation in macrophages via toll-like 

receptor-4-dependent fluid phase uptake. Circulation research. 104:1355-1363. 

Idriss, N.K., A.D. Blann, and G.Y. Lip. 2008. Hemoxygenase-1 in cardiovascular disease. 

Journal of the American College of Cardiology. 52:971-978. 

Ignarro, L.J., G. Cirino, A. Casini, and C. Napoli. 1999. Nitric oxide as a signaling molecule 

in the vascular system: an overview. Journal of cardiovascular pharmacology. 

34:879-886. 

Ignarro, L.J., and C. Napoli. 2004. Novel features of nitric oxide, endothelial nitric oxide 

synthase, and atherosclerosis. Current atherosclerosis reports. 6:281-287. 

Inaba, Y., J.A. Chen, and S.R. Bergmann. 2012. Carotid plaque, compared with carotid 

intima-media thickness, more accurately predicts coronary artery disease events: a 

meta-analysis. Atherosclerosis. 220:128-133. 

Ishii, T., K. Itoh, E. Ruiz, D.S. Leake, H. Unoki, M. Yamamoto, and G.E. Mann. 2004. Role 

of Nrf2 in the regulation of CD36 and stress protein expression in murine 

macrophages: activation by oxidatively modified LDL and 4-hydroxynonenal. 

Circulation research. 94:609-616. 

Ishikawa, K., D. Sugawara, J. Goto, Y. Watanabe, K. Kawamura, M. Shiomi, H. Itabe, and Y. 

Maruyama. 2001. Heme oxygenase-1 inhibits atherogenesis in Watanabe heritable 

hyperlipidemic rabbits. Circulation. 104:1831-1836. 

Itoh, K., N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J.D. Engel, and M. Yamamoto. 

1999. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 

through binding to the amino-terminal Neh2 domain. Genes & development. 13:76-86. 



 

 117 

Jachymova, M., K. Horky, J. Bultas, V. Kozich, A. Jindra, J. Peleska, and P. Martasek. 2001. 

Association of the Glu298Asp polymorphism in the endothelial nitric oxide synthase 

gene with essential hypertension resistant to conventional therapy. Biochemical and 

biophysical research communications. 284:426-430. 

Jachymova, M., P. Martasek, S. Panda, L.J. Roman, M. Panda, T.M. Shea, Y. Ishimura, J.J. 

Kim, and B.S. Masters. 2005. Recruitment of governing elements for electron transfer 

in the nitric oxide synthase family. Proceedings of the National Academy of Sciences 

of the United States of America. 102:15833-15838. 

Jaramillo, P.C., C. Lanas, F. Lanas, and L.A. Salazar. 2010. Polymorphisms of the NOS3 

gene in Southern Chilean subjects with coronary artery disease and controls. Clinica 

chimica acta; international journal of clinical chemistry. 411:258-262. 

Jiang, B., L. Du, R. Flynn, N. Dronadula, J. Zhang, F. Kim, and D. Dichek. 2012. 

Overexpression of endothelial nitric oxide synthase improves endothelium-dependent 

vasodilation in arteries infused with helper-dependent adenovirus. Human gene 

therapy. 23:1166-1175. 

Joshi, M.S., and J.A. Bauer. 2008. Preliminary computational modeling of nitric oxide 

synthase 3 interactions with caveolin-1: influence of exon 7 Glu298Asp 

polymorphism. Acta biochimica et biophysica Sinica. 40:47-54. 

Joshi, M.S., C. Mineo, P.W. Shaul, and J.A. Bauer. 2007. Biochemical consequences of the 

NOS3 Glu298Asp variation in human endothelium: altered caveolar localization and 

impaired response to shear. FASEB journal : official publication of the Federation of 

American Societies for Experimental Biology. 21:2655-2663. 

Joshi, M.S., S. Wattanapitayakul, B.L. Schanbacher, and J.A. Bauer. 2011. Effects of human 

endothelial gene polymorphisms on cellular responses to hyperglycaemia: role of 

NOS3 (Glu298Asp) and ACE (I/D) polymorphisms. Diabetes & vascular disease 

research : official journal of the International Society of Diabetes and Vascular 

Disease. 8:276-283. 

Juan, S.H., T.S. Lee, K.W. Tseng, J.Y. Liou, S.K. Shyue, K.K. Wu, and L.Y. Chau. 2001. 

Adenovirus-mediated heme oxygenase-1 gene transfer inhibits the development of 

atherosclerosis in apolipoprotein E-deficient mice. Circulation. 104:1519-1525. 

Kamada, Y., H. Nagaretani, S. Tamura, T. Ohama, T. Maruyama, H. Hiraoka, S. Yamashita, 

A. Yamada, S. Kiso, Y. Inui, N. Ito, Y. Kayanoki, S. Kawata, and Y. Matsuzawa. 

2001. Vascular endothelial dysfunction resulting from L-arginine deficiency in a 



 

 118 

patient with lysinuric protein intolerance. The Journal of clinical investigation. 

108:717-724. 

Kaneda, H., M. Ohno, J. Taguchi, M. Togo, H. Hashimoto, K. Ogasawara, T. Aizawa, N. 

Ishizaka, and R. Nagai. 2002. Heme oxygenase-1 gene promoter polymorphism is 

associated with coronary artery disease in Japanese patients with coronary risk factors. 

Arteriosclerosis, thrombosis, and vascular biology. 22:1680-1685. 

Kauser, K., V. da Cunha, R. Fitch, C. Mallari, and G.M. Rubanyi. 2000. Role of endogenous 

nitric oxide in progression of atherosclerosis in apolipoprotein E-deficient mice. 

American journal of physiology. Heart and circulatory physiology. 278:H1679-1685. 

Kawamura, K., K. Ishikawa, Y. Wada, S. Kimura, H. Matsumoto, T. Kohro, H. Itabe, T. 

Kodama, and Y. Maruyama. 2005. Bilirubin from heme oxygenase-1 attenuates 

vascular endothelial activation and dysfunction. Arteriosclerosis, thrombosis, and 

vascular biology. 25:155-160. 

Kelm, M. 1999. Nitric oxide metabolism and breakdown. Biochimica et biophysica acta. 

1411:273-289. 

Kietadisorn, R., R.P. Juni, and A.L. Moens. 2012. Tackling endothelial dysfunction by 

modulating NOS uncoupling: new insights into its pathogenesis and therapeutic 

possibilities. American journal of physiology. Endocrinology and metabolism. 

302:E481-495. 

Kim, H.P., X. Wang, F. Galbiati, S.W. Ryter, and A.M. Choi. 2004. Caveolae 

compartmentalization of heme oxygenase-1 in endothelial cells. FASEB journal : 

official publication of the Federation of American Societies for Experimental Biology. 

18:1080-1089. 

Knowles, J.W., R.L. Reddick, J.C. Jennette, E.G. Shesely, O. Smithies, and N. Maeda. 2000. 

Enhanced atherosclerosis and kidney dysfunction in eNOS(-/-)Apoe(-/-) mice are 

ameliorated by enalapril treatment. The Journal of clinical investigation. 105:451-458. 

Kovarnik, T., A. Kral, H. Skalicka, G.S. Mintz, L. Kralik, M. Chval, J. Horak, L. Skalicka, M. 

Sonka, A. Wahle, R.W. Downe, J. Uhrova, H. Benakova, L. Cernohousova, P. 

Martasek, J. Belohlavek, M. Aschermann, and A. Linhart. 2013. The prediction of 

coronary artery disease based on non-invasive examinations and heme oxygenase 1 

polymorphism versus virtual histology. The Journal of invasive cardiology. 25:32-37. 

