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Abstract 

Elevated plasma concentrations of lipoprotein(a) (Lp(a)) are a risk factor for a 

variety of atherosclerotic disorders including coronary heart disease. In the current study, 

the investigators report that incubation of cultured human umbilical vein endothelial cells 

(HUVECs) with high concentrations of apolipoprotein(a)(apo(a)/Lp(a)) induces apoptosis 

and endothelial dysfunction in a dose dependent manner. Apo(a), the component of Lp(a) 

mediates these effects by inducing externalization of Annexin V, DNA condensation and 

fragmentation which are the hallmarks of death by apoptosis. The pathway of apo(a)-

induced apoptosis is associated with overexpression of Bax, caspase-9, p53 

phosphorylation, decreased in Bcl-2 expression and activation of caspase-3. Taken 

together, the data suggest that elevated concentration of apo(a) induces apoptosis in 

endothelial cells probably by activating the intrinsic pathway. The data also showed that 

apo(a) induces increased expression of the growth arrest protein (Gas1), which has been 

known to induce apoptosis and growth arrest in vitro. In addition the data showed that 

elevated apo(a)/Lp(a) attenuates endothelial nitric oxide (eNOS) activity and endothelin-

1 (ET-1) in a dose and time-dependent manner, particularly with small apo(a) isoforms. 

In summary, the authors proposed a new signaling pathway by which apo(a)/Lp(a) induce 

apoptosis and this finding could help explain how apo(a)/Lp(a) mediate atherosclerosis 

related diseases.  
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Chapter I Introduction and Literature Review 

Atherosclerosis 

Atherosclerosis is a chronic, progressive, inflammatory disease of the large and 

medium arteries characterized by a thickening of the intima (Figure 1) and infiltration of 

inflammatory cells consisting of monocyte-derived macrophages and T-lymphocytes 

(Ross, 1999; Aboyans et al., 2006). In the developed world, atherosclerosis-related 

diseases are among the leading causes of mortality (Murray et al., 1997; Bitton et al., 

2010). Several environmental factors that contribute to development of atherosclerosis 

include high plasma cholesterol, smoking, high blood pressure, and diabetes (Berliner et 

al., 1995). The disease is initiated by deposition of esterified lipids in the arterial wall 

(Ross, 1999). Fatty streaks, which represent the earliest stage of atherosclerotic lesions, 

are characterized by a dense accumulation of monocyte-derived macrophages in the 

vascular wall (Napoli et al., 1997). The early lesions contain lipid-laden monocytes and 

macrophages (foam cells) and T lymphocytes. Smooth muscle cells (SMCs) later migrate 

to the sites of the lesions in response to the actions of the different growth factors 

including platelet-derived growth factor (PDGF), fibroblast growth factor-2 (FGF-2), and 

transforming growth factor (TGF) (Bjorkerud et al., 1996). The intimal thickening occurs 

due to the accumulation of proliferating SMCs, dead cells (SMCs, endothelial cells 

(ECs), fibroblasts and macrophages), and interstitial substances including collagen, 

elastin, glycosaminoglycans, and fibrin (Brown, 1996). Systemic inflammation, 

evidenced by the presence of pro-inflammatory cytokines and adhesion molecules, 
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actively promotes the mobilization of monocytes to the sites of atherosclerotic lesions 

(Ross, 1986). The recruitment of circulating monocytes to the vascular subendothelial 

tissue occurs via a tightly regulated multistep process mediated by a series of cell surface 

adhesion molecules (Qiao et al., 1997). Endothelial cell activation causes up-regulation of 

these endothelial cell adhesion molecules, including both P- and E- selectins, vascular 

cell adhesion molecule-1(VCAM-1), and inter-Cellular Adhesion Molecule 1 (ICAM-1), 

a process mediated by pro-inflammatory cytokines. At the site of atherosclerosis, 

increased levels of P- and E-selectins mediate the attraction of circulating monocytes to 

the endothelium (Weyrich et al., 1995; van der Wal et al., 1992). Following monocyte 

adhesion to the endothelium, the selectins stimulate monocyte expression of integrins 

which are essential to their migration to tissues (Bober et al., 1995; Weyrich et al., 1995; 

Ramos et al., 1999; Pamukcu et al., 2010). ICAM and VCAM are also over-expressed at 

sites of atherosclerotic lesions and contribute to stronger adhesion of monocytes to the 

endothelium (Gerszten et al., 1998). The process of monocyte–endothelium interactions 

in atherosclerosis also involves various chemokines, including CXCL1, CCL5, CXCL4, 

CXCL12 and their monocyte receptors CXCR2, CCR5, CXCR4 (Huo et al., 2001; von 

Hundelshausen et al., 2005). The expression of several adhesion molecules (Skalska, 

2003) associated with the pathogenesis of atherosclerosis is regulated by the NFκB 

(Barnes et al., 1997), a transcription factor that plays a critical role in diverse cellular 

processes associated with proliferation, as well as cellular development, apoptosis, and 

the production of innate and adaptive immune responses (Hansson et al., 2006; Zinger et 

al., 2009; Andersson et al., 2010). As the inflammatory process is maintained, the 

http://informahealthcare.com/action/showPopup?citid=citart1&id=CIT0003&doi=10.3109/07853890.2010.497767
http://informahealthcare.com/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Ramos%2C+CL%29


 

  3 

matured atheroma releases additional chemokines and enzymes that further differentiate 

the plaque into advanced lesions. Activated macrophages release proteolytic enzymes 

that degrade the collagens that build up the protective fibrous cap of the atheroma, 

rendering the plaque more vulnerable to rupture (Shah et al., 1995; Libby et al., 1996; 

Kolodgie et al., 2000; Montecucco et al., 2009). As these events take place, the atheroma 

becomes more and more procoagulant due to the increased thrombotic events taking 

place (Lee et al., 1997). The macrophages release tissue factor, which mediates these 

thrombotic events (Kolodgie et al., 2000). As the architecture of the atheroma evolves, 

extensive cell turnover is observed at the site of the advanced plaques (Han et al., 1995; 

Kinscherf et al., 1999; Kolodgie et al., 2000; Leroyer et al., 2007). The composition of 

the atherosclerotic plaque is diverse during its progression: T cells and macrophage 

contribute to plaque formation, extension and rupture; oxidized low-density lipoproteins 

(oxLDL) and other polypeptides act as autoantigens (Witztum et al., 1991; Hansson et al., 

2006). OxLDL are pivotal in the development of atherosclerosis plaques (Quinn et al., 

1987; Loidl et al., 2003). Once they accumulate in the intima of the arteries, oxLDL 

activate ECs and up-regulate the expression of adhesion molecules and the secretion of 

chemokines, which contribute to the recruitment of circulating leukocytes (Leitinger et 

al., 1999; Hansson et al., 2006). The oxidative modifications of lipoproteins can be 

induced by reactive oxygen species (ROS) and nitric oxide (NO) released in the 

microenvironment (Kojda et al., 1999). Apoptosis is a major event observed during 

plaque development and progression (Kockx et al., 2000; Rössig et al., 2001). 
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Figure 1: A simplified scheme of coronary atherothrombosis. Atherosclerosis 
advances with increasing formation of fatty streaks and plaques. Acute thrombosis 
triggered by plaque rupture/haemorrhage or intimal erosion results in myocardial 
infarction. It is unknown whether the lipoprotein(a) (Lp(a)) levels affect coronary 
sclerosis, myocardial infarction, or both  (Adapted from Sawabe et al., Heart 2009; 95: 
1997-2002). 
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I.2 Apoptosis 

The term “apoptosis” was initially used in 1972 to describe a special form of cell 

death different from necrosis which was observed in a wide variety of physiological and 

pathological conditions (Kerr, 1972). During apoptosis, cells undergo an orderly process 

of dying. Unlike other types of cell death, cells undergoing apoptosis show cell 

shrinkage, chromatin condensation, breakage of double-stranded DNA into 180–200 base 

pair fragments, and the formation of apoptotic bodies (Cohen et al., 1992; Trump et al., 

1997) visible under electron microscope. The fragmentation of DNA into nucleosomal 

units — observed in DNA laddering assays — is induced by the action of caspase-

activated DNase (CAD), an enzyme that degrades the chromosomal DNA (Enari et al., 

1998). During apoptosis, the inhibitor of CAD (ICAD) is cleaved by caspases (Enari et 

al., 1998; Jänicke et al., 1998; Wolf et al., 1999), to release CAD. Rapid fragmentation of 

the nuclear DNA follows. Apoptotic cells are removed, whereas necrosis results in 

cellular fragmentation and release of cellular contents with ensuing inflammatory 

responses (Cohen et al., 1992; Trump et al., 1997). Virchow first observed cell death in 

atherosclerotic plaques in 1858, and called it fibro-fatty degeneration (Virchow, 1858). In 

the case of atherosclerosis, apoptosis is triggered by inflammatory processes, both via 

cell-cell contact and by cytokines and oxidized lipids. The role of apoptosis in 

atherogenesis is dual, depending on the stage of the plaque. In early stages, apoptotic 

death of smooth muscle - and inflammatory cells, such as lymphocytes and macrophages, 

may delay atherosclerotic process. However, once the plaque is created, apoptosis might 

lead to its rupture and thrombosis (Karaflou et al., 2008). During atherosclerosis, ECs,  
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Figure 2: Apoptosis Pathway. Apoptosis occurs through many pathways, but two 
mechanisms are considered the main pathways of apoptosis: the extrinsic and intrinsic 
pathways (Adapted from Parrino et al., 2007, Emerging Infectious Diseases.13: 191-198). 
Bid: BH3-interacting domain; FADD: Fas associated death domain; FASL: Fas ligand; 
FLIP: FLICE-like Inhibitory Protein; IAPs: Inhibitors of Apoptosis; TNF: tumor necrosis 
factor; Trail: TNF-related apoptosis-inducing ligand. 
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macrophages, and fibroblasts undergo apoptosis and this has been observed by studying 

the atherosclerotic plaque composition (Geng et al., 1995; Kockx et al., 1998; Ross, 

1999).  

  

I.3 Mechanism of Apoptosis 

 The process of apoptosis is highly regulated (Trump et al., 1997) (Figure 2). It is 

initiated by the actions of survival, or death-promoting factors which activate 

intermediate proteins and resulting in the activation of executioner caspases (Adams, 

2003) and execution of the death of the cell. Caspases are cysteine aspartic proteases 

(Mashima et al.,  1995), synthesized as proenzymes that remain inactive in the cytoplasm 

until they are activated by an apoptotic stimulus (Koeplinger et al., 2000). The caspases 

initiate cellular breakdown by degrading specific structural, regulatory, and DNA repair 

proteins (Datta et al., 1996). They can be classified into two functional groups: the 

upstream initiators, and the downstream executioners. Initiator caspases are activated 

primarily by auto-processing and target cytoskeletal proteins, nuclear envelope proteins, 

DNA repair proteins, DNA dependent protein kinases, and other caspases (Jänicke et al., 

1998).   

 

I.4 Physiological Role of Apoptosis 

Apoptosis is a normal cellular event required for organ development and tissue 

homeostasis (Mallat et al., 2000; Zhang et al., 2005). In fact, loss of genome integrity and 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mashima%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koeplinger%20KA%22%5BAuthor%5D
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cell death regulation, can lead to uncontrolled cell growth. Hence, impaired cell death 

including apoptosis, autophagy, and necrosis can cause genomic instability (Ryan, 2011). 

As such, cells with a damaged genome or major disorders will be aborted by cell death to 

preserve the organism from potentially dangerous mutations (Shaha et al., 2010). This is 

especially the case in DNA damage, as cells activate a complex network of factors that 

silence cyclin-dependent kinases and delay or arrest cell cycle progression, promote DNA 

repair or in the case of irreparable damage, activate apoptosis (Zhivotovsky et al., 2010). 

During embryogenesis, apoptosis is involved in the elimination of transitory organs and 

tissues such as phylogenetic vestiges (pronephros and mesonephros in higher 

vertebrates), anuran tails and gills and larval organs of holometabolous insects, and tissue 

remodelling (Pole et al., 2002).  

 

I.5 The Extrinsic Pathway 

The extrinsic pathway of apoptosis is characterized by the binding of death 

ligands to death receptors (DR) including Fas/APO-1 (CD95) (Daniel et al., 2001; 

Neumann et al., 2010), tumour necrosis factor (TNF) receptor 1 (TNFR1), DR3, TNF-

related apoptosis-inducing ligand (TRAIL) or DR4, TRAIL-R2 (DR5), and DR6 

(Chinnaiyan et al., 1996; Ha et al., 2009). Each of these DRs has an intracellular death 

domain (DD) (Chaudhary et al., 1997; Al-Lamki et al., 2003) that functions as a protein–

protein binding module (Harper et al., 2003). The binding of the death ligand to its 

cognate receptor results in receptor aggregation and the recruitment of adaptor proteins 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chinnaiyan%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Al-Lamki%20RS%22%5BAuthor%5D
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which in turn activates caspase-8, facilitating the activation of executioner caspases 

downstream (Thornberry, 1998; Slee et al., 1999; Denecker et al., 2001).  

The death receptor Fas is a transmembrane glycoprotein with a broad distribution 

on both lymphoid and non-lymphoid cells (Geng, 1997). The unprocessed molecule 

contains 3 extracellular cysteine-repeat domains. Fas is crucial for apoptosis signalling 

and its natural ligand, FasL, is primarily expressed by activated CD4+ and CD8+ T-cells 

Vincenz et al., 1997). The ligand is released in soluble form after cleavage from its 

membrane site by metalloproteinases before binding to Fas (Huang, 1999). Fas 

propagates the apoptotic signal via a death inducing signalling (DISC) complex which 

activates caspase-8 and caspase-3 downstream (Kischkel et al., 1995; Slee et al., 1999; 

Park et al., 2003; Hassan et al., 2009). 

 

I.6 The Intrinsic Pathway 

The intrinsic pathway articulates around the release of cytochrome c from the 

mitochondria (Vladimir, 1996; Kluck et al., 1997; Green et al., 1998; Mignotte et al., 

1998; Johnson, 2000).  Cytochrome c is a peripheral protein of the mitochondrial inner 

membrane (IM) which functions as an electron shuttle between complex III and complex 

IV of the respiratory chain and its activity is necessary for life. The two main functions of 

cytochrome c are caspase activation and electron transport. These functions take place in 

distinct domains of the protein. The substitution of the iron atom within the heme 

prosthetic group abolishes cytochrome c-mediated electron transfer, yet does not affect its 

potential to mediate caspase activation (Kagan et al., 2005). In mitochondria, the majority 
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of cytochrome c is membrane-bound. At least 15% of mitochondrial cytochrome c is 

tightly bound via both electrostatic and hydrophobic interactions. The remaining 

cytochrome c is loosely attached to IM, because of weak electrostatic interactions, and 

can be readily mobilized. Loosely and tightly bound cytochrome c pools have been 

implicated in different functions (Kagan et al., 2005). Under apoptotic stimulus, the outer 

mitochondrial membrane (MOM) is permeabilized by the pro-apoptotic Bcl-2 members 

Bax and Bak, allowing the release of apoptogenic factors such as cytochrome c from the 

IM space into the cytosol (Kroemer et al., 1997; Luo et al., 1998; Poyton et al., 2009). 

The mitochondria fragments in response to Drp-1 activation suggesting that 

mitochondrial fission could play a role in mitochondrial outer-membrane 

permeabilization (Jourdain et al., 2009). Upon apoptotic stimuli, cytochrome c, in the 

presence of ATP, mediates the allosteric activation and hepta-oligomerization of the 

adaptor molecule apoptosis-protease activating factor 1 (Apaf-1) (Zou et al., 2003; Kagan 

et al., 2005).  The apoptosome allows the activation mechanism for caspase-9. Unlike the 

traditional proteolytic cleavage of caspases, activation of caspase-9 by the apoptosome 

requires association of the enzyme with the oligomeric death matchine (Jiang et al., 

2000). As long as caspase-9 is in the complex, proteolytic processing is not really 

required for its activity (Srinivasula et al., 2001). The activation of caspase-9 and the 

need for its occurance during apoptosis is still a matter of debate (Guerrero et al., 2008). 

When formed, the apoptosome recruits procaspase-9 into its central hub region through 

CARD domain interaction, and a conformational change of the enzyme is induced. The 

apoptosome and caspase-9 form an active holoenzyme to activate caspase-3 followed by 
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activation of DNases and subsequent fragmentation of DNA (Stanger et al., 1996; 

Mignotte et al., 1998).   

The inhibitors of apoptosis (Bcl-2, Bcl-XL, Bcl-W) have four conserved Bcl-2 homology 

(BH) motifs and an extracellular domain that localizes the proteins to the intracellular 

membranes of mitochondria (Moroy et al., 2009). The Bcl-2 family shares homology 

within specific regions, called Bcl-2 homology domains (Cleary et al., 1986; Adams et 

al., 1998; Gross et al., 1999). The classification among the family members is based on 

function and BH domain organization (Moroy et al., 2009). The Bcl-2 protein was the 

first proto-oncogene identified that protects cells from apoptosis (Cleary et al., 1986; 

Adams et al., 1998; Adams et al., 2001). It prevents apoptosis by binding to Bcl-2 

associated protein x (Bax), and Bcl-2 associated protein k (Bak), thus preventing the 

release of cytochrome c from the mitochondria (Finucane et al., 1999). Anti-apoptotic 

proteins (Bcl-2 and Bcl-xl) suppress the pro-apoptotic proteins (Bax, Bak, Bad, and Bid) 

expression and preserve the integrity of the cell (Gajewski et al., 1995; Adams et al., 

1998). The excess of anti-apoptotic Bcl-2 proteins on the surface of the mitochondria is 

thought to be important to the suppression of the PT pore formation (Kluck et al., 1997; 

Granville et al., 2001; Moroy et al., 2009). Vascular endothelial growth factor (VEGF) 

has also been shown to upregulate Bcl-2 and so doing can inhibit apoptosis in mammary 

adenocarcinoma cells (Pidgeon, 2001). The proapoptotic Bax is a multi-domain protein 

found in the cytosol or loosely attached to the mitochondrial membrane (Wolter, 1997). 

Its main action on apoptosis regulation is achieved by suppressing the anti-apoptotic 

protein Bcl-2 (Gross et al., 1999; Chipuk et al., 2004). The direct activation of Bax by 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moroy%20G%22%5BAuthor%5D
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p53 induces apoptosis (Weber et al., 2003; Chipuk et al., 2004). Bax works in 

cooperation with Bak to suppress the anti-apoptotic effects of Bcl-2 (Adams et al., 1998; 

Scorrano et al., 2003).   

The extrinsic pathway can cross with the mitochondrial pathway. This is 

evidenced by the cleavage of Bid by caspase-8 in response to TNF-α (tumour necrosis 

factor-α) activation (Figure 2) (Sylte et al., 2006). Caspase-8 converts Bid into a pro-

apoptotic molecule that can in turn activate the release of cytochrome c from the 

mitochondria (Susin et al., 1997; Li et al., 1998; Desagher et al., 1999; Ohtani et al., 

2006).  

 

I.7 Endothelial Cells — Roles in Atherosclerosis 

The ECs are a single cell monolayer that line blood vessels and form a semipermeable 

barrier between the vessel wall and the flowing blood (Marsden et al., 1991; Flavahan et 

al.; 1995; Cines et al., 1998). It affords movement of small solutes in preference to large 

molecules, and is involved in tissue auto-regulation, regulating cellular and nutrient 

trafficking (Odin et al., 1998). In its physiological state, the endothelium forms a 

continuous barrier that varies in integrity and control for different vascular beds. It 

actively regulates vascular permeability to plasma constituents, platelet and leukocyte 

adhesion and aggregation, and thrombosis (Gross et al., 2000). Endothelial cell 

permeability is enhanced by tumour necrosis factor (TNF)-α, inducing together with 

thrombin (in vitro) dysfunctional barrier (Félétou et al., 2006). The endothelium also 
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mediates vasoactivity, maintains blood fluidity, and contributes to the local balance 

between pro- and anti-inflammatory mediators as well as procoagulant and anticoagulant  

activity. Physiologically, endothelial cells maintain a relaxed vascular tone and low levels 

of oxidative stress by releasing mediators such as nitric oxide, prostacyclin (PGI2) and 

endothelin (ET-1), and controlling local angiotensin-II activity (Bombeli et al., 1997; 

Cines et al., 1998; Davignon et al., 2004).  

 

I.8 VE-Cadherin — A Regulator of EC Apoptosis 

VE-cadherin is an endothelial cell-specific cadherin that plays a major role in the 

organization of intercellular adherens junctions (Lampugnani et al., 1995; Caveda et al., 

1996; Uehara, 2006). The cadherins are single-pass transmembrane glycoproteins that 

associate as cis-dimers on the cell surface and then combine to form a linear zipper-like 

structure that promotes homophilic intercellular adhesion (Fagotto et al., 1996; Hordijk et 

al., 1999; Lelievre et al., 2000). VE-cadherin is a key regulator of endothelial barrier 

function and cell survival (Lampugnani et al., 1995; Carmeliet et al., 1999; Lurlaro et al., 

2004) (Figure 3). VE-cadherin null mice were shown to be embryonically lethal due to 

defects in vascular development (Larson et al., 2004). VE-cadherin associates via their 

cytoplasmic domain with a macromolecular complex that comprises scaffolding and 

adaptor proteins β- and p120-catenin and plakoglobin (Herren et al., 1998; Wong et al., 

2000; Gumbiner, 2005; Dejana et al., 2008) which in turn links the complex to the actin 

cytoskeleton (Lampugnani et al., 1995; Bazzoni et al., 2004). Inhibition of VE-cadherin-

mediated cell adhesion induces reorganization of the actin cytoskeleton, with increased 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lampugnani%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lampugnani%20MG%22%5BAuthor%5D
http://jcb.rupress.org/content/188/6/863.long#ref-23
http://jcb.rupress.org/content/188/6/863.long#ref-15
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monolayer permeability, enhanced neutrophil transendothelial migration and loss of cell–

cell adhesion (Corada et al., 1999; Gavard et al., 2006; Gavard et al., 2008). Several  

 

 

Figure 3: Schematic representation of the pathway through which VE-cadherin and 
VEGF-R2 might induce Gas1 synthesis. VEGF-R2 may form a complex with VE-
cadherin in confluent endothelium. VE-cadherin clustering at junctions and activation of 
VEGF-R2 leads to PI3-kinase and Rac activation, which, in turn, may induce NF- B 
nuclear translocation and induction of Gas1 transcription (Adapted from Spagnuolo et al. 
2004. JBC Blood, 103: 3005-3012). 
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signalling pathways have been described that are mediated via VE-cadherin, including 

the Rho GTPases Rho and/or Rac, Src kinases, and phosphoinositide 3-kinases 

(PI3Ks) (Vouret-Craviari, 1998; Wójciak-Stothard et al., 1998; Lampugnani et al., 2002; 

van Wetering et al., 2003; Birukova, 2005; Kilic, 2006; Birukov, 2009; Hu, 2009; Cain et 

al., 2010).  

 
 

I.9 Growth Arrest Specific 1 Mediated Apoptosis 

Gas1 is a member of growth arrest-specific genes (Gas genes) comprised of six 

distinct genes that are overexpressed during serum starvation, density inhibition, or 

during quiescence (Schneider et al., 1998; Popolo et al., 1999; Ruaro et al., 2000). Gas1 

has 345 amino acids comprising a signal peptide, followed by 279 amino acids encoding 

the protein and a 27 propeptide at the carboxyl-terminus that is removed in the mature 

protein (Del Sal et al., 1994; Humphray et al., 2004). It is differentially expressed during 

development and inhibits entry in the S phase of the cell cycle (Marques et al., 2002). 

Gas1 positively cooperates with Sonic Hedgehog (Shh), and its overexpression is 

associated with cell death during embryonic development (Lee et al., 2001). A positive 

regulator of growth, it induces apoptosis in some cell types and anti-apoptosis in others 

(Del Sal et al., 1995; Lee et al., 2001; Spagnuolo et al., 2004). The mature Gas1 protein is 

glycosylphosphatidylinositol (GPI)-linked to the outer cell membrane at its carboxy 

terminus (Stebel et al., 2000). It shows high structural similarity to the glial cell-derived 

http://jcb.rupress.org/content/188/6/863.long#ref-59
http://jcb.rupress.org/content/188/6/863.long#ref-63
http://jcb.rupress.org/content/188/6/863.long#ref-31
http://jcb.rupress.org/content/188/6/863.long#ref-56
http://jcb.rupress.org/content/188/6/863.long#ref-8
http://jcb.rupress.org/content/188/6/863.long#ref-28
http://jcb.rupress.org/content/188/6/863.long#ref-7
http://jcb.rupress.org/content/188/6/863.long#ref-26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T01-4W0SK0J-1&_user=75682&_coverDate=06%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000006078&_version=1&_urlVersion=0&_userid=75682&md5=bd2d4bc514fd187f087f7a2bf04c5704#bib58
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neurotrophic factor (GDNF) family receptors alpha, which mediate GDNF responses 

through the receptor tyrosine kinase Ret (Cabrera et al., 2006). Functional studies have 

revealed that Gas1 apoptotic action is mediated by p53 and its growth arrest property 

depends on the presence of the GDNF/GAS1 domain, which also mediates its apoptotic 

actions (Del Sal et al., 1995). Gas1 is a pleiotropic protein that exerts different functions 

depending on the cellular context, and interacts with distinct molecular effectors. For 

example, Gas1 alters the autophosphorylation pattern of the Ret tyrosine-kinase receptor 

by inhibiting the activation of the tyrosine 1062 residue. It reduces the activation 

of Akt induced by GDNF binding (López-Ramírez et al., 2008). Akt is a crucial mediator 

of survival and cellular proliferation pathways (Downward, 2004). Ret associates with 

the PI3K regulatory subunit p85 and promotes the activation of Akt in a PI3K-dependent 

fashion leading to cell proliferation and survival. The antiapoptotic action of Gas1 in ECs 

is proposed to occur via the PI3K pathway (Spagnuolo et al., 2004). NF- B may be 

involved in the transcription of the Gas1 gene in this regard (Baeuerle, 1994; Spagnuolo 

et al., 2004) (Figure 3).  

 

I.10 Endothelial Dysfunction — An Earlier Event in Atherosclerosis. 

The importance of an intact endothelium was first suggested by Furchgott and 

Zawadzki in their studies using rabbit aortas (Furchgott et al., 1980). They showed that 

acetylcholine was able to induce vascular relaxation only when the endothelium was 

intact. However once the layer of ECs was removed from the arteries, acetylcholine 

induced arteries to contract (Furchgott et al., 1980). This finding highlighted the 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T01-4S01WJJ-1&_user=75682&_coverDate=08%2F31%2F2008&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000006078&_version=1&_urlVersion=0&_userid=75682&md5=0398fcc75ff39dd4939be40bd19e4699#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T01-4W0SK0J-1&_user=75682&_coverDate=06%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000006078&_version=1&_urlVersion=0&_userid=75682&md5=bd2d4bc514fd187f087f7a2bf04c5704#bib38
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importance of ECs in mediating vascular homeostasis. The balanced regulation of 

endothelial function can be altered by a number of conditions that induce phenotypical 

modulation to a non-adaptive state known as “endothelial dysfunction”.  Endothelial 

dysfunction is characterized by loss of regulation of the homeostatic mechanism that 

operates healthy endothelial cells, increased expression of adhesion molecules, increased 

synthesis of proinflammatory and prothrombotic factors, increased oxidative stress and 

the abnormal modulation of vascular tone (Nishimura et al., 1995; Sitia et al., 2010). The 

accumulation of evidence suggests that endothelial dysfunction occurs early in the 

process of atherogenesis, and contributes to the formation, progression, and 

complications of atherosclerotic plaque (Sitia et al., 2010; Zardi et al., 2010). In addition 

to the endothelium’s pathophysiological role listed above, it is suggested that endothelial 

dysfunction is a common mechanistic link between atherosclerotic risk factors and the 

development of atherosclerosis (Schchinger et al., 2000; Sitia et al., 2010). Furthermore, 

various studies have shown that endothelial dysfunction is an independent predictor of 

future cardiovascular events in patients with atherosclerotic risk factors, or stable 

ischemic heart disease, or acute coronary syndromes. Endothelial dysfunction not only 

mediates the development of atherosclerotic plaque, but can also modulate its clinical 

course (Moncada et al., 2006; Pober et al., 2009; Zardi et al., 2010; Sitia et al., 2010).  

Plasma lipoproteins have been shown to affect endothelial functions leading in 

some cases to endothelial dysfunction. There is accepted evidence to show that 

hypercholesterolemia is inversely correlated with endothelium-dependent vasodilatation. 

And the mechanisms by which hypercholesterolemia impairs the L-arginine/NO pathway 
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is shown to occur through the production of asymmetric dimethylarginine (ADMA), an 

endogenous competitive inhibitor of NO synthases (Vladimirova-kitova et al., 2008). 

 

I.11 Nitric Oxide — A Marker of Endothelial Dysfunction 

NO is a second messenger, produced in ECs from the conversion of L-arginine to 

L-citrulline via the enzymatic action of NO synthase (NOS). The production of NO takes 

place in the caveolae (Gally et al., 1990) in the presence of FAD, NADP, and BH4. 

Although it has a short half-life, NO can sometimes persist in the cell by reacting with 

sulfhydryl groups of proteins or low abundant molecular thiols to form more stable S-

nitrosothiols (Rafikova et al., 2002). NO can interact with hydrogen molecules to form 

nitrosyl compounds (Moncada et al., 2002; Kankate et al., 2009). NOS may also be 

capable to interact with the mitochondrial electron transport system to produce ROS 

(Raju et al., 2005) such as reactive nitrogen species (RNS) in oxidative reactions capable 

of inducing cellular injuries. In return, the oxidative stress can interfere with the 

production and activity of NO (Nunoshiba et al., 1993).  The enzyme NOS exists in three 

isoforms: neuronal NOS (nNOS; type I) (Bredt et al., 1991), inducible NOS (iNOS; type 

II) (Xie et al., 1992), and endothelial NOS (eNOS; type III). Neuronal NOS (nNOS) and 

eNOS are constitutively expressed and activated by calcium entry into the cell (Ignarro et 

al., 1987; Palmer et al., 1988). The inducible form of NOS (iNOS) is expressed in 

response to specific stimuli such as exposure to lipopolysaccharide (LPS) and cytokines 

(Scott et al., 1996). Constitutive eNOS is distributed in vascular endothelium, brain, 

adrenal glands,  
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Figure 4: NO suppresses apoptosis by 2 mechanisms. Through the activation of 
soluble guanylyl cyclase, NO can increase cGMP levels. cGMP interrupts apoptotic 
signalling in some cell types, including hepatocytes, splenocytes, and PC12 cells. NO 
also directly inhibits caspase activity (Adapted from Kim et al., 1999 Circ Res. 84:253-6).  
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and platelets while iNOS is mostly present in macrophages, hepatocytes, and smooth 

muscles. Induction of iNOS requires de novo protein synthesis (Asano et al., 1994).  