Kovarnik, T., G.S. Mintz, H. Skalicka, A. Kral, J. Horak, R. Skulec, J. Uhrova, P. Martasek, 

R.W. Downe, A. Wahle, M. Sonka, V. Mrazek, M. Aschermann, and A. Linhart. 2012. 

Virtual histology evaluation of atherosclerosis regression during atorvastatin and 



 

 119 

ezetimibe administration: HEAVEN study. Circulation journal : official journal of the 

Japanese Circulation Society. 76:176-183. 

Kral, A., T. Kovarnik, L. Kralik, H. Skalicka, J. Horak, G.S. Mintz, J. Uhrova, M. Sonka, A. 

Wahle, R. Downe, M. Aschermann, P. Martasek, and A. Linhart. 2011. Genetic 

variants in haem oxygenase-1 and endothelial nitric oxide synthase influence the 

extent and evolution of coronary artery atherosclerosis. Folia biologica. 57:182-190. 

Kranjec, I. 2011. Atherosclerotic burden in coronary and peripheral arteries in patients with 

first clinical manifestation of coronary artery disease. Journal of cardiovascular 

medicine. 12:297-299. 

Kubes, P., M. Suzuki, and D.N. Granger. 1991. Nitric oxide: an endogenous modulator of 

leukocyte adhesion. Proceedings of the National Academy of Sciences of the United 

States of America. 88:4651-4655. 

Kuhlencordt, P.J., R. Gyurko, F. Han, M. Scherrer-Crosbie, T.H. Aretz, R. Hajjar, M.H. 

Picard, and P.L. Huang. 2001a. Accelerated atherosclerosis, aortic aneurysm 

formation, and ischemic heart disease in apolipoprotein E/endothelial nitric oxide 

synthase double-knockout mice. Circulation. 104:448-454. 

Kuhlencordt, P.J., J. Chen, F. Han, J. Astern, and P.L. Huang. 2001b. Genetic deficiency of 

inducible nitric oxide synthase reduces atherosclerosis and lowers plasma lipid 

peroxides in apolipoprotein E-knockout mice. Circulation. 103:3099-3104. 

Kureishi, Y., Z. Luo, I. Shiojima, A. Bialik, D. Fulton, D.J. Lefer, W.C. Sessa, and K. Walsh. 

2000. The HMG-CoA reductase inhibitor simvastatin activates the protein kinase Akt 

and promotes angiogenesis in normocholesterolemic animals. Nature medicine. 

6:1004-1010. 

Kushida, T., G. LiVolti, A.I. Goodman, and N.G. Abraham. 2002. TNF-alpha-mediated cell 

death is attenuated by retrovirus delivery of human heme oxygenase-1 gene into 

human microvessel endothelial cells. Transplantation proceedings. 34:2973-2978. 

Kuzkaya, N., N. Weissmann, D.G. Harrison, and S. Dikalov. 2003. Interactions of 

peroxynitrite, tetrahydrobiopterin, ascorbic acid, and thiols: implications for 

uncoupling endothelial nitric-oxide synthase. The Journal of biological chemistry. 

278:22546-22554. 

Lam, C.F., T.E. Peterson, D.M. Richardson, A.J. Croatt, L.V. d'Uscio, K.A. Nath, and Z.S. 

Katusic. 2006. Increased blood flow causes coordinated upregulation of arterial eNOS 

and biosynthesis of tetrahydrobiopterin. American journal of physiology. Heart and 

circulatory physiology. 290:H786-793. 



 

 120 

Landmesser, U., S. Dikalov, S.R. Price, L. McCann, T. Fukai, S.M. Holland, W.E. Mitch, and 

D.G. Harrison. 2003. Oxidation of tetrahydrobiopterin leads to uncoupling of 

endothelial cell nitric oxide synthase in hypertension. The Journal of clinical 

investigation. 111:1201-1209. 

Lange, M., P. Enkhbaatar, Y. Nakano, and D.L. Traber. 2009. Role of nitric oxide in shock: 

the large animal perspective. Frontiers in bioscience. 14:1979-1989. 

Larsen, K., C. Cheng, and H.J. Duckers. 2010. Regulation of vulnerable plaque development 

by the heme oxygenase/carbon monoxide system. Trends in cardiovascular medicine. 

20:58-65. 

Lee, T.S., C.C. Chang, Y. Zhu, and J.Y. Shyy. 2004. Simvastatin induces heme oxygenase-1: 

a novel mechanism of vessel protection. Circulation. 110:1296-1302. 

Lefer, A.M. 1997. Nitric oxide: nature's naturally occurring leukocyte inhibitor. Circulation. 

95:553-554. 

Leiper, J., J. Murray-Rust, N. McDonald, and P. Vallance. 2002. S-nitrosylation of 

dimethylarginine dimethylaminohydrolase regulates enzyme activity: further 

interactions between nitric oxide synthase and dimethylarginine 

dimethylaminohydrolase. Proceedings of the National Academy of Sciences of the 

United States of America. 99:13527-13532. 

Leiper, J., M. Nandi, B. Torondel, J. Murray-Rust, M. Malaki, B. O'Hara, S. Rossiter, S. 

Anthony, M. Madhani, D. Selwood, C. Smith, B. Wojciak-Stothard, A. Rudiger, R. 

Stidwill, N.Q. McDonald, and P. Vallance. 2007. Disruption of methylarginine 

metabolism impairs vascular homeostasis. Nature medicine. 13:198-203. 

Lembo, G., N. De Luca, C. Battagli, G. Iovino, A. Aretini, M. Musicco, G. Frati, F. Pompeo, 

C. Vecchione, and B. Trimarco. 2001. A common variant of endothelial nitric oxide 

synthase (Glu298Asp) is an independent risk factor for carotid atherosclerosis. Stroke; 

a journal of cerebral circulation. 32:735-740. 

Lerman, A., and A.M. Zeiher. 2005. Endothelial function: cardiac events. Circulation. 

111:363-368. 

Li, H., and U. Forstermann. 2009. Prevention of atherosclerosis by interference with the 

vascular nitric oxide system. Current pharmaceutical design. 15:3133-3145. 

Li, H., and U. Forstermann. 2013. Uncoupling of endothelial NO synthase in atherosclerosis 

and vascular disease. Current opinion in pharmacology. 13:161-167. 



 

 121 

Li, J., X. Wu, X. Li, G. Feng, L. He, and Y. Shi. 2010. The endothelial nitric oxide synthase 

gene is associated with coronary artery disease: a meta-analysis. Cardiology. 116:271-

278. 

Li, S., T. Okamoto, M. Chun, M. Sargiacomo, J.E. Casanova, S.H. Hansen, I. Nishimoto, and 

M.P. Lisanti. 1995. Evidence for a regulated interaction between heterotrimeric G 

proteins and caveolin. The Journal of biological chemistry. 270:15693-15701. 

Li, T., H. Tian, Y. Zhao, F. An, L. Zhang, J. Zhang, J. Peng, Y. Zhang, and Y. Guo. 2011. 

Heme oxygenase-1 inhibits progression and destabilization of vulnerable plaques in a 

rabbit model of atherosclerosis. European journal of pharmacology. 672:143-152. 

Li, Y.G., D.M. Wang, S.M. Chen, X.R. Tan, X.Y. Fang, J.W. Wu, G.H. Zhang, and R.Q. Mai. 

2006. Haem oxygenase-1 expression and coronary heart disease--association between 

levels of haem oxygenase-1 expression and angiographic morphology as well as the 

quantity of coronary lesions. Acta cardiologica. 61:295-300. 