NO mediates endothelium-dependent vasodilatation by opposing the effects of 

endothelin-derived vasoconstrictors (Cohen et al., 1997; Peterson et al., 1999; Ohkita et 

al., 2002; Schiffrin et al., 2004). Impaired production of NO can lead to the initiation or 

progression of atherosclerosis by the facilitation of platelet aggregation, smooth muscle 

proliferation and migration, leukocyte adhesion, and oxidative stress (Minor et al., 1990; 

Fleming et al., 2004; Moncada et al., 2006). Reduced NO was shown to impair 

endothelial function (Drexler, 1999; Kinlay et al., 2001) and this was partly due to the 

reduced activity of eNOS (Vanhoutte, 2006) either as a result of endogenous or 

exogenous inhibitors or reduced bioavailability of L-arginine (Schiffrin et al., 2004).  

 

 

I.12 Nitric Oxide — An Anti- and Pro-Apoptogenic Molecule 

NO has been shown to be able to both induce apoptosis and inhibit apoptosis 

(Melino et al., 2000; Beckman, 1996; Blanco et al., 1995) (Figure 4). NO is involved in 

the regulation of apoptosis through various mechanisms such as the S-nitrosylation of the 

caspases leading to release of cytochrome c (Melino et al., 2000). NO can also activate 

soluble guanylate cyclase (sGC) to produce cyclic guanosine monophosphate (cGMP) 

(Ghigo et al., 1993; Cary et al., 2005). The production of cGMP leads to the activation of 

cGMP-dependent protein kinases and to increased expression of anti-apoptotic proteins 

(Kim et al., 1997; Fernoff et al., 2009). The elevation of cGMP concentration also 
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accounts for NO-induced vasodilatation and inhibition of platelet aggregation, vascular 

smooth muscle and leucocyte-vessel wall interactions (Moncada et al., 2002).  

Peroxinitrite is a highly reactive product of the diffusion-controlled reaction of 

nitric oxide with superoxide radical that is lethal to cells (Hibbs et al., 1987; Radi et al., 

1991; Moncada et al., 2006). Nitrite, a by-product of NO synthesis, can induce 

peroxidation of polyunsaturated fatty acids and generate nitrated forms (O’Donnell et al., 

1999; Marley et al., 2001). The ratio between oxidation and nitration of polyunsaturated 

fatty acids is determined by factors such as nitrite concentration and the presence of 

oxygen species (Gallon et al., 1994). Cytotoxic effects of NO and peroxynitrite on 

tumour cells can result in DNA damage (Tamir et al., 1996; Cai et al., 2000). In such 

cases NO-mediated DNA damage leads to the accumulation of p53 (Messmer et al., 

1996), which has been described as an essential indicator of NO-mediated apoptosis 

(Dimmeler et al., 1999). NO-mediated p53 accumulation induces cell cycle arrest by p21 

up-regulation or apoptosis by Bax up-regulation (Kolb, 2000).  The anti-apoptotic effect 

of NO is achieved by other mechanisms such as the reversible inhibition of cytochrome c 

oxidase or the regulation of the protein levels of the Bcl-2 family proteins (Moncada et 

al., 2002). As a consequence in ECs, endogenous concentration of NO is suggested to 

directly modulate cell respiration and survival (Cohen et al., 1997; Kim et al., 1997; 

Saavedra et al., 1997).   

 

I.13 Endothelin-1 – A Stimulator and Inhibitor of Nitric Oxide 
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Endothelin-1 is an antagonist of NO (Boulanger et al., 1990; Chen et al., 1999). It 

is the most potent vasoconstrictor yet identified (Harrison et al., 1995; Yanagisawa, 

Kurihara, et al., 1988). The endothelins (ETs) form a family of 21 amino acid peptides 

that play an important role in many biological processes (Yanagisawa, Inoue et al., 1988). 

Three unique ET species have been discovered and include endothelin-1 (ET-1), 

endothelin-2 (ET-2) and endothelin-3 (ET-3), but only ET-1 has been shown to be 

released from human ECs (Harrison et al., 1995; Yanagisawa et al., 1988; Inoue et al., 

1989; Amiri et al., 2004). 

The endothelins exert their physiological effects via two G-protein-coupled 

receptors found in vascular and non-vascular tissues: Endothelin-A (ETA) and 

Endothelin-B (ETB) (Inoue et al., 1989). ETA receptors are found predominantly on 

vascular smooth muscle cells and are activated by ET-1. The binding of ET-1 to 

endothelial ETB receptors stimulates the release of NO and prostacyclin, prevents 

apoptosis, inhibits ECE-1 expression and regulates ET-1 clearance (Arai et al., 1990). Li 

and coworkers exposed a primary culture of airway smooth muscle cells (ASMC) to 

increasing concentrations of ET-1 and they observed a dose dependent increase in actin 

cytoskeletal reorganization, migration of ASMCs, and formation of stress fibres (Li et al., 

2008).  

ET-1 can also modulate mitogenesis, apoptosis, angiogenesis, tumour invasion, 

and development of metastases (Shichri et al., 1997; Ihling et al., 1996; Grant et al., 

2003). In addition to its mitogenic effect, ET-1 is suspected of contributing to tumour 

growth by protecting cells from apoptosis (Wu-Wong et al., 1997; Nelson et al., 2005). 
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ET-1 stimulates as well as inhibits the release of NO by ECs (Boulanger et al., 1990; 

Lüscher et al., 1990; Tsukahara et al., 1994, Ramzy et al., 2011). It is consequently 

implicated in numerous pathological conditions including hypertension, cardiac arrest, 

renal disease, and disseminated intravascular coagulation (Inoue et al., 1989). When the 

plasma level of ET-1 is elevated it can lead to pulmonary hypertension and CAD 

(Kiowsky et al., 1995). 

  

I.14 Lipoprotein(a) — An Atherogenic Lipoprotein 

Lp(a) is a complex lipoprotein that contains what is essentially an LDL particle 

containing apolipoprotein B-100 (apoB-100), attached to the glycoprotein 

apolipoprotein(a) (apo(a)) by a single disulfide bond (Utermann, 1989; Scanu et al., 

1991; Brunner et al., 1993; Koschinsky et al., 1993) (Figure 5); both molecules are 

synthesized and secreted from hepatocytes (Kraft et al., 1989) and there is abundant 

evidence to suggest that the assembly of the Lp(a) particle occurs extracellularly (White 

et al., 1994; Becker et al., 2006). It is well-accepted that the presence of the apo(a) 

moiety confers many of the unique properties that have been attributed to Lp(a). The 

physiological function of Lp(a) is still unknown even though it was discovered in 1963 

by Berg (Berg, 1963). This may be due to the fact that individuals with undetectable 

levels do not present clinical symptoms. However, numerous studies have shown an 

association between elevated plasma Lp(a) concentrations and increased risk of 

atherosclerotic diseases (Harpel et al., 1995; Cheng et al., 1997; Dangas et al.; 1998; 

Marcovina et al., 2003; Emerging et al., 2009; Erqou et al., 2010) 
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I.14.1 Apolipoprotein(a) 

Eaton (Eaton et al., 1987) and McLean (McLean et al., 1987) characterized 

human liver apo(a) in 1987 and found it to bear a strikingly similar homology with the 

serine protease zymogen plasminogen, a key proenzyme in the fibrinolytic cascade 

(Ponting et al., 1992; McLean et al., 1987). As such, Lp(a) was proposed to represent a 

link between the areas of atherosclerosis and thrombosis owing to the dual homology of 

Lp(a) to both LDL and plasminogen. Plasminogen contains 5 kringle (K) domains, 

designated KI–KIV (preceded by a short tail sequence), followed by a serine protease 

domain that can be activated by either tissue-type plasminogen activator (tPA) or 

urokinase plasminogen activator (uPA). Apo(a) lacks sequences corresponding to 

plasminogen KI, KII, or KIII, but contains multiply repeated domains similar to 

plasminogen KIV, followed by plasminogen KV- and protease-like domains (Gabel et al; 

1995; Marcovina et al., 1996).  

 

I.14.2 Kringle Domain 

Kringle domains are tri-looped protein structures that can consist of 

approximately 80 to more than 100 amino acids and that contain 3 invariant disulfide 

bonds whose conformation is defined by a number of hydrogen bonds and small pieces of 

anti-parallel beta-sheet (Patthy et al., 1984). Kringle domains are found in many proteins 

with different functions such as growth factors, as well as proteins involved in the 

coagulation and fibrinolytic cascades such as urokinase-type plasminogen activator 

(uPA), tissue-type plasminogen activator (tPA), and prothrombin. Kringle motifs in  
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Figure 5: Schematic Representation of Lp(a). Lp(a) consists of an LDL-like moiety 
covalently linked to apo(a) via a single disulfide bond involving an unpaired cysteine in 
apo(a) KIV9. The LDL-like moiety is composed of a central core of triglycerides (TG) 
and cholesterol esters (CE) surrounded by phospholipids (PL), free cholesterol (FC), and 
a single molecule of apoB. The apo(a) component is comprised of multiple kringle 
domains, a tri-loop structure containing three invariant disulfide bonds, and an inactive 
protease (P) domain. (Adapted from Koschinsky et al., Curr. Opin. Lipidol. 2004;15:167–
174).  
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Figure 6: Functions of Lp(a). Specific functions can be mapped to discrete structural 
units in Lp(a).Using a combination of the expression of recombinant forms of apo(a) and 
in vitro proteolytic cleavage of apo(a)/Lp(a), functional domains in apo(a) have been 
identified. Indicated are sequences in apo(a)/Lp(a) that may mediate the promotion of 
atherosclerosis and inflammation, the inhibition of angiogenesis and fibrinolysis, and the 
assembly of Lp(a) particles from LDL and apo(a). (Adapted from Koschinsky et al., Curr. 
Opin. Lipidol. 2004;15:167–174) 
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apo(a) and plasminogen have been shown to mediate binding interactions between lysine-

binding sites (LBS) (Ernst et al., 1995) present within the kringle domain and lysine 

residues exposed on the surface of target proteins (Sangrar et al., 1997). 

The apo(a) kringle IV–like sequences can be grouped into 10 types on the basis of 

their amino acid sequences and are referred to as KIV types 1 through 10 (KIV1-KIV10). 

All kringle IV types are present in a single copy in each apo(a) molecule (van der Hoek et 

al., 1993), with the exception of KIV2 which is present in multiple copies varying in 

number from 3 to more than 30 (Marcovina et al., 1996). The number of kringle IV2 

repeats is genetically determined and gives rise to a series of differently-sized apo(a) 

polymorphisms (Uterman et al., 1987). At least 30 genetically determined apo(a) 

isoforms were discovered in humans and this diversity in apo(a) is the basis of the Lp(a) 

size heterogeneity (Lackner et al., 1993) (Figure 6). The individual kringle IV 

corresponds to a molecular weight of approximately 12.5 kDa per KIV-unit (Kostner et 

al., 2005). The smallest apo(a) isoform consists of one protease domain, one KV and 

11KIV-units and the highest molecular weight has 52 KIV-units (Kostner et al., 2005).  A 

number of apo(a) kringles contain lysine-binding sites; each of KIV5-KIV8 as well as KV 

contain a weak lysine binding site (WLBS) (Ernst et al., 1995), while KIV10 contains a 

strong lysine binding site (SLBS) (Sangrar et al., 1993). Some functions have been 

ascribed to the LBS (Becker et al.; 2004): for example, the WLBS in KIV7 and KIV8 

have been proposed to mediate the initial lysine-dependent non-covalent interaction 

between apo(a) and apoB-100 that precedes covalent Lp(a) formation (Becker et al., 

2006). It has been suggested that the SLBS mediates the interaction of apo(a) with 
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biological substrates such as fibrin (Sangrar et al., 1993), and appears to play a role in the 

inhibition of plasminogen activation by apo(a)/Lp(a) (Hancock et al., 2003). The 

designation of “strong” or “weak” LBS is based upon sequence similarity of these 

domains to the LBS present in plasminogen KIV domain and their binding affinity for 

free lysine and/or lysine analogs such as ε-amino caproic acid (ε-ACA) (Rahman et al., 

2002).  

 

I.14.3 Apolipoprotein(a) — Target of Oxidative Reactions 

Lp(a) was shown to bind to oxidized phospholipid via its apo(a) component 

(Edelstein et al., 2009). Edelstein and colleagues showed that the origin of the OxPL 

attached to the apo(a) molecule is from cellular environment and not from synthesis 

(Edelstein et al., 2009). Using a monoclonal antibody EO6 with a known specificity for 

OxPLs, they showed that human apo(a) as well as recombinant apo(a) containing KV are 

the site of OxPL binding to Lp(a). And the linkage of OxPLs to apo(a) was not affected 

by Lp(a) level or apo(a) size polymorphism (Edelstein et al., 2009). Nevertheless, in a 

recent study Tsimikas and colleagues (Tsimikas et al., 2008) showed that oxidized LDL 

preferentially donates OxPLs to Lp(a), in a time- and temperature-dependent manner 

(Bergmark et al., 2008). Our laboratory has also shown that 17K r-apo(a) contains an 

oxidized phospholipid (Koschinsky, unpublished data). The presence of OxPL on apo(a) 

potentially renders apo(a)/Lp(a) highly reactive and deleterious to cells (Edelstein et al., 

2003). The ability of OxPLs to generate high levels of O2
- has been shown to be a cause 

of cellular injuries (Imai et al., 2008). Increased formation of O2
- in the vascular wall 
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induces ECs apoptosis, inflammation and lesions (Huang et al., 2004; Stocker et al., 

2004). Galle and coworkers investigated the effects of native LDL, oxLDL and Lp(a) on 

O2
- formation and cell death in cultured human umbilical vein endothelial cells 

(HUVECs) and rabbit aorta (RA). In experiments during which they incubated 

antioxidant-free LDL or Lp(a) with CuSO4 (Galle et al., 1999), they found that native 

LDL did not influence O2
- formation, but that native Lp(a) had a moderate effect, oxLDL 

had dose dependent effects on O2
- formation, while oxidized Lp(a) (oxLp(a)) was the 

most potent stimulus for O2
- formation, increasing it in HUVECs to 356% when using a 

concentration of 5 µg/ml oxLp(a) and in RA to 294% with 100 µg/ml oxLp(a). They also 

found that incubation of HUVECs and RA with LDL did not elicit apoptosis, but that 

oxLDL induced a dose- and time-dependent apoptotic effect with a minimal effect on 

necrosis. Native Lp(a) induced a small, but significant effect on apoptosis whereas 

oxLp(a) elicited the most potent effect on apoptosis compared to oxLDL (Galle et al., 

1999). The oxidative modification of Lp(a) was shown to enhance some of its effects 

such as inhibition of plasminogen binding to U937 cell surfaces (Morishita et al., 1996), 

and its mitogenic activity on human aortic SMC (Komai et al., 2002).  

Cell membrane phospholipids and phospholipids contained in circulating 

lipoproteins are the major source of OxPLs. Phospholipids containing polyunsaturated 

fatty acids are prone to oxidation and generation of reactive oxygen species (Birukov et 

al., 2004; Fu et al., 2009). The majority of circulating oxidized phosphatidylcholine in the 

plasma was found to be in association with Lp(a) (Bergmark et al., 2008). As a 

consequence, it is now suggested that Lp(a) may serve as a major carrier of OxPLs in 
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circulation (Tsimikas et al., 2008). OxPLs attached to Lp(a) conserve their 

proinflammatory properties and may explain the presence of Lp(a) in atherosclerotic 

lesions (Chang et al., 2004).  