Liang, K.W., W.H. Sheu, W.L. Lee, I.T. Lee, S.Y. Lin, C.T. Ting, and W.J. Lee. 2013. 

Shorter GT repeats in the heme oxygenase-1 gene promoter are associated with a 

lower severity score in coronary artery disease. Journal of the Chinese Medical 

Association : JCMA. 76:312-318. 

Lin, Y., A.H. Berg, P. Iyengar, T.K. Lam, A. Giacca, T.P. Combs, M.W. Rajala, X. Du, B. 

Rollman, W. Li, M. Hawkins, N. Barzilai, C.J. Rhodes, I.G. Fantus, M. Brownlee, and 

P.E. Scherer. 2005. The hyperglycemia-induced inflammatory response in adipocytes: 

the role of reactive oxygen species. The Journal of biological chemistry. 280:4617-

4626. 

Liu, D., Z. Jiang, L. Dai, X. Zhang, C. Yan, and Y. Han. 2013. Association between the -

786T>C 1polymorphism in the promoter region of endothelial nitric oxide synthase 

(eNOS) and risk of coronary artery disease: A systematic review and meta-analysis. 

Gene. 

Liu, V.W., and P.L. Huang. 2008. Cardiovascular roles of nitric oxide: a review of insights 

from nitric oxide synthase gene disrupted mice. Cardiovascular research. 77:19-29. 

Liu, X., J. Wei, D.H. Peng, M.D. Layne, and S.F. Yet. 2005. Absence of heme oxygenase-1 

exacerbates myocardial ischemia/reperfusion injury in diabetic mice. Diabetes. 

54:778-784. 

Liu, X.M., G.B. Chapman, K.J. Peyton, A.I. Schafer, and W. Durante. 2002. Carbon 

monoxide inhibits apoptosis in vascular smooth muscle cells. Cardiovascular 

research. 55:396-405. 



 

 122 

Loscalzo, J., and G. Welch. 1995. Nitric oxide and its role in the cardiovascular system. 

Progress in cardiovascular diseases. 38:87-104. 

Lu, T.M., Y.A. Ding, S.J. Lin, W.S. Lee, and H.C. Tai. 2003. Plasma levels of asymmetrical 

dimethylarginine and adverse cardiovascular events after percutaneous coronary 

intervention. European heart journal. 24:1912-1919. 

Madamanchi, N.R., A. Vendrov, and M.S. Runge. 2005. Oxidative stress and vascular 

disease. Arteriosclerosis, thrombosis, and vascular biology. 25:29-38. 

Mahmood, S.S., D. Levy, R.S. Vasan, and T.J. Wang. 2014. The Framingham Heart Study 

and the epidemiology of cardiovascular disease: a historical perspective. Lancet. 

383:999-1008. 

Maiolino, G., G. Rossitto, P. Caielli, V. Bisogni, G.P. Rossi, and L.A. Calo. 2013. The role of 

oxidized low-density lipoproteins in atherosclerosis: the myths and the facts. 

Mediators of inflammation. 2013:714653. 

Maron, B.A., and T. Michel. 2012. Subcellular localization of oxidants and redox modulation 

of endothelial nitric oxide synthase. Circulation journal : official journal of the 

Japanese Circulation Society. 76:2497-2512. 

Marquis, J.C., and B. Demple. 1998. Complex genetic response of human cells to sublethal 

levels of pure nitric oxide. Cancer research. 58:3435-3440. 

Marsden, P.A., H.H. Heng, S.W. Scherer, R.J. Stewart, A.V. Hall, X.M. Shi, L.C. Tsui, and 

K.T. Schappert. 1993. Structure and chromosomal localization of the human 

constitutive endothelial nitric oxide synthase gene. The Journal of biological 

chemistry. 268:17478-17488. 

Marsden, P.A., K.T. Schappert, H.S. Chen, M. Flowers, C.L. Sundell, J.N. Wilcox, S. Lamas, 

and T. Michel. 1992. Molecular cloning and characterization of human endothelial 

nitric oxide synthase. FEBS letters. 307:287-293. 

Marso, S.P., A.D. Frutkin, S.K. Mehta, J.A. House, J.R. McCrary, V. Klauss, A. Lerman, 

M.B. Leon, A. Nair, P. Margolis, R. Erbel, K. Nasu, F. Schiele, and J. Margolis. 2009. 

Intravascular ultrasound measures of coronary atherosclerosis are associated with the 

Framingham risk score: an analysis from a global IVUS registry. EuroIntervention : 

journal of EuroPCR in collaboration with the Working Group on Interventional 

Cardiology of the European Society of Cardiology. 5:212-218. 

Melikian, N., M.D. Seddon, B. Casadei, P.J. Chowienczyk, and A.M. Shah. 2009. Neuronal 

nitric oxide synthase and human vascular regulation. Trends in cardiovascular 

medicine. 19:256-262. 



 

 123 

Mihm, M.J., S.K. Wattanapitayakul, S.F. Piao, D.G. Hoyt, and J.A. Bauer. 2003. Effects of 

angiotensin II on vascular endothelial cells: formation of receptor-mediated reactive 

nitrogen species. Biochemical pharmacology. 65:1189-1197. 

Michell, B.J., Z. Chen, T. Tiganis, D. Stapleton, F. Katsis, D.A. Power, A.T. Sim, and B.E. 

Kemp. 2001. Coordinated control of endothelial nitric-oxide synthase phosphorylation 

by protein kinase C and the cAMP-dependent protein kinase. The Journal of 

biological chemistry. 276:17625-17628. 

Miller, Y.I., S. Viriyakosol, D.S. Worrall, A. Boullier, S. Butler, and J.L. Witztum. 2005. 

Toll-like receptor 4-dependent and -independent cytokine secretion induced by 

minimally oxidized low-density lipoprotein in macrophages. Arteriosclerosis, 

thrombosis, and vascular biology. 25:1213-1219. 

Ming, X.F., C. Barandier, H. Viswambharan, B.R. Kwak, F. Mach, L. Mazzolai, D. Hayoz, J. 

Ruffieux, S. Rusconi, J.P. Montani, and Z. Yang. 2004. Thrombin stimulates human 

endothelial arginase enzymatic activity via RhoA/ROCK pathway: implications for 

atherosclerotic endothelial dysfunction. Circulation. 110:3708-3714. 

Mintz, G.S., and A. Maehara. 2009. Serial intravascular ultrasound assessment of 

atherosclerosis progression and regression. State-of-the-art and limitations. 

Circulation journal : official journal of the Japanese Circulation Society. 73:1557-

1560. 

Miranda, K.M., R.W. Nims, D.D. Thomas, M.G. Espey, D. Citrin, M.D. Bartberger, N. 

Paolocci, J.M. Fukuto, M. Feelisch, and D.A. Wink. 2003. Comparison of the 

reactivity of nitric oxide and nitroxyl with heme proteins. A chemical discussion of the 

differential biological effects of these redox related products of NOS. Journal of 

inorganic biochemistry. 93:52-60. 

Morita, T. 2005. Heme oxygenase and atherosclerosis. Arteriosclerosis, thrombosis, and 

vascular biology. 25:1786-1795. 

Morita, T., S.A. Mitsialis, H. Koike, Y. Liu, and S. Kourembanas. 1997. Carbon monoxide 

controls the proliferation of hypoxic vascular smooth muscle cells. The Journal of 

biological chemistry. 272:32804-32809. 

Morito, N., Y. Inoue, M. Urata, E. Yahiro, S. Kodama, N. Fukuda, N. Saito, Y. Tsuchiya, H. 

Mihara, Y. Yamanouchi, K. Saku, and H. Urata. 2008. Increased carotid artery plaque 

score is an independent predictor of the presence and severity of coronary artery 

disease. Journal of cardiology. 51:25-32. 



 

 124 

Morsi, W.G., O.G. Shaker, E.F. Ismail, H.H. Ahmed, T.I. El-Serafi, F.A. Maklady, M.T. 

Abdel-Aziz, M.F. El-Asmar, and H.M. Atta. 2006. HO-1 and VGEF gene expression 

in human arteries with advanced atherosclerosis. Clinical biochemistry. 39:1057-1062. 

Mujynya-Ludunge, K., H. Viswambharan, R. Driscoll, X.F. Ming, L.K. von Segesser, L. 

Kappenberger, Z. Yang, and G. Vassalli. 2005. Endothelial nitric oxide synthase gene 

transfer restores endothelium-dependent relaxations and attenuates lesion formation in 

carotid arteries in apolipoprotein E-deficient mice. Basic research in cardiology. 

100:102-111. 

Murray-Rust, J., J. Leiper, M. McAlister, J. Phelan, S. Tilley, J. Santa Maria, P. Vallance, and 

N. McDonald. 2001. Structural insights into the hydrolysis of cellular nitric oxide 

synthase inhibitors by dimethylarginine dimethylaminohydrolase. Nature structural 

biology. 8:679-683. 

Naber, C.K., D. Baumgart, C. Altmann, W. Siffert, R. Erbel, and G. Heusch. 2001. eNOS 

894T allele and coronary blood flow at rest and during adenosine-induced hyperemia. 

American journal of physiology. Heart and circulatory physiology. 281:H1908-1912. 

Nakayama, M., H. Yasue, M. Yoshimura, Y. Shimasaki, K. Kugiyama, H. Ogawa, T. 

Motoyama, Y. Saito, Y. Ogawa, Y. Miyamoto, and K. Nakao. 1999. T-786-->C 

mutation in the 5'-flanking region of the endothelial nitric oxide synthase gene is 

associated with coronary spasm. Circulation. 99:2864-2870. 

Nambi, V., L. Chambless, A.R. Folsom, M. He, Y. Hu, T. Mosley, K. Volcik, E. Boerwinkle, 

and C.M. Ballantyne. 2010. Carotid intima-media thickness and presence or absence 

of plaque improves prediction of coronary heart disease risk: the ARIC 

(Atherosclerosis Risk In Communities) study. Journal of the American College of 

Cardiology. 55:1600-1607. 

Ndisang, J.F., and A. Jadhav. 2009. Heme oxygenase system enhances insulin sensitivity and 

glucose metabolism in streptozotocin-induced diabetes. American journal of 

physiology. Endocrinology and metabolism. 296:E829-841. 

Ndisang, J.F., N. Lane, N. Syed, and A. Jadhav. 2010. Up-regulating the heme oxygenase 

system with hemin improves insulin sensitivity and glucose metabolism in adult 

spontaneously hypertensive rats. Endocrinology. 151:549-560. 

Neuzil, J., and R. Stocker. 1994. Free and albumin-bound bilirubin are efficient co-

antioxidants for alpha-tocopherol, inhibiting plasma and low density lipoprotein lipid 

peroxidation. The Journal of biological chemistry. 269:16712-16719. 



 

 125 

Nguyen-Thanh, H.T., and B.S. Benzaquen. 2009. Screening for subclinical coronary artery 

disease measuring carotid intima media thickness. The American journal of 

cardiology. 104:1383-1388. 

Nicholls, S.J., A. Hsu, K. Wolski, B. Hu, O. Bayturan, A. Lavoie, K. Uno, E.M. Tuzcu, and 

S.E. Nissen. 2010. Intravascular ultrasound-derived measures of coronary 

atherosclerotic plaque burden and clinical outcome. Journal of the American College 

of Cardiology. 55:2399-2407. 

Nissen, S.E., S.J. Nicholls, I. Sipahi, P. Libby, J.S. Raichlen, C.M. Ballantyne, J. Davignon, 

R. Erbel, J.C. Fruchart, J.C. Tardif, P. Schoenhagen, T. Crowe, V. Cain, K. Wolski, 

M. Goormastic, E.M. Tuzcu, and A. Investigators. 2006. Effect of very high-intensity 

statin therapy on regression of coronary atherosclerosis: the ASTEROID trial. JAMA : 

the journal of the American Medical Association. 295:1556-1565. 

Niu, W., and Y. Qi. 2011. An updated meta-analysis of endothelial nitric oxide synthase gene: 

three well-characterized polymorphisms with hypertension. PloS one. 6:e24266. 

Oda, E., and R. Kawai. 2011. Bilirubin is negatively associated with hemoglobin a(1c) 

independently of other cardiovascular risk factors in apparently healthy Japanese men 

and women. Circulation journal : official journal of the Japanese Circulation Society. 

75:190-195. 

Oemar, B.S., M.R. Tschudi, N. Godoy, V. Brovkovich, T. Malinski, and T.F. Luscher. 1998. 

Reduced endothelial nitric oxide synthase expression and production in human 

atherosclerosis. Circulation. 97:2494-2498. 

Ohara, Y., T.E. Peterson, and D.G. Harrison. 1993. Hypercholesterolemia increases 

endothelial superoxide anion production. The Journal of clinical investigation. 

91:2546-2551. 

Ono, K., Y. Goto, S. Takagi, S. Baba, N. Tago, H. Nonogi, and N. Iwai. 2004. A promoter 

variant of the heme oxygenase-1 gene may reduce the incidence of ischemic heart 

disease in Japanese. Atherosclerosis. 173:315-319. 

Orozco, L.D., M.H. Kapturczak, B. Barajas, X. Wang, M.M. Weinstein, J. Wong, J. Deshane, 

S. Bolisetty, Z. Shaposhnik, D.M. Shih, A. Agarwal, A.J. Lusis, and J.A. Araujo. 

2007. Heme oxygenase-1 expression in macrophages plays a beneficial role in 

atherosclerosis. Circulation research. 100:1703-1711. 

Otterbein, L.E., F.H. Bach, J. Alam, M. Soares, H. Tao Lu, M. Wysk, R.J. Davis, R.A. 

Flavell, and A.M. Choi. 2000. Carbon monoxide has anti-inflammatory effects 

involving the mitogen-activated protein kinase pathway. Nature medicine. 6:422-428. 



 

 126 

Otterbein, L.E., J.K. Kolls, L.L. Mantell, J.L. Cook, J. Alam, and A.M. Choi. 1999. 

Exogenous administration of heme oxygenase-1 by gene transfer provides protection 

against hyperoxia-induced lung injury. The Journal of clinical investigation. 

103:1047-1054. 

Ozaki, M., S. Kawashima, T. Yamashita, T. Hirase, M. Namiki, N. Inoue, K. Hirata, H. 

Yasui, H. Sakurai, Y. Yoshida, M. Masada, and M. Yokoyama. 2002. Overexpression 

of endothelial nitric oxide synthase accelerates atherosclerotic lesion formation in 

apoE-deficient mice. The Journal of clinical investigation. 110:331-340. 

Pae, H.O., Y. Son, N.H. Kim, H.J. Jeong, K.C. Chang, and H.T. Chung. 2010. Role of heme 

oxygenase in preserving vascular bioactive NO. Nitric oxide : biology and chemistry / 

official journal of the Nitric Oxide Society. 23:251-257. 

Parhami, F., Z.T. Fang, A.M. Fogelman, A. Andalibi, M.C. Territo, and J.A. Berliner. 1993. 

Minimally modified low density lipoprotein-induced inflammatory responses in 

endothelial cells are mediated by cyclic adenosine monophosphate. The Journal of 

clinical investigation. 92:471-478. 