 

 I.14.4 Determination of Plasma Lp(a) Level 

Plasma Lp(a) levels vary over 1000-fold in the population ranging from less than 

0.1 mg/dL to in excess of 300 mg/dL (Ritter et al., 1994; Kostner et al., 2005). It has been 

reported that Lp(a) levels are determined by the rate of production of the lipoprotein (i.e. 

synthesis, secretion and/or Lp(a) assembly) rather than its clearance from the circulation 

(Rader et al., 1994). In Caucasian populations, Lp(a) levels are in the concentration range 

between 8 mg/dL and 10 mg/dL while the mean values are at an approximate level of 16 

mg/dL to 18 mg/dL ( Kostner et al., 1990; Kostner, 2002). These plasma concentrations 

are determined largely by the apo(a) gene itself (Boerwinkle et al., 1992), and primarily 

reflect the number of KIV2 repeats encoded in the apo(a) gene. Africans as well as 

African-Americans have Lp(a) levels that are twice as high as Caucasians or Asians when 

adjusting for apo(a) sizes. However, differences in allele-specific apo(a) levels remain 

unexplained for larger apo(a) sizes (Marcovina et al., 1996; Berglund et al., 2004). In 

Caucasians, a general inverse relation between apo(a) size and plasma Lp(a) levels has 

been reported (Utermann et al., 1987), with smaller apo(a) isoform sizes tending to 

correspond to higher plasma Lp(a) levels. This may be due in part to the less efficient 

secretion of larger apo(a) species from the hepatocytes (Brunner et al., 1996). In the 

African-American population, the increased level of Lp(a) was associated with levels 

corresponding to mid-sized apo(a) isoforms (Kostner et al., 2005).  
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I.14.5 Epidemiology of Lp(a) 

Because of the size heterogeneity of apo(a) and the finding that smaller apo(a) 

sizes are associated with higher plasma Lp(a) levels, the question was raised as to 

whether apo(a) isoform size variation could independently predict the risk of CHD. In 

this regard, results of a study by Wu and coworkers (Wu et al., 2004) suggest that small 

apo(a) isoform size (<22 kringle IV repeats) is uniquely associated with lower 

endothelium-dependent flow mediated dilatation of the brachial artery irrespective of 

plasma Lp(a) concentrations. Additionally, Emanuele and colleagues reported that the 

percentage of subjects with at least one small apo(a) isoform was significantly higher in 

those patients who presented with acute MI versus those with unstable angina (Emanuele 

et al., 2004). In this study small apo(a) isoform size, but not elevated Lp(a) 

concentrations, was found to be an independent predictor of acute MI versus unstable 

angina pectoris in a multivariate logistic regression model. Evidence for a role of apo(a) 

isoform size and risk for the development of angina was again provided by Rifai and 

colleagues (Rifai et al., 2004). A number of epidemiological and clinical studies have 

found that elevated plasma Lp(a) concentrations (greater than a risk threshold of 30 

mg/dL) increase the risk for vascular diseases such as stroke, peripheral vascular disease, 

angina pectoris, and coronary heart disease (CHD) (Danesh et al., 2000; Rifai et al., 

2004; Kamstrup, Tybjaerg-Hansen et al., 2008). Essentially a systematic review of 40 

studies involving 58,000 participants conducted by Erqou and colleagues have concluded 

that people with smaller apo(a) isoforms have an approximately 2-fold higher risk of 

CHD or ischemic stroke than those with larger proteins. However, they concluded that 
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more studies were needed to determine whether the impact of smaller apo(a) isoforms is 

independent from Lp(a) concentration and other risk factors (Erqou et al., 2010).  

Suk Danik and colleagues assessed whether Lp(a) levels, measured with an assay 

independent of Lp(a) size, were related to the occurrence of future cardiovascular (CV) 

events. Lp(a) concentrations were measured in a large prospective study of 27,791 

initially healthy women (Women’s Health Study), who have been followed for up to 10 

years. Participants were divided into groups according to their Lp(a) levels, and the 

investigators found that those in the highest quintile, with a mean Lp(a) level of 44.0 

mg/dl or above, were 1.47 times more likely to experience CV events than those in the 

lowest Lp(a) quintile (3.4 mg/dl or less) (Suk Danik et al., 2006). The Danik study 

concluded that the traditional clinical thresholds (>30 mg/dL) for Lp(a) might had been 

set too low and should be revised. 

In the Familial Atherosclerosis Treatment Study (FATS), Lp(a) concentrations 

were a strong predictor of events at baseline, but lost their predictive value when LDL 

cholesterol was reduced to <100 mg/dL in the patient group (Maher et al., 1995). In the 

Prospective Epidemiological Study of Myocardial Infarction (PRIME) study, Lp(a) 

concentrations were investigated as a CHD risk factor using a prospective cohort of 9,133 

French and Northern Irish men age 50–59, without a history of CHD. Elevated Lp(a) 

concentrations were found to increase the risk for MI (myocardial infarction) and angina 

pectoris, and the effects were most pronounced in men with a high LDL cholesterol 

concentration (Luc et al., 2002). The results of the Quebec Cardiovascular Study suggest 

that, although Lp(a) is not an independent risk factor for ischemic heart disease in men, it 
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increases the risk associated with elevated apoB and total cholesterol (Luc et al., 2002). 

Essentially all retrospective studies conducted to date have concluded that Lp(a) is 

elevated in plasma from patients versus matched control individuals although this study 

design is unable to attribute a causative role for Lp(a) in the cardiovascular disease 

process. A fewer number of prospective studies have also been performed; meta-analyses 

of these studies have concluded that Lp(a) is an independent risk factor for CHD (Danesh 

et al., 2000; Marcovina et al., 2003 ; Koschinsky, 2005; Agoşton-Coldea et al., 2008). 

Using a Mendelian randomization approach (random assortment of genes from parents to 

offspring at the time of conception), Kamstrup and coworkers showed a causal 

association between elevated plasma Lp(a) level and increased risk of MI in white Danish 

men. This genetic study quantitated three types of associations: LPA gene variants and 

serum Lp(a) levels, serum Lp(a) levels and myocardial infarct (MI) events, and LPA gene 

variants and MI events. The investigators concluded that elevated Lp(a) contributes to MI 

irrespective of nongenetic factors such as life style and that elevated plasma Lp(a) levels 

correlated with decreasing KIV2 repeats (Kamstrup, Benn et al., 2008; Kamstrup, 

Tybjaerg-Hansen et al., 2009). The absence of consensus among all the epidemiological 

studies on Lp(a) may be due to performance of analyses due to smaller study populations 

or the distribution of Lp(a) plasma concentration in the population (<0.1 mg/dL up to 

>300 mg/dL) (Kostner et al., 2005). 

I.14.6 Proposed Mechanisms of Lp(a) Pathogenicity  

Numerous studies have shown that Lp(a) is an important agent in the development 

of atherosclerosis (Cheng et al., 1997), wound healing, angiogenesis, and homeostasis 
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(Kostner et al., 2005; Leischik et al., 2006; Siekmeier et al., 2008). Despite extensive 

studies performed on Lp(a) to date, its definite role in atherogenesis remains elusive. 

However, it is well-established that Lp(a) accumulates in atherosclerotic plaques at a 

level proportional to its plasma concentration and that Lp(a) penetrates human arteries 

and selectively accumulates in vascular lesions compared to LDL (Rath et al., 1989, Fan 

et al., 2001, Ichikawa et al., 2002; Sun et al., 2002). This selective retention of Lp(a) may 

reflect the ability of apo(a) to bind to extracellular matrix components such as 

fibrinogen/fibrin, fibronectin, vitronectin, and glycosaminoglycans and promote 

atherogenesis (Loscalzo et al., 1990; Zhao et al., 2002). The binding of Lp(a) to 

glycoproteins such as laminin via apo(a) was shown to correlate with increased invasion 

of inflammatory cells and activation of SMC (Poon et al., 1997; Sotiriou et al., 2006). 

Lp(a) can inhibit TGFβ-1 activation which can contribute to the development of 

atherosclerosis. TGFβ-1 inhibits SMC proliferation and migration, thus Lp(a) by 

blocking the action of TGFβ-1 contributes to SMC proliferation which is a feature during 

atherogenesis (Grainger et al., 1993; Fujisawa et al., 2000; Sotiriou et al., 2006; 

Siekmeier et al, 2008). 

It has been shown that Lp(a) due to its resemblance to plasminogen can 

competitively inhibit the binding of this molecule to fibrinogen and fibrin, and inhibit the 

fibrin-dependent activation of plasminogen to plasmin via tPA (Harpel et al., 1989; 

Harpel et al., 1995). Smaller size apo(a) has a stronger affinity to fibrin than higher 

apo(a) isoforms in mediating these effects (Harpel et al., 1989). Lp(a) also stimulates the 

synthesis of PAI-I in endothelial cells or PAI-II in monocytes (Buechler et al., 2001; 
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Kostner, 2005). Others thrombolytic effects of Lp(a) are due to its ability to bind to the 

tissue factor (TF) inhibitor, a regulator of the TF mediated coagulation expressed in 

monocytes, thrombocytes, and ECs (Bajaj et al., 1990; Lindhout et al., 1992; Werling et 

al., 1993; Van der Logt et al., 1994; Broze et al., 1998; Leischik et al., 2006). The 

antithrombotic effects of Lp(a) is exerted in its binding with high affinity to 

acetylhydrolase, a platelet activating factor, which results in the thrombocyte aggregation 

and hydrolysis of short-chain phospholipids (Kostner et al., 2005). 

Lp(a)’s effects contribute to endothelial dysfunction in various ways (Galle et al., 

1995). In a study of cerebrospinal fluid, Pepe and colleagues found that when the blood-

cerebrospinal fluid barrier becomes dysfunctional, Lp(a) with either a small or large 

apo(a) isoform can cross it and accumulate in the cerebrospinal fluid thus potentially 

extending its pathogenic effects to the central nervous system (Pepe, 2006). Data have 

also emerged from several laboratories to suggest that native and oxidized Lp(a) 

contributes to the atherosclerotic process by altering EC functions (Haque et al., 2000; 

Pellegrino et al., 2004; Cho et al., 2008). It was shown that native Lp(a) is capable of 

eliciting effects on the endothelium including the induction of monocyte chemotactic 

activity (MCA) which is mediated by the apo(a)-dependent release of the chemokine  

CCL1 (I-309) (Haque et al., 2000), and the stimulation of the expression of adhesion 

molecules ICAM-1 (Nakashima et al., 1998), VCAM-1, and E-selectin (Allen et al., 

1998) which promote binding of inflammatory cells to the (dysfunctional) endothelium. 

Some data suggest that elevated Lp(a) concentrations and small apo(a) isoform sizes are 

associated with endothelial dysfunction assessed by measuring brachial artery 
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endothelium-dependent flow-mediated dilation (Wu et al., 2004). Our group has 

investigated the effect of high concentrations of apo(a)/Lp(a) on EC phenotype and found 

that minutes after incubation of HUVECs with 400 nM of 17K r-apo(a), there was a rapid 

actin cytoskeleton rearrangement with central stress fiber formation, redistribution of 

focal adhesions, and VE-cadherin dispersion (Figure 7). These effects of apo(a)/Lp(a) 

were accompanied by disruption of cell-cell contacts mediated by VE-cadherin, increased 

permeability of the endothelial cell monolayer and endothelial barrier dysfunction 

mediated via a Rho/Rho kinase-dependent signalling pathway (Wójciak-Stothard et al., 

1988) which results in increased MYPT1 phosphorylation and decreased MLC 

phosphatase activity. The pathway mediating these effects was through Rho and Rac and 

did not involve CD42 (Pellegrino et al., 2004; Cho et al., 2008).  
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Figure 7: 17K r-apo(a) induces cytoskeletal reorganization in HUVECs. HUVECs 
were serum-starved for 15 min (A) and then treated with 200 nM of 17K r-apo(a) for 20 
min. Cells were fixed, permeabilized, and stained for F-actin (left) and VE-cadherin 
(right) using TRITC-phalloidin and a monoclonal anti-VE-cadherin antibody followed by 
an Alexa-488-linked secondary antibody, respectively (Adapted from Cho et al.,JBC 
2008) 
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I.15 Rationale for the Proposed Study 

Previous data have been provided to show that native as well as oxidized Lp(a) can 

induce apoptosis in human ECs, and that oxidized Lp(a) was more potent in this regard 

(Galle et al., 1999; Koschinsky et al., 2004). Galle and colleagues proposed that native 

Lp(a) but not LDL was able to promote apoptosis (Galle et al., 1999), suggesting that 

apo(a) could be the determining factor in Lp(a)-induced apoptosis. Even though an 

abundance of studies have been performed on the athero-thrombolytic properties of apo(a), 

to the best of our knowledge no other study has shown a direct role of apo(a) in apoptosis. 

Previous data from our laboratory have shown that apo(a) induces some adverse effects on 

HUVECs (Pellegrino et al., 2004) which could be the basis of Lp(a) induced endothelial 

dysfunction and/or apoptosis. In addition, recent work from our laboratory has supported 

the role of apo(a) in Lp(a) mediated endothelial dysfunction by showing that apo(a) induces 

VE-cadherin dispersion in vitro (Cho et al., 2008). The ability of apo(a) to promote VE-

cadherin dispersion provided the basis to further explore the potential effects of 

apo(a)/Lp(a) on both vascular endothelial apoptosis and dysfunction. Spagnuolo and 

colleagues have shown that in the confluent endothelium, Gas1 contributes with VE-

cadherin to inhibit apoptosis (Spagnuolo et al, 2004). Therefore, we hypothesized that in a 

dysfunctional endothelium with dispersed VE-cadherin, as seen in HUVECs treated with 

apo(a), cells would undergo apoptosis maybe via Gas-mediated mechanism. In order to 

confirm the biochemical basis of endothelial dysfunction prior to apoptosis, we measured 

the level of NO and ET-1 released by HUVECs treated with apo(a). NO and ET-1 are 

markers of endothelial dysfunction (Iglarz et al., 2007). 
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The overall hypothesis in the present study was that apo(a) induces apoptosis in 

vascular endothelial cells. The specific hypotheses the authors investigated were: 

1. Apo(a) induces apoptosis in a dose-dependent and apo(a) size-dependent manner. 

They incubated HUVECs in the presence of variable concentrations and sizes of r-apo(a) 

and quantified the level of apoptosis. Then they explored the apoptotic pathway mediating 

this effect. 

2. Apo(a) treatment of HUVECs induces Gas1 overexpression. They assayed for Gas1 

expression in apo(a)-treated HUVECs as a possible target of  apo(a)-induced apoptotic.  

3. Apo(a) would induce endothelial dysfunction in ECs by upsetting the balance 

between NO and ET-1 released by HUVECs. NO and ET-1 are early markers of 

endothelial dysfunction, so by measuring their levels post apo(a) treatment may reveal 

biochemical alterations within the cell leading to apoptosis. 

The data indicate that apo(a) induces apoptosis in vascular endothelial cells in a 

dose dependent manner. The apo(a)-induced apoptosis correlates with an increase in the 

expression of Bax and a decrease in that of Bcl-2. HUVECs treatment with high 

concentrations of apo(a) correlates with a time-dependant increased expression of Gas1, 

suggesting that apo(a) may activate Gas1 overexpression by a mechanism yet to be studied. 