Pellacani, A., P. Wiesel, A. Sharma, L.C. Foster, G.S. Huggins, S.F. Yet, and M.A. Perrella. 

1998. Induction of heme oxygenase-1 during endotoxemia is downregulated by 

transforming growth factor-beta1. Circulation research. 83:396-403. 

Perrotta, I., E. Brunelli, A. Sciangula, F. Conforti, E. Perrotta, S. Tripepi, G. Donato, and M. 

Cassese. 2011. iNOS induction and PARP-1 activation in human atherosclerotic 

lesions: an immunohistochemical and ultrastructural approach. Cardiovascular 

pathology : the official journal of the Society for Cardiovascular Pathology. 20:195-

203. 

Peterson, S.J., W.H. Frishman, and N.G. Abraham. 2009. Targeting heme oxygenase: 

therapeutic implications for diseases of the cardiovascular system. Cardiology in 

review. 17:99-111. 

Pfohl, M., A. Athanasiadis, M. Koch, P. Clemens, N. Benda, H.U. Haring, and K.R. Karsch. 

1998. Insertion/deletion polymorphism of the angiotensin I-converting enzyme gene is 

associated with coronary artery plaque calcification as assessed by intravascular 

ultrasound. Journal of the American College of Cardiology. 31:987-991. 

Philip, I., G. Plantefeve, S. Vuillaumier-Barrot, E. Vicaut, C. LeMarie, D. Henrion, O. Poirier, 

B.I. Levy, J.M. Desmonts, G. Durand, and J. Benessiano. 1999. G894T polymorphism 

in the endothelial nitric oxide synthase gene is associated with an enhanced vascular 

responsiveness to phenylephrine. Circulation. 99:3096-3098. 



 

 127 

Pinderski, L.J., M.P. Fischbein, G. Subbanagounder, M.C. Fishbein, N. Kubo, H. Cheroutre, 

L.K. Curtiss, J.A. Berliner, and W.A. Boisvert. 2002. Overexpression of interleukin-

10 by activated T lymphocytes inhibits atherosclerosis in LDL receptor-deficient Mice 

by altering lymphocyte and macrophage phenotypes. Circulation research. 90:1064-

1071. 

Ponka, P. 1999. Cell biology of heme. The American journal of the medical sciences. 

318:241-256. 

Ponnuswamy, P., A. Schrottle, E. Ostermeier, S. Gruner, P.L. Huang, G. Ertl, U. Hoffmann, 

B. Nieswandt, and P.J. Kuhlencordt. 2012. eNOS protects from atherosclerosis despite 

relevant superoxide production by the enzyme in apoE mice. PloS one. 7:e30193. 

Potente, M., C. Urbich, K. Sasaki, W.K. Hofmann, C. Heeschen, A. Aicher, R. Kollipara, 

R.A. DePinho, A.M. Zeiher, and S. Dimmeler. 2005. Involvement of Foxo 

transcription factors in angiogenesis and postnatal neovascularization. The Journal of 

clinical investigation. 115:2382-2392. 

Pritchard, K.A., Jr., L. Groszek, D.M. Smalley, W.C. Sessa, M. Wu, P. Villalon, M.S. Wolin, 

and M.B. Stemerman. 1995. Native low-density lipoprotein increases endothelial cell 

nitric oxide synthase generation of superoxide anion. Circulation research. 77:510-

518. 

Radomski, M.W., R.M. Palmer, and S. Moncada. 1987. Endogenous nitric oxide inhibits 

human platelet adhesion to vascular endothelium. Lancet. 2:1057-1058. 

Raman, C. S., P. Martasek, and B.S. Masters. 1999. Structural themes determining function in 

nitric oxide synthases. In: Kadish, K. M., Smith, K. M., Guilard, R., eds. Biochemistry 

and Binding: Activation of Small Molecules. Vol. 4. Academic Press, Inc., New York. 

p 293–339. 

Ranjan, V., Z. Xiao, and S.L. Diamond. 1995. Constitutive NOS expression in cultured 

endothelial cells is elevated by fluid shear stress. The American journal of physiology. 

269:H550-555. 

Razani, B., J.A. Engelman, X.B. Wang, W. Schubert, X.L. Zhang, C.B. Marks, F. Macaluso, 

R.G. Russell, M. Li, R.G. Pestell, D. Di Vizio, H. Hou, Jr., B. Kneitz, G. Lagaud, G.J. 

Christ, W. Edelmann, and M.P. Lisanti. 2001. Caveolin-1 null mice are viable but 

show evidence of hyperproliferative and vascular abnormalities. The Journal of 

biological chemistry. 276:38121-38138. 

Ricciardolo, F.L., P.J. Sterk, B. Gaston, and G. Folkerts. 2004. Nitric oxide in health and 

disease of the respiratory system. Physiological reviews. 84:731-765. 



 

 128 

Rizzo, V., D.P. McIntosh, P. Oh, and J.E. Schnitzer. 1998. In situ flow activates endothelial 

nitric oxide synthase in luminal caveolae of endothelium with rapid caveolin 

dissociation and calmodulin association. The Journal of biological chemistry. 

273:34724-34729. 

Robb, G.B., A.R. Carson, S.C. Tai, J.E. Fish, S. Singh, T. Yamada, S.W. Scherer, K. 

Nakabayashi, and P.A. Marsden. 2004. Post-transcriptional regulation of endothelial 

nitric-oxide synthase by an overlapping antisense mRNA transcript. The Journal of 

biological chemistry. 279:37982-37996. 

Rodriguez, A.I., A. Gangopadhyay, E.E. Kelley, P.J. Pagano, B.S. Zuckerbraun, and P.M. 

Bauer. 2010. HO-1 and CO decrease platelet-derived growth factor-induced vascular 

smooth muscle cell migration via inhibition of Nox1. Arteriosclerosis, thrombosis, 

and vascular biology. 30:98-104. 

Rodriguez-Granillo, G.A., J. Aoki, A.T. Ong, M. Valgimigli, C.A. Van Mieghem, E. Regar, 

E. McFadden, P. De Feyter, and P.W. Serruys. 2005a. Methodological considerations 

and approach to cross-technique comparisons using in vivo coronary plaque 

characterization based on intravascular ultrasound radiofrequency data analysis: 

insights from the Integrated Biomarker and Imaging Study (IBIS). International 

journal of cardiovascular interventions. 7:52-58. 

Rodriguez-Granillo, G.A., H.M. Garcia-Garcia, E.P. Mc Fadden, M. Valgimigli, J. Aoki, P. 

de Feyter, and P.W. Serruys. 2005b. In vivo intravascular ultrasound-derived thin-cap 

fibroatheroma detection using ultrasound radiofrequency data analysis. Journal of the 

American College of Cardiology. 46:2038-2042. 

Roman, L.J., P. Martasek, and B.S. Masters. 2002. Intrinsic and extrinsic modulation of nitric 

oxide synthase activity. Chemical reviews. 102:1179-1190. 

Roman, L.J., P. Martasek, R.T. Miller, D.E. Harris, M.A. de La Garza, T.M. Shea, J.J. Kim, 

and B.S. Masters. 2000a. The C termini of constitutive nitric-oxide synthases control 

electron flow through the flavin and heme domains and affect modulation by 

calmodulin. The Journal of biological chemistry. 275:29225-29232. 

Roman, L.J., R.T. Miller, M.A. de La Garza, J.J. Kim, and B.S. Siler Masters. 2000b. The C 

terminus of mouse macrophage inducible nitric-oxide synthase attenuates electron 

flow through the flavin domain. The Journal of biological chemistry. 275:21914-

21919. 

Ross, R. 1993. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature. 

362:801-809. 



 

 129 

Rossi, M.L., N. Marziliano, P.A. Merlini, E. Bramucci, U. Canosi, P. Presbitero, E. Arbustini, 

P.M. Mannucci, and D. Ardissino. 2005. Phenotype commitment in vascular smooth 

muscle cells derived from coronary atherosclerotic plaques: differential gene 

expression of endothelial nitric oxide synthase. European journal of histochemistry : 

EJH. 49:39-46. 

Rudic, R.D., and W.C. Sessa. 1999. Nitric oxide in endothelial dysfunction and vascular 

remodeling: clinical correlates and experimental links. American journal of human 

genetics. 64:673-677. 

Rueckschloss, U., J. Galle, J. Holtz, H.R. Zerkowski, and H. Morawietz. 2001. Induction of 

NAD(P)H oxidase by oxidized low-density lipoprotein in human endothelial cells: 

antioxidative potential of hydroxymethylglutaryl coenzyme A reductase inhibitor 

therapy. Circulation. 104:1767-1772. 

Ryter, S.W., J. Alam, and A.M. Choi. 2006. Heme oxygenase-1/carbon monoxide: from basic 

science to therapeutic applications. Physiological reviews. 86:583-650. 

Santhanam, L., H.K. Lim, H.K. Lim, V. Miriel, T. Brown, M. Patel, S. Balanson, S. Ryoo, M. 

Anderson, K. Irani, F. Khanday, L. Di Costanzo, D. Nyhan, J.M. Hare, D.W. 

Christianson, R. Rivers, A. Shoukas, and D.E. Berkowitz. 2007. Inducible NO 

synthase dependent S-nitrosylation and activation of arginase1 contribute to age-

related endothelial dysfunction. Circulation research. 101:692-702. 

Saura, M., C. Zaragoza, W. Cao, C. Bao, M. Rodriguez-Puyol, D. Rodriguez-Puyol, and C.J. 

Lowenstein. 2002. Smad2 mediates transforming growth factor-beta induction of 

endothelial nitric oxide synthase expression. Circulation research. 91:806-813. 

Seals, D.R., R.E. Kaplon, R.A. Gioscia-Ryan, and T.J. LaRocca. 2014. You're only as old as 

your arteries: translational strategies for preserving vascular endothelial function with 

aging. Physiology. 29:250-264. 

Searles, C.D. 2006. Transcriptional and posttranscriptional regulation of endothelial nitric 

oxide synthase expression. American journal of physiology. Cell physiology. 

291:C803-816. 

Searles, C.D., L. Ide, M.E. Davis, H. Cai, and M. Weber. 2004. Actin cytoskeleton 

organization and posttranscriptional regulation of endothelial nitric oxide synthase 

during cell growth. Circulation research. 95:488-495. 

Searles, C.D., Y. Miwa, D.G. Harrison, and S. Ramasamy. 1999. Posttranscriptional 

regulation of endothelial nitric oxide synthase during cell growth. Circulation 

research. 85:588-595. 



 

 130 

SenBanerjee, S., Z. Lin, G.B. Atkins, D.M. Greif, R.M. Rao, A. Kumar, M.W. Feinberg, Z. 

Chen, D.I. Simon, F.W. Luscinskas, T.M. Michel, M.A. Gimbrone, Jr., G. Garcia-

Cardena, and M.K. Jain. 2004. KLF2 Is a novel transcriptional regulator of endothelial 

proinflammatory activation. The Journal of experimental medicine. 199:1305-1315. 

Seo, Y., S. Watanabe, T. Ishizu, N. Moriyama, N. Takeyasu, H. Maeda, T. Ishimitsu, K. 

Aonuma, and I. Yamaguchi. 2006. Echolucent carotid plaques as a feature in patients 

with acute coronary syndrome. Circulation journal : official journal of the Japanese 

Circulation Society. 70:1629-1634. 

Serruys, P.W., H.M. Garcia-Garcia, P. Buszman, P. Erne, S. Verheye, M. Aschermann, H. 

Duckers, O. Bleie, D. Dudek, H.E. Botker, C. von Birgelen, D. D'Amico, T. 

Hutchinson, A. Zambanini, F. Mastik, G.A. van Es, A.F. van der Steen, D.G. Vince, P. 

Ganz, C.W. Hamm, W. Wijns, A. Zalewski, B. Integrated, and I. Imaging Study. 

2008. Effects of the direct lipoprotein-associated phospholipase A(2) inhibitor 

darapladib on human coronary atherosclerotic plaque. Circulation. 118:1172-1182. 

Sessa, W.C. 2004. eNOS at a glance. Journal of cell science. 117:2427-2429. 

Shimasaki, Y., H. Yasue, M. Yoshimura, M. Nakayama, K. Kugiyama, H. Ogawa, E. Harada, 

T. Masuda, W. Koyama, Y. Saito, Y. Miyamoto, Y. Ogawa, and K. Nakao. 1998. 

Association of the missense Glu298Asp variant of the endothelial nitric oxide synthase 

gene with myocardial infarction. Journal of the American College of Cardiology. 

31:1506-1510. 

Schachinger, V., M.B. Britten, and A.M. Zeiher. 2000. Prognostic impact of coronary 

vasodilator dysfunction on adverse long-term outcome of coronary heart disease. 

Circulation. 101:1899-1906. 

Schillinger, M., M. Exner, W. Mlekusch, H. Domanovits, K. Huber, C. Mannhalter, O. 

Wagner, and E. Minar. 2002. Heme oxygenase-1 gene promoter polymorphism is 

associated with abdominal aortic aneurysm. Thrombosis research. 106:131-136. 

Schulz, E., T. Jansen, P. Wenzel, A. Daiber, and T. Munzel. 2008. Nitric oxide, 

tetrahydrobiopterin, oxidative stress, and endothelial dysfunction in hypertension. 

Antioxidants & redox signaling. 10:1115-1126. 

Schulz, R., T. Rassaf, P.B. Massion, M. Kelm, and J.L. Balligand. 2005. Recent advances in 

the understanding of the role of nitric oxide in cardiovascular homeostasis. 

Pharmacology & therapeutics. 108:225-256. 



 

 131 

Simon, A., J.L. Megnien, and G. Chironi. 2010. The value of carotid intima-media thickness 

for predicting cardiovascular risk. Arteriosclerosis, thrombosis, and vascular biology. 

30:182-185. 

Skalen, K., M. Gustafsson, E.K. Rydberg, L.M. Hulten, O. Wiklund, T.L. Innerarity, and J. 

Boren. 2002. Subendothelial retention of atherogenic lipoproteins in early 

atherosclerosis. Nature. 417:750-754. 

Song, J., S. Sumiyoshi, Y. Nakashima, Y. Doi, M. Iida, Y. Kiyohara, and K. Sueishi. 2009. 

Overexpression of heme oxygenase-1 in coronary atherosclerosis of Japanese 

autopsies with diabetes mellitus: Hisayama study. Atherosclerosis. 202:573-581. 

Stocker, R., and J.F. Keaney, Jr. 2004. Role of oxidative modifications in atherosclerosis. 

Physiological reviews. 84:1381-1478. 

Stocker, R., and M.A. Perrella. 2006. Heme oxygenase-1: a novel drug target for 

atherosclerotic diseases? Circulation. 114:2178-2189. 

Stone, G.W., A. Maehara, A.J. Lansky, B. de Bruyne, E. Cristea, G.S. Mintz, R. Mehran, J. 

McPherson, N. Farhat, S.P. Marso, H. Parise, B. Templin, R. White, Z. Zhang, P.W. 