HUVECs treatment with high concentrations of apo(a) is associated with decreased  of NO 

and ET-1 released in the culture medium suggesting that, at higher concentrations, 

apo(a)/Lp(a) may disrupts the homeostasis of ECs. Taken together, this study proposes a 

novel mechanism for apo(a)/Lp(a)-induced endothelial apoptosis which may lead to 

atherosclerosis. 
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Chapter II Materials and Methods 

II.1 Materials 

Human umbilical vein endothelial cells (HUVECs) (#CC-2519) were purchased 

from Lonza (Maryland, USA). The endothelial basic medium (EBM-2) (#4576) enriched 

with endothelial growth medium (EGM-2) (#1176) was purchased from Lonza, 

Maryland, USA. EGM-2 components: hydrocortisone, human fibroblast growth factor 

(hFGF-B), vascular endothelial growth factor (VEGF), R3-IGF-1, ascorbic acid, heparin, 

foetal bovine serum (FBS), human endothelial growth factor (hEGF), and GA-1000 were 

also obtained from Lonza. The ToxinSensorTM chromogenic limulus amebocyte lysate 

(LAL) endotoxin assay Kit (L00350) was purchased from GenScript Corporation (New 

Jersey, USA). FluoReporter blue fluorometric dsDNA quantitation kit (F-2962) 

containing Hoechst 33258 (component A) and TNE buffer (component B) were 

purchased from Molecular Probes (Oregon, USA). Purified calf thymus DNA (D-1501) 

was purchased from Sigma (Missouri, USA). Millex GV for apo(a) eluents  was 

purchased from Millipore, Massachusetts, USA). Propidium iodide (P1304) was obtained 

from Molecular Probes (Oregon, USA). Staurosporine (#1048) was from Biovision 

(California, USA). The annexin V FITC (#550911) detection kit was purchased from BD 

Pharmingen (Maryland, USA). Spectrophotometer (DU ®65) came from Beckman 

CoulterTM (California, USA). The SpectraMax M2e Microplate Reader and the 

SpectraMax software were purchased from Molecular Devices (California, USA). The 

flow cytometer (ALTRA HSS) and confocal microscope (Leica, Nussloch Germany; 

TLS4D) are the property of the Cancer Research Institute (Queen’s University, Ontario, 
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Canada). Gelatine was purchased from Fischer Scientific (Pennsylvania, USA). 

DeadEndTM fluorometric TUNEL (Terminal denucleotidyl transferase- mediated dUTP 

nick end labelling) system analysis kit was purchased from Promega (Wisconsin, USA). 

Nitric oxide synthase assay kit (#482702) was purchased from Calbiochem (California, 

USA). Krebs-Ringer buffer (#K4002) was obtained from Sigma (Missouri, USA). 

Calcium ionophore A23187 (#C9275) was purchased from Sigma (Missouri, USA). [3H]-

L-arginine was purchased from PerkinElmer (Massachusetts, USA). L-arginine was 

purchased from Sigma (Missouri, USA). L-citrulline (c7629) was from Sigma (Missouri, 

USA). Dowex 50WX-8 resin was purchased from Acros Organic (New Jersey, USA). 

NG-methyl-L-arginine (#M7033) was purchased from Sigma (Missouri, USA). L-N- 

monomethylarginine was purchased from Sigma (Missouri, USA). The probe sonicator 

(#B5510DTH) was from Bransonic® (Connecticut, USA). The multipurpose scintillation 

counter (LS6500) was from Beckman CoulterTM (California, USA). Endothelin-1 ELISA 

kit (#BBE5) was purchased from R&D System, (Minnesota, USA). Rabbit polyclonal 

antibodies (Fas, TNFR1, Bak, caspase-8, ET-1, and caspase-9) were purchased from 

Santa Cruz Biotechnology, (California, USA). Rabbit polyclonal antibodies (NFkB, 

eNOS, active caspase-3) were purchased from Abcam (Massachusetts, USA). Mouse 

monoclonal antibodies (Bax, caspase-3) were purchased from Cell Signaling 

(Massachusetts, USA). Rat monoclonal antibody (ant-hGas1) was purchased from R&D 

system, (Minnesota, USA). Mouse monoclonal anti-beta actin (A5441) was purchased 

from Sigma (Missouri, USA). Quantity One was downloaded from the BioRad at 

http://www.biorad.com. Goat anti-rat alexa-488 conjugated antibody was purchased from 

http://www.biorad.com/
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Molecular Probes, (Oregon, USA). Sulfanilamide was purchased from Sigma, (Saint 

Louis, USA). N-(1-naphthyl)-ethylenediamine (NED) was purchased from Sigma 

(Missouri, USA). Lp(a) was generously provided by Dr. Santica M. Marcovina 

(University of Washington, USA) and was purified from human plasma by sequential 

ultracentrifugation and gel filtration chromatography as previously described (Edelstein, 

2001). Recombinant apo(a) isoforms were generously provided by Nicole Feric 

(Koschinsky Laboratory) and was purified from Human embryonic Kidney (HEK) 293 

cells as previously described (Koschinsky et al., 1991). Protein A agarose was purchased 

from Sigma (Missouri, USA). The protease inhibitor cocktail was purchased from 

Boehringer, Mannheim. 

 

II.2 Cell Culture 

HUVECs were cultured in EGM-2 medium to 90–100% apparent confluence 

within passage 3 through 6. Passages were obtained by diluting the cell population 1 to 5. 

The culture medium was refreshed every second day.  

 

II.3 Endotoxin Test 

LAL assay was shown to be an acceptable assay for endotoxin testing in 

biological samples (Novitsky et al., 1994). It is based on the sensitivity of the limulus 

(horseshoe crab) blood to detecting the presence of bacterial lipopolysaccharide (LPS). 

We used the toxinSensorTM chromogenic LAL endotoxin assay kit (Genscript) to 

quantitate the endotoxin level in eluted 17K r-apo(a) used in our project. The 
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toxinSensorTM chromogenic LAL detection assay kit was designed to perform a 

quantitative, in-vitro, end-product, endotoxin test for human, animal, parenteral drugs, 

biological products, and medical devices. It detects endotoxin in the range of 0.005-1 

EU/ml. The equipments used were endotoxin-freed from the company and any equipment 

used by the user was autoclaved prior to the experiment. The endotoxin test was 

performed according to the manufacture’s protocol.  

Briefly, 100 µl of the purified r-apo(a), 100 µl of Lp(a), standards, and LAL 

reagent water were dispensed in endotoxin-free vials. To each vial, 100 µl of LAL was 

added, and mixed well. The vials were incubated at 37oC for 45 minutes. After 

incubation, 100 µl of chromogenic substrate solution was added to each vial, mixed well 

and incubated for 6 minutes at 37oC. The reaction was stopped by adding 500 µl of the 

stop solution and the color was stabilized by adding 500 µl of the color stabilizer #2. A 

final color stabilizer #3 was added to each vial and the absorbance was read at 545 nm 

using distilled water as blank. The mean absorbance for the standards was plotted on an 

x-axis and the corresponding endotoxin concentration in EU/ml on the y–axis. A best-fit 

line was generated and the endotoxin concentrations of the samples were determined 

graphically.  

 

II.4 Protein Sequences Used 

The protein sequences used for binding motif predictions were obtained from the 

UNIPROTKB database (http://www.uniprot.org/). We used the full fasta sequence of 

http://www.uniprot.org/
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human apo(a) (P08519) in the Eukaryotic Linear Motif (ELM) search engine 

(http://elm.eu.org/).  

>sp|P08519|APOA_HUMAN Apolipoprotein(a) OS=Homo sapiens GN=LPA PE=1 
SV=1 
MEHKEVVLLLLLFLKSAAPEQSHVVQDCYHGDGQSYRGTYSTTVTGRTCQAWSSMTPHQH 
NRTTENYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTP 
VPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEY 
YPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEA 
PSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGL 
IMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAP 
TEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCR 
NPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPG 
VQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVA 
APYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYH 
GNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYT 
RDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSY 
RGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVR 
WEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYST 
TVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNL 
TQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRT 
CQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDA 
EGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSS 
MTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVA 
PPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSH 
SRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTP 
VPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEY 
YPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEA 
PSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGL 
IMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAP 
TEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCR 
NPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPG 
VQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVA 
APYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYH 
GNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYT 
RDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSY 
RGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVR 
WEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYST 
TVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNL 
TQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRT 
CQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDA 
EGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSS 
MTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVA 
PPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSH 
SRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTP 
VPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEY 
YPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEA 
PSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGL 
IMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAP 
TEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCR 
NPDAVAAPYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPG 

http://elm.eu.org/
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VQECYHGNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVA 
APYCYTRDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYH 
GNGQSYRGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYT 
RDPGVRWEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSY 
RGTYSTTVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVR 
WEYCNLTQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYST 
TVTGRTCQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNL 
TQCSDAEGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRT 
CQAWSSMTPHSHSRTPEYYPNAGLIMNYCRNPDAVAAPYCYTRDPGVRWEYCNLTQCSDA 
EGTAVAPPTVTPVPSLEAPSEQAPTEQRPGVQECYHGNGQSYRGTYSTTVTGRTCQAWSS 
MTPHSHSRTPEYYPNAGLIMNYCRNPDPVAAPYCYTRDPSVRWEYCNLTQCSDAEGTAVA 
PPTITPIPSLEAPSEQAPTEQRPGVQECYHGNGQSYQGTYFITVTGRTCQAWSSMTPHSH 
SRTPAYYPNAGLIKNYCRNPDPVAAPWCYTTDPSVRWEYCNLTRCSDAEWTAFVPPNVIL 
APSLEAFFEQALTEETPGVQDCYYHYGQSYRGTYSTTVTGRTCQAWSSMTPHQHSRTPEN 
YPNAGLTRNYCRNPDAEIRPWCYTMDPSVRWEYCNLTQCLVTESSVLATLTVVPDPSTEA 
SSEEAPTEQSPGVQDCYHGDGQSYRGSFSTTVTGRTCQSWSSMTPHWHQRTTEYYPNGGL 
TRNYCRNPDAEISPWCYTMDPNVRWEYCNLTQCPVTESSVLATSTAVSEQAPTEQSPTVQ 
DCYHGDGQSYRGSFSTTVTGRTCQSWSSMTPHWHQRTTEYYPNGGLTRNYCRNPDAEIRP 
WCYTMDPSVRWEYCNLTQCPVMESTLLTTPTVVPVPSTELPSEEAPTENSTGVQDCYRGD 
GQSYRGTLSTTITGRTCQSWSSMTPHWHRRIPLYYPNAGLTRNYCRNPDAEIRPWCYTMD 
PSVRWEYCNLTRCPVTESSVLTTPTVAPVPSTEAPSEQAPPEKSPVVQDCYHGDGRSYRG 
ISSTTVTGRTCQSWSSMIPHWHQRTPENYPNAGLTENYCRNPDSGKQPWCYTTDPCVRWE 
YCNLTQCSETESGVLETPTVVPVPSMEAHSEAAPTEQTPVVRQCYHGNGQSYRGTFSTTV 
TGRTCQSWSSMTPHRHQRTPENYPNDGLTMNYCRNPDADTGPWCFTMDPSIRWEYCNLTR 
CSDTEGTVVAPPTVIQVPSLGPPSEQDCMFGNGKGYRGKKATTVTGTPCQEWAAQEPHRH 
STFIPGTNKWAGLEKNYCRNPDGDINGPWCYTMNPRKLFDYCDIPLCASSSFDCGKPQVE 
PKKCPGSIVGGCVAHPHSWPWQVSLRTRFGKHFCGGTLISPEWVLTAAHCLKKSSRPSSY 
KVILGAHQEVNLESHVQEIEVSRLFLEPTQADIALLKLSRPAVITDKVMPACLPSPDYMV 
TARTECYITGWGETQGTFGTGLLKEAQLLVIENEVCNHYKYICAEHLARGTDSCQGDSGG 
PLVCFEKDKYILQGVTSWGLGCARPNKPGVYARVSRFVTWIEGMMRNN 
 

For Gas1 binding motifs prediction, Human Gas1 (P54826) fasta sequence was used in the 

ELM search engine.  

>sp|P54826|GAS1_HUMAN Growth arrest-specific protein 1 OS=Homo sapiens 
GN=GAS1 PE=1 SV=2 
MVAALLGGGGEARGGTVPGAWLCLMALLQLLGSAPRGSGLAHGRRLICWQALLQCQGEPE 
CSYAYNQYAEACAPVLAQHGGGDAPGAAAAAFPASAASFSSRWRCPSHCISALIQLNHTR 
RGPALEDCDCAQDENCKSTKRAIEPCLPRTSGGGAGGPGAGGVMGCTEARRRCDRDSRCN 
LALSRYLTYCGKVFNGLRCTDECRTVIEDMLAMPKAALLNDCVCDGLERPICESVKENMA 
RLCFGAELGNGPGSSGSDGGLDDYYDEDYDDEQRTGGAGGEQPLDDDDGVPHPPRPGSGA 
AASGGRGDLPYGPGRRSSGGGGRLAPRGAWTPLASILLLLLGPLF 
 

For binding sequence homology, Gas1 and apo(a) protein sequences were 

submitted for investigation to the Eukaryotic Linear Motif (ELM) server 

(http://elm.eu.org). The ELM is a computational biology resource for investigating 

http://elm.eu.org/
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candidate functional sites in eukaryotic proteins (Puntervoll et al., 2003; Chica et al., 

2008; Diella et al., 2009; Via et al., 2009; Gibson, 2009; Gould et al., 2009). ELM 

resource contains a large collection of functional site motifs used for matching and 

predictions. 

 

II.5 Cell Proliferation 

We measured DNA fluorescence as a surrogate for cell number using a technique 

developed by Rago (Rago et al., 1990), after incubation of HUVECs with concentrations 

of 0, 25, 50, 100, 200, 300, and 500 nM of each of 14 kringle (14K), 17 kringle (17K), 

and 30 kringle (30K) r-apo(a). HUVECs were seeded in 96 well culture dishes at a 

density of 5000 cells per well. When the cells were around 75% to 80% confluent, they 

were washed with phosphate buffered saline (PBS) and the medium was replaced with a 

fresh EBM-2 enriched with 0.1% foetal bovine serum (FBS) containing the different r-

apo(a) isoforms (14K, 17K, and 30K) and incubated for 24 hours. The cells were then 

washed gently with PBS and stored at -80oC prior to analysis. The DNA fluorescence 

was determined as previously described (Rago et al., 1990; Schirmer et al., 1994). In 

brief, cells were frozen and thawed to expose the DNA. The DNA binding dye, Hoeschst 

33258 (100 µl), was then added to each well and the fluorescence was measured using 

excitation and emission filters set at 360 nm and 460 nm, respectively. DNA and cell 

standard plots were used to estimate cell number. The DNA and cell standard were 

generated as previously described (Rago et al., 1990).  
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II.6 Measurement of DNA Condensation  

DNA condensation was measured as a test for apoptosis occurrence by the 

measurement of cells incorporation of propidium iodide. Measurement of DNA 

condensation was performed as previously described (Belloc et al., 1994). In brief, 

HUVECs were grown in 6 well plates at a density of 1x105 cells per well. When the cells 

were subconfluent, they were washed with PBS and the medium was replaced with fresh 

EBM enriched with 0.1% FBS in the presence or absence of 500 nM of the different r-

apo(a) isoforms (14K, 17K, 30K), 100 nM Lp(a), or 1 µM of staurosporine. 

Staurosporine is used as a positive control for apoptosis. After 24 hours incubation, 

HUVECs were harvested by cell scraping. Floating cells were also added to the total cells 

harvested to have a good representation of total cell death and apoptosis. Cells were then 

fixed in 4% formaldehyde, treated with DNAse. The fixed cells were incubated with 10% 

PI in PBS, and analyzed immediately by flow cytometry. Apoptotic nuclei were 

distinguished on a DNA histogram by their hypodiploid DNA content compared to the 

diploid DNA content of normal HUVECs. 