Serruys, and P. Investigators. 2011. A prospective natural-history study of coronary 

atherosclerosis. The New England journal of medicine. 364:226-235. 

Suarez, Y., C. Fernandez-Hernando, J.S. Pober, and W.C. Sessa. 2007. Dicer dependent 

microRNAs regulate gene expression and functions in human endothelial cells. 

Circulation research. 100:1164-1173. 

Sun, H.X., D.Y. Zeng, R.T. Li, R.P. Pang, H. Yang, Y.L. Hu, Q. Zhang, Y. Jiang, L.Y. 

Huang, Y.B. Tang, G.J. Yan, and J.G. Zhou. 2012. Essential role of microRNA-155 in 

regulating endothelium-dependent vasorelaxation by targeting endothelial nitric oxide 

synthase. Hypertension. 60:1407-1414. 

Suschek, C.V., O. Schnorr, K. Hemmrich, O. Aust, L.O. Klotz, H. Sies, and V. Kolb-

Bachofen. 2003. Critical role of L-arginine in endothelial cell survival during 

oxidative stress. Circulation. 107:2607-2614. 

Tabas, I., T. Seimon, J. Timmins, G. Li, and W. Lim. 2009. Macrophage apoptosis in 

advanced atherosclerosis. Annals of the New York Academy of Sciences. 1173 Suppl 

1:E40-45. 

Taha, H., K. Skrzypek, I. Guevara, A. Nigisch, S. Mustafa, A. Grochot-Przeczek, P. Ferdek, 

H. Was, J. Kotlinowski, M. Kozakowska, A. Balcerczyk, L. Muchova, L. Vitek, G. 

Weigel, J. Dulak, and A. Jozkowicz. 2010. Role of heme oxygenase-1 in human 



 

 132 

endothelial cells: lesson from the promoter allelic variants. Arteriosclerosis, 

thrombosis, and vascular biology. 30:1634-1641. 

Tai, S.C., G.B. Robb, and P.A. Marsden. 2004. Endothelial nitric oxide synthase: a new 

paradigm for gene regulation in the injured blood vessel. Arteriosclerosis, thrombosis, 

and vascular biology. 24:405-412. 

Takahashi, S., and M.E. Mendelsohn. 2003. Synergistic activation of endothelial nitric-oxide 

synthase (eNOS) by HSP90 and Akt: calcium-independent eNOS activation involves 

formation of an HSP90-Akt-CaM-bound eNOS complex. The Journal of biological 

chemistry. 278:30821-30827. 

Tao, J., Z. Yang, J.M. Wang, C. Tu, and S.R. Pan. 2006. Effects of fluid shear stress on eNOS 

mRNA expression and NO production in human endothelial progenitor cells. 

Cardiology. 106:82-88. 

Tavridou, A., A. Efthimiadis, I. Efthimiadis, and V.G. Manolopoulos. 2010. Simvastatin-

induced changes in circulating oxidized low-density lipoprotein in different types of 

dyslipidemia. Heart and vessels. 25:288-293. 

Tenhunen, R., H.S. Marver, and R. Schmid. 1968. The enzymatic conversion of heme to 

bilirubin by microsomal heme oxygenase. Proceedings of the National Academy of 

Sciences of the United States of America. 61:748-755. 

Tesauro, M., W.C. Thompson, P. Rogliani, L. Qi, P.P. Chaudhary, and J. Moss. 2000. 

Intracellular processing of endothelial nitric oxide synthase isoforms associated with 

differences in severity of cardiopulmonary diseases: cleavage of proteins with 

aspartate vs. glutamate at position 298. Proceedings of the National Academy of 

Sciences of the United States of America. 97:2832-2835. 

Tiefenbacher, C.P., T. Bleeke, C. Vahl, K. Amann, A. Vogt, and W. Kubler. 2000. 

Endothelial dysfunction of coronary resistance arteries is improved by 

tetrahydrobiopterin in atherosclerosis. Circulation. 102:2172-2179. 

Tomita, H., K. Egashira, M. Kubo-Inoue, M. Usui, M. Koyanagi, H. Shimokawa, M. Takeya, 

T. Yoshimura, and A. Takeshita. 1998. Inhibition of NO synthesis induces 

inflammatory changes and monocyte chemoattractant protein-1 expression in rat 

hearts and vessels. Arteriosclerosis, thrombosis, and vascular biology. 18:1456-1464. 

Tsukada, T., K. Yokoyama, T. Arai, F. Takemoto, S. Hara, A. Yamada, Y. Kawaguchi, T. 

Hosoya, and J. Igari. 1998. Evidence of association of the ecNOS gene polymorphism 

with plasma NO metabolite levels in humans. Biochemical and biophysical research 

communications. 245:190-193. 



 

 133 

Tsutsui, M., H. Shimokawa, Y. Otsuji, and N. Yanagihara. 2010. Pathophysiological 

relevance of NO signaling in the cardiovascular system: novel insight from mice 

lacking all NO synthases. Pharmacology & therapeutics. 128:499-508. 

Ushiyama, M., T. Morita, and S. Katayama. 2002. Carbon monoxide regulates blood pressure 

cooperatively with nitric oxide in hypertensive rats. Heart and vessels. 16:189-195. 

Vaisman, B.L., K.L. Andrews, S.M. Khong, K.C. Wood, X.L. Moore, Y. Fu, D.M. Kepka-

Lenhart, S.M. Morris, Jr., A.T. Remaley, and J.P. Chin-Dusting. 2012. Selective 

endothelial overexpression of arginase II induces endothelial dysfunction and 

hypertension and enhances atherosclerosis in mice. PloS one. 7:e39487. 

Valkonen, V.P., H. Paiva, J.T. Salonen, T.A. Lakka, T. Lehtimaki, J. Laakso, and R. 

Laaksonen. 2001. Risk of acute coronary events and serum concentration of 

asymmetrical dimethylarginine. Lancet. 358:2127-2128. 

Vallance, P., and J. Leiper. 2004. Cardiovascular biology of the asymmetric 

dimethylarginine:dimethylarginine dimethylaminohydrolase pathway. 

Arteriosclerosis, thrombosis, and vascular biology. 24:1023-1030. 

Van Craeyveld, E., S.C. Gordts, E. Nefyodova, F. Jacobs, and B. De Geest. 2011. Regression 

and stabilization of advanced murine atherosclerotic lesions: a comparison of LDL 

lowering and HDL raising gene transfer strategies. Journal of molecular medicine. 

89:555-567. 

van Haperen, R., M. de Waard, E. van Deel, B. Mees, M. Kutryk, T. van Aken, J. Hamming, 

F. Grosveld, D.J. Duncker, and R. de Crom. 2002. Reduction of blood pressure, 

plasma cholesterol, and atherosclerosis by elevated endothelial nitric oxide. The 

Journal of biological chemistry. 277:48803-48807. 

van Wijk, D.F., and S.M. Boekholdt. 2010. Improving risk stratification for cardiovascular 

disease. Expert review of cardiovascular therapy. 8:1091-1093. 

Vasquez-Vivar, J., D. Duquaine, J. Whitsett, B. Kalyanaraman, and S. Rajagopalan. 2002. 

Altered tetrahydrobiopterin metabolism in atherosclerosis: implications for use of 

oxidized tetrahydrobiopterin analogues and thiol antioxidants. Arteriosclerosis, 

thrombosis, and vascular biology. 22:1655-1661. 

Vasquez-Vivar, J., B. Kalyanaraman, and P. Martasek. 2003. The role of tetrahydrobiopterin 

in superoxide generation from eNOS: enzymology and physiological implications. 

Free radical research. 37:121-127. 

Vecerova, L., Z. Strasky, J. Rathouska, M. Slanarova, E. Brcakova, S. Micuda, and P. 

Nachtigal. 2012. Activation of TGF-beta receptors and Smad proteins by atorvastatin 



 

 134 

is related to reduced atherogenesis in ApoE/LDLR double knockout mice. Journal of 

atherosclerosis and thrombosis. 19:115-126. 

Veldman, B.A., W. Spiering, P.A. Doevendans, G. Vervoort, A.A. Kroon, P.W. de Leeuw, 

and P. Smits. 2002. The Glu298Asp polymorphism of the NOS 3 gene as a 

determinant of the baseline production of nitric oxide. Journal of hypertension. 

20:2023-2027. 

Virmani, R., A.P. Burke, A. Farb, and F.D. Kolodgie. 2006. Pathology of the vulnerable 

plaque. Journal of the American College of Cardiology. 47:C13-18. 

Virmani, R., A.P. Burke, F.D. Kolodgie, and A. Farb. 2003. Pathology of the thin-cap 

fibroatheroma: a type of vulnerable plaque. Journal of interventional cardiology. 

16:267-272. 

Wald, D.S., J.P. Bestwick, G. Morton, L. Drummond, N. Jenkins, P. Khodabakhsh, and N.P. 

Curzen. 2009. Combining carotid intima-media thickness with carotid plaque on 

screening for coronary heart disease. Journal of medical screening. 16:155-159. 

Walldius, G., and I. Jungner. 2007. Apolipoprotein A-I versus HDL cholesterol in the 

prediction of risk for myocardial infarction and stroke. Current opinion in cardiology. 

22:359-367. 

Wang, L.J., T.S. Lee, F.Y. Lee, R.C. Pai, and L.Y. Chau. 1998. Expression of heme 

oxygenase-1 in atherosclerotic lesions. The American journal of pathology. 152:711-

720. 

Wang, R. 1998. Resurgence of carbon monoxide: an endogenous gaseous vasorelaxing factor. 

Canadian journal of physiology and pharmacology. 76:1-15. 

Wang, X., Y. Wang, H.P. Kim, K. Nakahira, S.W. Ryter, and A.M. Choi. 2007. Carbon 

monoxide protects against hyperoxia-induced endothelial cell apoptosis by inhibiting 

reactive oxygen species formation. The Journal of biological chemistry. 282:1718-

1726. 

Wang, X.L., A.S. Sim, R.F. Badenhop, R.M. McCredie, and D.E. Wilcken. 1996. A smoking-

dependent risk of coronary artery disease associated with a polymorphism of the 

endothelial nitric oxide synthase gene. Nature medicine. 2:41-45. 

Wang, X.L., A.S. Sim, M.X. Wang, G.A. Murrell, B. Trudinger, and J. Wang. 2000. 

Genotype dependent and cigarette specific effects on endothelial nitric oxide synthase 

gene expression and enzyme activity. FEBS letters. 471:45-50. 

Wang, X.L., and J. Wang. 2000. Endothelial nitric oxide synthase gene sequence variations 

and vascular disease. Molecular genetics and metabolism. 70:241-251. 



 

 135 

Wattanapitayakul, S.K., M.J. Mihm, A.P. Young, and J.A. Bauer. 2001. Therapeutic 

implications of human endothelial nitric oxide synthase gene polymorphism. Trends in 

pharmacological sciences. 22:361-368. 

Weber, M., C.H. Hagedorn, D.G. Harrison, and C.D. Searles. 2005. Laminar shear stress and 

3' polyadenylation of eNOS mRNA. Circulation research. 96:1161-1168. 

Wilcox, J.N., R.R. Subramanian, C.L. Sundell, W.R. Tracey, J.S. Pollock, D.G. Harrison, and 

P.A. Marsden. 1997. Expression of multiple isoforms of nitric oxide synthase in 

normal and atherosclerotic vessels. Arteriosclerosis, thrombosis, and vascular biology. 

17:2479-2488. 

Wilson, P.W., R.B. D'Agostino, D. Levy, A.M. Belanger, H. Silbershatz, and W.B. Kannel. 

1998. Prediction of coronary heart disease using risk factor categories. Circulation. 

97:1837-1847. 

Woodman, C.R., J.M. Muller, M.H. Laughlin, and E.M. Price. 1997. Induction of nitric oxide 

synthase mRNA in coronary resistance arteries isolated from exercise-trained pigs. 

The American journal of physiology. 273:H2575-2579. 

Woodman, C.R., E.M. Price, and M.H. Laughlin. 2005. Shear stress induces eNOS mRNA 

expression and improves endothelium-dependent dilation in senescent soleus muscle 

feed arteries. Journal of applied physiology. 98:940-946. 

Yachie, A., Y. Niida, T. Wada, N. Igarashi, H. Kaneda, T. Toma, K. Ohta, Y. Kasahara, and 

S. Koizumi. 1999. Oxidative stress causes enhanced endothelial cell injury in human 

heme oxygenase-1 deficiency. The Journal of clinical investigation. 103:129-135. 

Yamada, N., M. Yamaya, S. Okinaga, K. Nakayama, K. Sekizawa, S. Shibahara, and H. 

Sasaki. 2000. Microsatellite polymorphism in the heme oxygenase-1 gene promoter is 

associated with susceptibility to emphysema. American journal of human genetics. 

66:187-195. 

Yan, G., B. You, S.P. Chen, J.K. Liao, and J. Sun. 2008. Tumor necrosis factor-alpha 

downregulates endothelial nitric oxide synthase mRNA stability via translation 

elongation factor 1-alpha 1. Circulation research. 103:591-597. 

Yang, Y.M., A. Huang, G. Kaley, and D. Sun. 2009. eNOS uncoupling and endothelial 

dysfunction in aged vessels. American journal of physiology. Heart and circulatory 

physiology. 297:H1829-1836. 

Yang, Z., and X.F. Ming. 2006. Recent advances in understanding endothelial dysfunction in 

atherosclerosis. Clinical medicine & research. 4:53-65. 



 

 136 

Yao, Y.S., W.W. Chang, Y.L. Jin, and L.P. He. 2013. An updated meta-analysis of 

endothelial nitric oxide synthase gene: three well-characterized polymorphisms with 

ischemic stroke. Gene. 528:84-92. 

Yet, S.F., M.D. Layne, X. Liu, Y.H. Chen, B. Ith, N.E. Sibinga, and M.A. Perrella. 2003. 

Absence of heme oxygenase-1 exacerbates atherosclerotic lesion formation and 

vascular remodeling. FASEB journal : official publication of the Federation of 

American Societies for Experimental Biology. 17:1759-1761. 

Yoshimura, M., H. Yasue, M. Nakayama, Y. Shimasaki, H. Sumida, S. Sugiyama, K. 

Kugiyama, H. Ogawa, Y. Ogawa, Y. Saito, Y. Miyamoto, and K. Nakao. 1998. A 

missense Glu298Asp variant in the endothelial nitric oxide synthase gene is associated 

with coronary spasm in the Japanese. Human genetics. 103:65-69. 

Zeiher, A.M., B. Fisslthaler, B. Schray-Utz, and R. Busse. 1995. Nitric oxide modulates the 

expression of monocyte chemoattractant protein 1 in cultured human endothelial cells. 

Circulation research. 76:980-986. 

Zhang, M.X., H. Ou, Y.H. Shen, J. Wang, J. Wang, J. Coselli, and X.L. Wang. 2005. 

Regulation of endothelial nitric oxide synthase by small RNA. Proceedings of the 

National Academy of Sciences of the United States of America. 102:16967-16972. 

 

 

 

 

 