 

II.7 Measurement of Annexin V by Flow Cytometry 

Apoptosis detection using annexin V binding to phosphatidylserine technique was 

performed as previously described (Koopman et al., 1994; Vermes et al., 1995; van den 

Eijnde et al., 1997). HUVECs, 100,000 cells per well, were plated onto a 6-well culture 

dish in EGM-2 containing 2% FBS. When the cells were around 80% confluent, they 

were washed with PBS and incubated in the absence or presence of EBM containing 500 
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nM of 14K, 17K, and 30K of r-apo(a) and 100 nM of Lp(a). Cells were then incubated at 

37oC in 5% CO2 for 24 hours. In a control experiment HUVECs were incubated with the 

positive control staurosporine (1 µM) for 3 hours. Annexin V was assayed using the 

annexin V detection kit (Annexin V FITC (#550911) from BD pharmingen and used as 

directed by the manufacturer’s protocol. Briefly, the cells were washed in PBS and 

resuspended in annexin V binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 

2.5 mM CaCl2). Annexin V-FITC was added to a final concentration of 100 ng/ml and the 

cells were incubated in the dark for 15 minutes. The cells were then washed in PBS and 

resuspended in 300 µl of annexin binding buffer. PI (10 µl) was added to each sample 

prior to flow cytometric analysis. 

 

II.8 Measurement of Annexin V by Fluorescence Microscopy 

Measurement of annexin V was visually studied by florescence microscopy as 

previously described (Vermes et al.; 1995; van den Eijnde et al., 1997, Riccardi, 2006). 

HUVECs were seeded at a density of approximately 5,000 cells per well on 0.1% 

gelatine-coated coverslips. The cells were grown around 80% confluent. They were 

washed with PBS and incubated in the presence or absence of 500 nM of 17K r-apo(a) 

and 1 µM of staurosporine. The cells were assayed according to the manufacturer’s 

protocol (BD PharmingenTM). In brief, the coverslips were washed in PBS and then in 

annexin V binding buffer. They were then immersed in annexin V-FITC (100 ng/ml) and 

incubated in the dark for 15 minutes. The cells were washed in PBS and incubated in 

PBS containing PI (50 µg/ml) for 5 minutes. After 2 washes to remove excess PI, a drop 
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of anti-fade solution was added to the coverslips. The coverslips were mounted on a slide 

and the cells were visualized immediately on a Zeiss Axiovert S100 inverted fluorescence 

microscope using a dual filter set for green (FITC) and red fluorescence (PI).  

 

II.9 DNA Fragmentation Assay 

DNA fragmentation was studied by TUNEL assay as previously described 

(Menendez et al., 2004). HUVECs were seeded at density of 5,000 cells/well on 0.1% 

gelatine-coated coverslips. When the cells were subconfluent they were washed with PBS 

and incubated in the absence or presence of 500 nM 17K of r-apo(a) and 1 µM of 

staurosporine. Following apoptosis induction (24 hours), the TUNEL assay was 

performed according to manufacturer’s protocol (DeadEnd™ Fluorometric TUNEL 

System, Promega). The coverslips were washed and fixed in fresh 4% formaldehyde in 

PBS and incubated at 4°C for 25 minutes. The coverslips were washed in PBS and cells 

were permeabilized in 0.2% Triton X-100/PBS. In brief, the coverslips were immersed in 

equilibration buffer, and the DNA strand breaks were stained with fluorescein-12-dUTP 

by incubating the cells in equilibration buffer containing nucleotide and rTdT mix. After 

incubation, the reaction was stopped by dipping the coverslips in 2X SSC (sodium 

chloride-sodium citrate) solution obtained with the detection kit. The coverslips were 

then washed and incubated in PI solution. The coverslips were mounted to slides using an 

anti-fade mounting solution (Dako) and examined immediately on a Zeiss Axiovert S100 

inverted fluorescence microscope using a dual filter set for green (Fluorescein) and red 

fluorescence (PI). Images were captured using a high sensitivity Cooke SensiCam and 
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processed using the SlideBook software (Intelligent Imaging Innovations Inc.). For all 

samples except the positive control (staurosporine), 4 random fields were chosen, and the 

green and red cells were counted. For the staurosporine sample, fields with remaining 

cells are counted. Staurosporine is a potent apoptosis inducer and induces massive cell 

death on cell culture. The data are presented as the percent of TUNEL positive cells per 

total cells.  

 

II.10 Caspase Activity Assay 

Caspase-3 is activated to execute the final stage of apoptosis (Derfuss et al., 

1998). We measured caspase activity to ascertain that the morphological changes 

observed upon incubation of HUVECs with apo(a) elicited the caspase actions. Caspase-3 

activity was measured using a fluorometric approach as previously described (Giordano 

et al., 2007). The assay relies on the ability of caspase-3 inhibitor, DEVD-FMK, 

conjugated to FITC (FITC-DEVD-FMK) to bind to activated caspase. FITC-DEVD-

FMK is cell permeable, nontoxic, and irreversibly binds to activated caspase-3 in 

apoptotic cells. The peptide DEVD-FMK, when cleaved by caspase-3, releases FMK, a 

fluorescent tag that can be monitored in a fluorometer using the appropriate excitation 

and emission settings (Watanabe et al., 2002) Using a commercially available caspase 

detection kit (CASPGLOW, Biovision), we measured the activity of caspase-3 in cells 

treated with 17K r-apo(a). In brief, HUVECs (0.5-1 × 105 cells) were grown in a 6-well 

culture plate and maintained in EGM-2 containing 2% FBS. When the cells were 

subconfluent (80%), they were washed in PBS and incubated with fresh EBM-2 
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containing 0.1% FBS. HUVECs were treated with increasing concentrations 0, 50, 100, 

150, 300, and 400 nM of 17K r-apo(a) for 24 hours. Cells were harvested, counted and 

resuspended in lysis buffer (CaspGLow) at a concentration of 1 × 106 cells/ml. The active 

caspase-3 stain was added to the cells at 1 µl/ml and incubated for 1 hour at 37°C with 

5% CO2. After incubation, the cells were washed with PBS and resuspended in wash 

buffer. Caspase-3 activity was measured using a fluorescence microplate reader 

(SpectraMax M2e) at an excitation of 485 nm and emission of 535 nm according to the 

company protocol. Cells with no apoptosis induction were used as control. A negative 

control was obtained by treating cells with the caspase inhibitor Z-VAD-FMK at 1 μl/ml 

to an induced culture to inhibit caspase-3 activation. 

 

II.11 Western Blot Analysis 

Apoptosis induces not only morphological changes but also specific protein 

expressions within the cell. We performed western blot to uncover proteins that were 

overexpressed or underexpressed due to apo(a). We performed western blot analyses 

which targeted key proteins of the extrinsic and intrinsic pathways. Briefly, HUVECs 

(2 × 105 per well) were seeded in 6 well plates. Different concentrations of the r-apo(a) 

(14K, 17K, and 30K) were added to the cell culture and incubated for various time 

periods. Staurosporine was incubated for only 3 hours to compensate for its potency. 

Cells were harvested and washed in PBS and resuspended in SDS sample buffer (50 mM 

Tris-HCl, pH 8.0, 120 mM NaCl, 1% Nonidet P-40). The protein concentration in whole 

cell lysate was measured by the Bio-Rad protein assay. Equal protein amounts were 
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separated by SDS-PAGE using a 12% polyacrylamide gel. Transfer was performed using 

a wet transblot technique (Bio-Rad). Western blot membranes were blocked in 1× NET 

buffer (150 mM NaCl, 50 mM Tris-HCL pH 8.0, 5 mM EDTA) containing 5% non-fat 

milk powder and incubated either for 1 hour at room temperature or at 4°C overnight. 

Primary antibodies directed against human Fas (1:1000), tumour necrosis factor receptor 

1 (TNFR1) (1:1000), caspase-8 (1:1000), Bcl-2 (1:500), Bax (1:500), caspase-9 (1:1000), 

active caspase-3 (1:500), total caspase-3 (1:500), p53 (1:1000), p53ser15(1:500), 

p53ser46(1:500) were incubated with the membranes overnight at 4oC. Secondary 

antibodies (anti-rabbit, anti-mouse, or anti-rat) conjugated to horseradish peroxidase 

(SantaCruz Biotechnology) were used against the primary antibodies. Mouse monoclonal 

anti-beta actin antibody (Sigma Chemicals) was used to normalize for protein loading 

after the blots were stripped. Immunoreactivity was detected with an enhanced 

chemiluminescence reagent (GE Healthcare). Images were scanned using a flatbed 

scanner (Scan-Jet 4C) and for densitometry, the protein bands were quantitated using 

Quantity One software (Bio-Rad).  

  

II.12 Gas1 Analysis by Confocal Microscopy 

Gas1 expression in HUVECs treated with r-apo(a) was assayed by 

immunofluorescence and visualized by confocal microscope as previously described (Del 

Sal et al., 1995) with some modifications. Briefly, HUVECs were seeded at a density of 

5,000 cells per well on 0.1% gelatine-coated coverslips and grown in 0.2 ml of EGM-2. 

When the cells were around 80% confluent they were washed with PBS and incubated in 
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the absence or presence of 500 nM 17K r-apo(a) for 30 minutes, 7 hours, 10 hours, and 

16 hours. The coverslips were rinsed with PBS and the cells were fixed with PBS 

containing 4% paraformaldehyde for 10 minutes. They were incubated in PBS containing 

10% FBS, 2% BSA, and 0.05% Triton X-100 for 30 minutes. They were additionally 

incubated with rat monoclonal anti-human Gas1 (1:35) in PBS containing 0.2% BSA 

overnight at 4°C. The secondary goat anti-rat Alexa 488 conjugated antibody was applied 

at a dilution of 1/50 in tris buffer saline-tween-20 (TBST) (125 mM NaCl, 25 mM Tris 

pH 8.0, 0.1% Tween-20) containing 0.2% BSA for 1 hour. Images were obtained using a 

Leica confocal microscope (Leica, Nussloch, Germany). Western blot assays were 

performed as described in the section above, using as a primary antibody Gas1 (1:500) 

(R&D). The secondary donkey anti-rat polyclonal antibody (1:1000) was used to 

visualize the protein expression. 

 

II.13 Immunoprecipitation Assay 

To determine whether apo(a) associates with Gas1, we performed a pull down 

assay using a monoclonal antibody anti-human Gas1 and mouse antibody anti-apo(a) 

according to a method previously described (Cabrera et al., 2006). HUVECs (5x105) 

were grown to around 80% confluency and incubated with 500 nM of 17K r-apo(a) for 

24 hours. Briefly, 10 µl of Protein A agarose (Sigma Chemical) was incubated with a rat 

monoclonal anti-human Gas1 overnight at 4oC. The immuno-complexed beads were 

incubated with HUVEC lysate overnight for 8 hours. After they were solubilized in SDS 

sample buffer, boiled, and centrifuged at 3,000 rpm. The supernatant was collected and 
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stored at -20oC prior to western blot analysis. We incubated the beads without the 

antibodies in the cell lysates, and used this sample as a negative control. Samples were 

electrophoresed on a 5–15% SDS polyacrylamide gel followed by western blot according 

to the method described in the above section. Primary antibodies, anti-hGas1 (1:200) and 

anti-apo(a) (1:200) were used to probe the western blot membranes. Secondary antibodies 

donkey anti-rat IgG (1:1000) and sheep anti-mouse IgG (1:1000) were used against 

corresponding primary antibodies for visualization.  

 

II.14 Binding Motif Prediction Between Gas1 and Apo(a) 

For finding potential binding motifs which may exist between apo(a) and Gas1, 

Gas1 and apo(a) protein sequences were submitted for investigation to the ELM server. 

The ELM is a computational biology resource for investigating candidate functional sites 

in eukaryotic proteins (Puntervoll et al., 2003; Chica et al., 2008; Diella et al., 2009; Via 

et al., 2009; Gibson, 2009; Gould et al., 2009). ELM resource contains a large collection 

of functional site motifs used for matching and predictions. Linear motifs (LMs) are short 

elements embedded within larger protein sequence segments that operate as sites of 

regulation (Neduva et al., 2006). The ELM resource provides an expanding knowledge 

base, currently covering 146 known motifs, with annotation that includes >1300 

experimentally reported instances. ELM is also an exploratory tool for suggesting new 

candidates of known linear motifs in proteins of interest (Gould et al., 2010). 
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II.15 Nitrite and Nitrate Quantitation 

Nitrate and nitrite are stable by-products of NO synthesis. NO has a short half-life 

of a few seconds (Misko et al., 1993; Guevara et al., 1998). In order to investigate the 

effects of apo(a) on NO, we collected the culture media of HUVECs incubated with r-

apo(a) and quantitated their content of nitrite and nitrate according to the Griess reaction 

as previously described (Misko et al., 1993; Guevara et al., 1998). Briefly HUVECs were 

grown in 6 well plates at a density of 1x105 cells per well. When the cells were confluent, 

the culture medium was withdrawn and the cells were washed with PBS, and incubated 

with phenol-red free, serum free, EBM-2 medium containing 500 nM of 17K r-apo(a) for 

0, 2, 4, and 8 hours. After incubation, the medium was collected and divided into 2 

eppendorf tubes for duplicate analysis. Nitrite and nitrate level was measured using the 

Nitric oxide synthase assay kit (#482702) from Calbiochem containing all reagents 

required for the assay. A nitrite standard curve was generated by serial dilution in 96 

wells plate in EBM-2 to correct for any nitrite and nitrate that might be in the culture 

medium. All the experiments were carried out in a flat bottomed, polystyrene microtiter 

plate. Samples and standards were pipetted into the wells. NADPH solution and nitrate 

reductase solution were added and the plate was incubated for 40 minutes at room 

temperature. Cofactors and LDH were then added to the wells and the plate was 

incubated again at room temperature for 20 minutes. Sulfanilamide (Griess reaction 1) 

and N-1-(naphthyl)ethylenediamine (Griess reaction 2) were added to each well and the 

plate was incubated for additional 10 minutes to allow the color to develop. The 

absorbance was read immediately in the plate reader with absorbance set to 540 nm. 
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Linear regression of the mean values of the absorbance at 540 nm for the standard set 

minus the blank values were used to estimate the nitrite and nitrate concentrations of the 

samples.  

 

II.16 Measurement of Endothelial Nitrite Oxide Synthase Activity 

We measured the activity of eNOS in the culture medium of HUVECs incubated 

in the absence or presence of apo(a) and Lp(a) by monitoring [3H]arginine to 

[3H]citrulline conversion as described previously (Ghigo et al., 1993). Briefly, near 

confluent HUVECs treated with 500 nM of 17K r-apo(a), 100 nM of Lp(a), and L- N- 

monomethylarginine (1 µM) (L-NMMA) were washed with PBS and placed in 2 ml of 

Krebs-Ringer buffer enriched with 25 mM NaHCO3, pH 7.4 as directed by the 

company’s protocol. After 5 minutes, [3H]arginine (5 µCi) and L-arginine (5 µM) were 

added to the buffer and the cells were stimulated with the calcium ionophore A23187 (0.1 

µM) for 10 minutes at 37oC. The assay was terminated with ice-cold PBS containing L-

arginine (5 mM) and EDTA (5 mM). Cell number (2 – 3x106//T25 cm2 culture flasks) 

was determined using duplicate sets of confluent HUVECs in another flask under 

corresponding treatment conditions followed by trypsinization and counting of the cells 

using a hemacytometer. The cells were scraped and lysed for 10 minutes using a probe 

sonicator from Branson. Approximately 1 ml of the cellular lysate was applied to a 

column containing 200 µl of DOWEX 50 WX-8 resin (pre-equilibrated with NaOH) 

followed by elution of [3H]citrulline with 1 ml of sterilized milliQ water. A sample of the 
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eluate (1 ml) was counted for 5 minutes in a liquid scintillation counter (Beckman, 

Coulter).  

 

II.17 Measurement of Endothelin-1 

In order to investigate the effects of apo(a) on ET-1 release in the cellular milieu, 

we assayed ET-1 by enzyme-linked immunosorbent assay (ELISA) in the medium of 

HUVEC incubated with apo(a). The use of an ELISA kit which quantitatively detects ET-

1 released in the culture medium of HUVECs has been previously described (Haug et al., 

2001; Momohara et al., 2004). Briefly, HUVECs (1x105 cells per well) were grown to 

subconfluency in 6 well plates. Prior to treatment with 500 nM of the different r-apo(a) 

isoforms (14K, 17K, and 30K), cells were washed with PBS. HUVECs were then 

incubated in serum-free, phenol red-free EBM-2 supplemented with 17K r-apo(a) (0, 25, 

50, 100, 200, 300, and 500 nM) and incubated for 6 hours to identify dose-response 

effects of apo(a). In another study HUVECs were incubated in the absence or presence of 

500 nM of 14K, 17K, 30K r-apo(a) and 1 µM of L-NMMA. HUVECs were also 

incubated with 500 nM of 17K r-apo(a) for 0, 1, 2, 4, and 6 hours. ET-1 was measured by 

ELISA according to the manufacturer’s protocol (R&D systems, USA). Briefly, ET-1 

standards, control, and HUVECs treated media were incubated for 1 hour at room 

temperature in an ET-1 coated microtiter plate. After 2 washes, a substrate solution was 

added to each well and the plate was incubated for 30 minutes at room temperature. A 

stop solution was added, and the optical density (OD) of the sample was read at 450 nm. 

Readings for the optical imperfections of the wells were taken at 620 nm and these 
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readings were subtracted from the readings obtained at 450 nm as suggested by the kit 

manufacturer’s protocol. The concentrations of ET-1 of the samples were determined by 

calculating the concentration of ET-1 corresponding to the mean absorbance from the 

standard plot. The ET-1 standard plot was generated by plotting the absorbance of the 

standards provided by the manufacturer’s kit to the concentrations. ET-1 expression was 

assayed by western blot as described in the sections above after HUVECs were incubated 

in the absence or presence of 500 nM of 17K r-apo(a) for 6 hours. Western blot was 

performed as described in the section above, using as primary antibody a rabbit 

polyclonal antibody (1:1000) directed against ET-1 (Santa Cruz Biotechnology, USA). 

The secondary donkey anti-rabbit polyclonal (1:1000) (Santa Cruz Biotechnology) 

antibody was used to visualize the protein expression. 

 

II.18 Statistics 

All data generated during this project were analyzed using MINITAB software. 

The parametric one-way analysis of variance (ANOVA) was used to compare the groups, 

as appropriate. In case of statistical significance, Tukey’s posthoc (Tukey, 1949) test was 

used for the significance of differences. Tukey’s test is a single-step multiple pairwise 

comparison procedure and statistical test generally used in conjunction with an ANOVA 

to find which means are significantly different from one another. This test assumes that 

the observations are independent and the means that are compared come from a normally 

distributed population. 

 

http://en.wikipedia.org/wiki/Multiple_comparison
http://en.wikipedia.org/wiki/Multiple_comparison
http://en.wikipedia.org/wiki/Statistical_test
http://en.wikipedia.org/wiki/ANOVA
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Chapter III Results 

 

 
Table 1 

 
 17K r-apo(a) Lp(a) E.coli 

LAL (EU/ml) 0.3 (±0.15) 0.4(±0.2) 10 

 

Endotoxin level per millilitre of treatment samples. Levels of reactivity to LPS present in 
17K r-apo(a) and Lp(a) samples are compared to E.coli. The data (means ± SEM) are 
from three independent experiments. 
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III.1 Endotoxin Level of Purified Recombinant Apo(a)/Lp(a) 

To test whether the treatment sample was free of endotoxin we measured the 

levels of LPS present in purified apo(a) and Lp(a). The endotoxin level of apo(a) and 

Lp(a) were compared to the level of E.coli used as standard (Table 1). Our data show that 

the r-apo(a) and Lp(a) had 0.3 and 0.4 endotoxin unit per ml (EU/ml) respectively 

(TABLE 1) compared to E.coli which is 10 EU/ml. The data suggest presence of traces 

of LPS in the treatment material but this level of LPS did not correlate with bacterial 

contamination when they were used to treat HUVECs. 

  

III.2 Apo(a)/Lp(a) Inhibits Cell Growth at Higher Concentrations in ECs 

We investigated HUVECs proliferation upon treatment with increasing concentrations of 

three isoforms of apo(a) (14K, 17K, and 30K). Subconfluent HUVECs (80%) were 

incubated for 24 hours with r-apo(a) and proliferation was assessed by DNA 

concentration measurement. The proliferation graph obtained (Figure 8) showed two 

phases in growth: at lower concentrations (less than 100 nM) apo(a) induced HUVECs 

growth, but at higher concentrations (greater than 300 nM), apo(a) reduced cell growth. 

The addition of apo(a), as low as 25 nM, induced significant cell proliferation. A 

maximum proliferation was obtained with 50 nM of 14K which corresponds to more than 

60% increase in cell growth compared to HUVECs left untreated. Significant decrease in 

cell growth was obtained with concentrations starting from 300 nM. At 500 nM the r- 

apo(a) isoforms showed the same percent of growth inhibition at about 40% when 
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Figure 8: Growth Inhibition by r-Apo(a) in HUVECs. Subconfluent HUVECs (5 x 
103) per well) were incubated in the absence or presence of increasing concentrations of 
14K, 17K, and 30K r-apo(a) for 24 hours. The DNA content was measured by DNA 
fluorometric assay as described in materials and methods. The fluorescence was 
measured using excitation and emission filters set at 360 nm and 460 nm, respectively. 
The results reported (means ± SEM) are representative data of three independent 
experiments (*p< 0.05).  
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compared to HUVECs left untreated. The highest apo(a) concentration used for the 

proliferation study was 500 nM which corresponds to 39 mg/dL of Lp(a) plasma 

concentration. This concentration is within the range of clinical level of Lp(a) which is 

estimated to be at 30 mg/dL (Aboyans, 2006). This concentration of apo(a) was used 

throughout this study because it is in the physiological range of Lp(a) (Kostner et al., 

2005).  

 
 
 

III.3 Apo(a) Induces DNA Condensation in HUVECs  

To test whether apo(a) and/or Lp(a) induces DNA condensation, we performed 

flow cytometric analysis of DNA condensation by PI labelling in fixed/permeabilized and 

DNAse-treated HUVECs. Cell cycle-dependent DNA content analysis was used as a tool 

for studying apoptosis as previously described (Gavrieli et al., 1992). DNA content of a 

cell can be segregated according to its cell cycle. A DNA histogram of a cell cycle 

segregates apoptotic cells in the sub G0 region. HUVECs untreated or treated with 500 

nM of 14K, 17K, or 30K of r-apo(a) or 1 µM of staurosporine yielded the following sub 

G0 repartition: 5.2, 39.7, 66.9, 23.5, and 74.1 percent of apoptotic cells for untreated, 

14K, 17K, 30K, and staurosporine (ST) respectively (Figure 9). Our data indicate that a 

high concentration of r-apo(a) induces DNA condensation in HUVECs after 24 hours 

incubation. In some of the tests we observed increased level of cells death maybe due to 

the difficulty in separating death by apoptosis or death by user input. But overall the data 

showed significant level of DNA condensation when compared with cells left untreated. 

Throughout this study we left the cell grow to 80% confluency. Whenever we used the 
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word subconfluent, it implies 80 percent confluency. This value is found by visual 

estimation of cell growth on the total surface of the culture dish or coverslips. 

 

 III.4 Apo(a) Induces Phosphatidylserine Externalization in HUVEC Membrane 

Annexin V assay of HUVECs either untreated or treated with 500 nM of 17K 

apo(a) or 1 µM of staurosporine showed a significant difference in percentage of annexin 

V positive cells as assessed by fluorescence microscopy and flow cytometry. The 

cystogram (Figure 10) shows the bivariate annexin V/PI analysis of the 

phosphatidylserine externalization after 24 hours of incubation of HUVECs with the 

different apo(a) treatments and controls. It represents on the x-axis the annexin V 

negative and positive cells and on the y-axis the PI negative and positive cells. The data 

show that vital cells are negative for both PI and annexin V; apoptotic cells are PI 

negative and annexin V positive, while dead cells are positive for both PI and annexin V. 

We detected significant cells which tested positive for annexin V in cells incubated in the 

presence of apo(a) than cells left untreated. The following percentages of apoptosis were 

obtained: 6.3%, 34.7% and 92.2 %, for untreated, 17K r-apo(a)-treated, and 

staurosporine-treated cells respectively. A fluorescence microscopic display of annexin V 

bound to phosphatidylserine in HUVECs after apo(a) treatment is shown in figure 11 and 

appears as bright green fluorescence on a slide. After 24 hours incubation of HUVECs in 

the presence of Staurosporine, most of the cells are green. Cells incubated with 500 nM 

of 17K r-apo(a) show significant bright green cells compared to untreated HUVECs. Our  
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Figure 9: DNA Condensation of Treated HUVECs. HUVECs (1 x 105) were incubated 
for 24 hours either in the absence (U) or the presence of 500 nM of 14K, 17K, and 30K 
of r-apo (a) or 1 µM of staurosporine (ST). Cells were permeabilized, fixed, treated with 
DNAse, and stained with PI for 15 mins. The samples were analyzed immediately by 
flow cytometry. The cell cycle histogram was generated by an independent flow 
cytometric operator. The region below the G0/G1 peak (designated as the “C” region) 
represents cells undergoing apoptosis-associated DNA degradation (hypodiploid) and is 
expressed as a percentage of events with respect to the entire cell cycle. The graph is a 
representative data of three independent experiments.  
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Figure 10: A. Apoptosis Detection in HUVECs by Flow Cytometry. Subconfluent 
HUVECs (1 x 105) were incubated in the absence or presence of 500 nM 17K r-apo(a) 
and 1 µM staurosporine for 24 hours. The cells were harvested and an annexin V/PI assay 
was performed according to the protocol described in the Methods section. For each plot, 
the lower left quadrant represents viable cells, the lower right quadrant represents 
apoptotic cells, the top right quadrant represents late apoptotic cells and early necrotic 
cells, and the top left quadrant represents dead cells. The histogram is a representative 
data of three independent experiments. The results (means ± SEM of numbers in lower 
right quadrants)are representative data of three independent experiments (*p < 0.05) 
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Figure 11: Apoptosis Detection by Florescence Microscopy. HUVECs (5 x 103) grown 
on glass slides were cultured in the absence (U) or presence of 400 nM of 17K r-apo(a) 
(400 nM) or 1 μM of staurosporine (ST). The cells were washed, incubated with annexin 
V-FITC and analyzed by fluorescence microscopy. Apoptotic cells appear bright green 
whereas normal cells are stained only very lightly. Images were taken at 20X 
magnification in the FITC channel.  
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data suggest that high concentrations of apo(a) induce significant cellular morphological 

changes in HUVECs consistent with the externalization of annexin V. 

 

III.5 Apo(a) Induces DNA Fragmentation in HUVECs 

We assessed DNA fragmentation in HUVECs incubated for 24 hours with high 

concentrations of 17K r-apo(a). To assess the effects of r-apo(a) on DNA fragmentation, 

HUVECs were incubated in the absence or presence of 500 nM of apo(a) and 1 µM of 

staurosporine. The success of the TUNEL assay depends on enzymatic reactions that 

attach the fluorescence dye to the strands of DNA. Each treatment group was assayed in 

duplicate and all the reagents were kept on ice. Figure 12 shows the fluorescent images of 

cells with their strands of DNA labelled with the green fluorescence FITC. We processed 

the cells with PI which coloured the nuclei red. Cells that are shown green have 

incorporated the green fluorescence dye and are said to be undergoing apoptosis. Our 

data show that HUVECs treated with staurosporine have the highest percentage of green 

cells due to apoptosis. HUVECs treated with apo(a) show a significant number of green 

fluorescence cells compared to cells left untreated. We counted 4 fields on each slide, and 

plotted the apoptotic cells as a percentage of green cells in the total cells on the fields. We 

obtained the following results: 9.7%, 29.7%, and 97.9% for untreated, 17K r-apo(a)-

treated and staurosporine-treated HUVECs respectively. Our data indicate that an 

elevated concentration of r-apo(a) induces DNA fragmentation in ECs. Figure 11 also 

revealed that cells treated with staurosporine are mostly solubilised, only few apoptotic 

cells can be seen and almost not intact cell is present. 
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Figure 12: Apoptosis Detection by TUNEL Assay in HUVECs. Subconfluent 
HUVECs (5 x 103) were incubated in the absence or presence of 500 nM of 17K r-apo(a) 
or 1 µM of staurosporine (ST) for 24 hours. The harvested cells were fixed with fresh 4% 
formaldehyde/PBS at 4°C for 25 minutes. The cells were permeabilized with pre-chilled 
0.2% Triton X-100/PBS for 5 minutes on ice. After permeabilization, the TUNEL assay 
was performed along with propidium iodide (PI) dye staining as described in the Methods 
section. The results (means ± SEM) reported are representative data of three independent 
experiments (*p < 0.05). 
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III.6 Apo(a) Induces Caspase-3 Activation 

We measured caspase-3 activity in HUVECs incubated with elevated 

concentrations of r-apo(a). The purpose of this assay was to confirm apo(a)’s effects on 

caspase-3 activation. We assayed caspase-3 activity by two methods: a measurement of 

fluorescent tags bound to active caspase-3 was measured using fluorescence reading in a 

plate reader and a western blot quantitation of active caspase-3. Both approaches were 

used for redundancy and to ensure that caspase-3 is involved in executing the death signal 

induced by apo(a). The fluorescence reading of the active caspase-3 shows that, high 

concentrations of apo(a) (>400 nM) induces significant caspase-3 activation in HUVECs 

(Figure 13). The dose response analysis shows that 400 nM is required for differential 

activation of caspase-3. We obtained a 1.5 fold increase in caspase-3 activity with 400 

nM of r-apo(a) compared to untreated HUVECs. This data was obtained during our 

preliminary study and prompted us to further investigate apo(a)’s apoptotic effects in 

HUVECs. We increased later on the concentration of apo(a) in the hope of observing 

increased apoptosis. The relative caspase-3 activity measured by fluorescence reading 

was found to be lower than measuring by western blot active caspase-3 in whole cell 

extract (Figure 14). We investigated caspase-3 activation by performing western blot 

analysis of active caspase-3 expression in cell lysates after incubation with r-apo(a) for 

24 hours. Active caspase-3 expression in total cell lysates of HUVECs treated with r-

apo(a) was significantly increased after apo(a) treatment (Figure 14). This difference in 

test results between fluorescence assays and western blots could be attributed to test 

sensitivity. As expected the western blot assays were more sensitive than the fluorescence 
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assays. The expression levels of caspase-3 in cells treated with staurosporine were 

significantly higher than cells treated with 17K. This finding was expected because 

staurosporine is a known potent apoptosis inducer which interferes with kinase activity. 

Knowing all the pathways that involve kinase activity, we expected to see the level of 

apoptosis for this positive control significantly higher.  In fact we have tried various 

positive controls, some mild, and some potent. After many trials we selected 

staurosporine because its apoptotic effects were consistent in HUVECs, unlike other 

tested apoptosis inducers. The used of different sized apo(a) isoforms did not revealed a 

large difference in caspase-3 activity (Figure 15). Taken together, these results show that 

high concentrations of apo(a) induce increased activation of caspase-3 in HUVECs.  
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Figure 13: Treatment with r-Apo(a) Increases Caspase-3 Activity in HUVECs. 
HUVECs (2 × 105) treated with increasing concentrations of 17K r-apo(a) as indicated in 
the Methods section were processed according to the manufacturer’s protocol 
(CaspGlow, Biovision), and caspase-3 activity was detected by reading the samples in a 
fluorescence plate reader at an emission wavelength of 435 nm and excitation wavelength 
of 585 nm. The results (means ± SEM) reported are representative data of three 
independent experiments (*p < 0.05). 
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Figure 14: Caspase-3 Expression in HUVECs Treated with r-Apo(a). Subconfluent 
HUVECs (2 × 105) were incubated for 24 hours in the absence or presence of 500 nM of 
17K r-apo(a), or 1 µM of staurosporine. The expression of total caspase-3 (32 kDa) and 
active caspase-3 (17 kDa) were assayed by western blot. Total cell lysates were analyzed 
as described in the Methods section. The results (means ± SEM) reported are 
representative data of three independent experiments (*p < 0.05). 
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Figure 15: r-Apo(a) Isoform Effects on Caspase-3 Expression in HUVECs. HUVECs 
(2 × 105) incubated in the absence or the presence of 500 nM of 14K, 17K, 30K, and 1 
µM of staurosporine were processed according to the manufacturer’s protocol. The 
results (means ± SEM) reported are representative data of three independent experiments 
(*p < 0.05). 
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III.7 Apoptosis Signalling Pathway Activated by Apo(a)/Lp(a) 

To uncover the apoptotic pathway activated by apo(a)/Lp(a) in ECs, we assayed 

by western blot key proteins of the intrinsic and extrinsic pathways after incubation of 

HUVECs in the absence or presence of 17K r-apo(a) (500 nM) or staurosporine (1 µM). 

Fas (Figure 16), TNFR1 (Figure 17), and caspase-8 (Figure 18) expressions were assayed 

in HUVEC lysates to uncover the effects of apo(a) on the extrinsic pathway. Based of 

previous study which measured caspase-8 expression (Hopkins-Donaldson et al., 2000; 

Duiker et al., 2011), rather than its activated form, we only looked at total caspase-8 in 

cells exposed to treatments.  This decision which failed to consider the activated caspase-

8 was loosely based on the results of western blot performed on TNFR1 and Fas). In our 

study the finding that the upstream target of extrinsic pathway (Fas and TNFR1) was not 

up regulated in apo(a)-induced apoptosis led us to measure expression rather than 

activation of caspase-8. We recognize that it is important to measure caspase-8 

expression before making any solid conclusion regarding the extrinsic pathway.   Signal 

coming from alternate route such as Bid could equally activate caspase-8. Densitometry 

studies of western blot analyses of the three proteins did not show significant differences 

between 17K r-apo(a) and untreated HUVECs. Taken together, the data suggest that 500 

nM of r-apo(a) does not induce significant expressions of caspase-8, TNFR1, and Fas, 

which are key proteins of the extrinsic apoptotic pathway.  

We also investigated by western blot the expressions of proteins of the intrinsic 

apoptosis pathway in response to apo(a) treatment. Bax, (Figure 19), Bak (Figure 20), 

Bcl-2 (Figure 21; Figure 22), and caspase-9 (Figure 23) expressions were assayed in  
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Figure 16: Apo(a)’s Effect on Fas Expression in HUVECs. HUVECs (2 × 105) were 
incubated for 24 hours in the absence (U, negative control) or presence of 500 nM of 17K 
r-apo(a) (17K), or 1 µM of staurosporine (ST, positive control). The expression of Fas 
was assayed by western blot. Total cell lysates were analyzed as described in Methods 
with rabbit anti-Fas antibody. The blot was normalized against beta-actin. The results 
(means ± SEM) reported are representative data of three independent experiments (*p < 
0.05).  
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Figure 17: TNFR1 Expression in HUVECs Treated with r-Apo(a). Subconfluent 
HUVECs (2 × 105) were incubated for 24 hours in the absence (U, negative control) or 
presence of 500 nM of 17K r-apo(a) (17K), or 1 µM of staurosporine (ST, positive 
control) . The expression of TNFR1 was assayed by western blot. Total cell lysates were 
analyzed as described in Methods section with rabbit anti-TNFR1 antibody. The blot was 
normalized against beta-actin. The results (means ± SEM) reported are representative 
data of three independent experiments (*p < 0.05). 
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Figure 18: Caspase-8 Expression in HUVECs Treated with r-Apo(a). Subconfluent 
HUVECs (2 × 105) were incubated for 24 hours in the absence (negative control) or 
presence of 500 nM 17K r-apo(a), or 1 µM of staurosporine (positive control). The 
expression of caspase-8 was assayed by western blot. Total cell lysates were analyzed as 
described in Methods section with rabbit anti-caspase-8 antibody.  The results (means ± 
SEM) reported   are representative data of three independent experiments (*p < 0.05). 
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Figure 19: Increased Expression of Bax in Response to r-Apo(a) Treatment of 
HUVECs. Dose-dependent response of Bax in HUVECs (2 × 105) incubated for 24 hours 
with increasing concentrations of 17K r-apo(a). Cell lysates were analyzed by western 
blot for the expression of Bax. The results reported (means ± SEM) are representative 
data of three independent experiments (* p < 0.05).  
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Figure 20: Bak Expression in HUVECs Treated r-Apo(a). Subconfluent HUVECs 
(2 × 105) were incubated for 24 hours in the absence (U, negative control) or presence of 
500 nM 17K r-apo(a) (17K), or 1 µM of staurosporine (ST, positive control). The total 
expression of Bak was assayed by western blot. Total cell lysates were analyzed as 
described in the Materials and Methods section with rabbit Bak antibody. The results 
(means ± SEM) reported are representative data of three independent experiments (*p < 
0.05). 
 

 

 

 

 

 

B A K

U
n t r

e a te
d

1 7K

S
ta

u ro
s po ri

n e0 .0

0 .5

1 .0

1 .5

2 .0

2 .5
F

o
ld

 C
h

a
n

g
e * 



 

  80 

 

 

Figure 21: Decrease Expression of Bcl-2 in Response to r-Apo(a) Treatment of 
HUVECs. Dose-dependent study of HUVECs incubated in the presence or absence of 
apo(a) shows decrease Bcl-2 expression. HUVECs (2 × 105) were incubated in low serum 
containing medium in the absence or presence of increasing concentrations of 17K r-
apo(a) and cell lysates were subsequently analyzed by western blotting for the expression 
of Bcl-2. The results (means ± SEM) reported are representative data of three 
independent experiments (*p < 0.05). 
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Figure 22: r-Apo(a) Isoforms Effects on Bcl-2 Expressions in HUVECs. Subconfluent 
HUVECs (2 × 105) were incubated for 24 hours in the absence (U, negative control) or 
presence of 500 nM of 14K, 17K, 30K r-apo(a) or 1 µM of staurosporine (ST, positive 
control). The total expression of Bcl-2 was assayed by western blot. Total cell lysates 
were analyzed as described in the Methods section with rabbit anti-Bcl-2 antibody. The 
results (means ± SEM) reported are representative data of three independent experiments 
(*p < 0.05). 
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Figure 23: r-Apo(a) Induces the Overexpression of Caspase-9 in HUVECs. 
Subconfluent HUVECs (2 × 105) were incubated in the absence (U, negative control) or 
presence of 500 nM 17K r-apo(a) (17K), or 1 µM of staurosporine (ST, positive control). 
The total expression of caspase-9 was assayed by western blot. The results (means ± 
SEM) reported are representative data of three independent experiments (*p < 0.05). 
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HUVECs treated with 500 nM of 17K r-apo(a). Our data showed that apo(a) treatment 

resulted in a significant increase of Bax and caspase-9 in HUVECs, compared to 

untreated cells. Total Bcl-2 expression decreased in a dose dependent manner in 

HUVECs. Overall our data show that elevated concentration of r-apo(a) induces 

overexpression of Bax, caspase-9, and activate active caspase-3 while decreasing the 

expression of Bcl-2 in HUVECs.  

 

III.8 Measurement of Gas1 Expression in HUVECs 

Gas1 has been shown to induce apoptosis in some cells, but inhibit apoptosis 

when it is overexpressed in confluent HUVECs (Spagnuolo al, 2004). We investigated 

the effects of HUVECs incubation in the presence of high concentrations of apo(a) on 

Gas1 expressions. Gas1’s expression in HUVECs incubated in the absence or presence of 

500 nM of 17K r-apo(a) was assayed by western blot and immunofluorescence. The 

fluorescent images were observed under confocal microscope. Our time point data 

analyzed by confocal microscopy showed a time-dependent overexpression of Gas1. By 

the 7th hour, Gas1 started to accumulate preferentially in the plasma membrane of 17K r-

apo(a)-treated cells (Figure 24). After 16 hours incubation, Gas1 was more expressed in 

the plasma membrane of cells treated with apo(a) than untreated HUVECs. A dose-

response analysis by western blot showed that apo(a) induced a significant dose-

dependent overexpression of Gas1 in HUVECs after 24 hours incubation. A more than 

two-fold increase in Gas1 expression was observed by western blot of HUVECs  
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Figure 24: Gas1 Expression in HUVECs Treated with r-Apo(a). Gas1 (white arrows) 
localizes in the plasma membrane of HUVECs after treatment with 500 nM of 17K 
apo(a). HUVECs (5 x 103 cells) were incubated in the absence or presence of 500 nM of 
17K r-apo(a) for different time periods followed by immuno-staining using a rat 
monoclonal antibody anti-human Gas1. Goat anti-rat labelled with alexa fluor 488 
(green) was used as a secondary antibody to visualize the immuno-stained Gas1. 
Expressed Gas1 proteins are seen as bright green fluorescence within the cells. Cell 
nuclei were stained red using PI. Scale bar corresponds to 30 µm. The image shown is 
representative data of three independent experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  86 

 

 

Figure 25: Effects of r-Apo(a) on Gas1 Expression in HUVECs. HUVECs (2 × 105) 
were incubated in low serum-containing medium in the absence or presence of increasing 
concentrations of 17K r-apo(a), and cell lysates were subsequently analyzed by western 
blotting for the expression of Gas1. The results reported are representative data of three 
independent experiments (*p< 0.05). 
 

G a s 1

0 2 5 5 0
10 0

2 00
3 0 0

5 00
0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

A p o (a ) C o nc en t r a t ion s  ( nM )

F
o

ld
 C

h
a

n
g

e * 

* * 



 

  87 

 

 

Figure 26: Effects of r-Apo(a)’s Isoforms on Gas1 Expression in HUVECs. 
Subconfluent HUVECs were incubated for 24 hours in the absence (U, untreated) or 
presence of 500 nM of 14K, 17K, 30K r-apo(a), or 1 µM of staurosporine (ST, positive 
control). Western blot analysis was performed using rat monoclonal anti-Gas1. Protein 
bands were quantitated using the Quantity One software from BioRad. The results 
reported are representative data of three independent experiments (*p< 0.05). 
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Figure 27: Gas1 co-Precipitates with r-Apo(a). Apo(a) was immuno-precipitated with 
a monoclonal anti-Gas1 (upper band second lane) and Gas1 was immuno-precipitated 
with an antibody anti-apo(a) antibody (lower band first lane). HUVECs were incubated 
with 500 nM of 17K r-apo(a) for 24 hours. Protein G agars beads were incubated with the 
different antibodies. HUVEC lysates were added to the beads and incubated overnight. 
Gas1 and apo(a) were detected by western blot. Controls (beads containing no antibodies 
and untreated cells) for all immunoprecipitations were performed in parallel using the 
same cell extracts under identical conditions.  
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Figure 28: Effects of Apo(a) Treatment on P53 Expressions in HUVECs. HUVECs were 
incubated for 24 hours in the absence (U) or presence of 500 nM 14K, 17K, and 30K r-apo(a). 
Total cell lysates from untreated (U), 14K, 17K, and 30K r-apo(a) treated HUVECs were 
analyzed by western blot for p53, p53 ser15, and p53 ser46 as described in the Methods section. 
The results (means ± SEM) reported are representative data of three independent 
experiments (*p < 0.05). 
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incubated with 500 nM of 17K r-apo(a) (Figure 25). The same results were observed 

using 14K and 30K r- apo(a) isoforms (Figure 26). The apparent discrepancy between the 

western blot images and the fluorescence microscopy data may be due to the sensitivity 

of the two tests. Western blot has proven to be more sensitive than the fluorescence 

microscopy in detection of basal level of Gas1. Moreover the western blot analysis was 

performed on cells treated for 24 hours. By that time period the untreated cells would 

have limited resource and would start to show symptoms of serum deprivation which has 

been shown as a trigger for Gas1 expression (Ruaro et al., 2000).  The three apo(a) 

isoforms equally induced overexpression of Gas1. To test whether apo(a) associates with 

Gas1, we performed an immunoprecipitation assay using cell lysates of HUVECs 

incubated with 500 nM of 17K r-apo(a). Our data (Figure 27) showed that r-apo(a) 

precipitates with Gas1 on the western blot images. We did not perform IP on untreated 

HUVECs because our intention was to show an interaction of apo(a) with expressed 

Gas1. We understand that using untreated HUVECs would offer a better negative control 

for this association assay knowing that HUVECs do not synthesize apo(a). We did not 

test the stability of apo(a) in the media over a longer period of time, and could not 

confirm if apo(a) would remain stable or not. These data suggest that apo(a) associates 

with Gas1 on the surface of ECs. To confirm whether overexpression of Gas1 correlates 

with overexpression of p53, we incubated HUVECs with 500 nM of apo(a) and assayed 

p53 expression by western blot. HUVECs were incubated in the absence or presence of 

500 nM of 14K, 17K, and 30K r-apo(a) for 24 hours. The total of p53, and 

phosphorylated p53 (ser46 and ser15) were assayed by western blot because it was shown 
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that some serine residues were phosphorylated on p53 during apoptosis (Sakaguchi et al., 

1998; Kurihara et al., 2007). Our data showed that 500 nM concentrations of apo(a) 

induced phosphorylation of p53 at ser46 and ser15, but did not induce overexpression of 

endogenous p53 (Figure 28). Serine 15 and 46 residues were shown to be frequently 

phosphorylated in p53-mediated apoptosis (Feng et al., 2006; Kim et al., 2002). 

 

III.9 Investigating Possible Interactions Between Apo(a) and Gas1.  

The result from the immunoprecipitation study suggested that apo(a) might 

associate with Gas1 on the EC surface. Using bioinformatics tools we performed 

structural modeling of both proteins in order to uncover possible interactions between 

both proteins.  The database searches were filtered against parameters: species, cellular 

location, structural score, and SMART or PFAM.  Search results are only likely to be of 

interest if they are in accessible surface-exposed loops. Motif matches buried in stably 

folded cores of globular domains are not plausible candidates.  Table 2 and 3 list 

predicted binding motifs for Gas1 and apo(a) obtained from ELM server. Apo(a) and 

Gas1 share motifs: CLV_NDR_NDR_1, MOD_Cter_Amidation, and 

MOD_GlcNHglycan. ELM descriptions of these motifs are listed in table 1 and 2.  The 

predicted linear motifs suggest that apo(a) and Gas1 could associate with each other or 

through another molecule. 
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Table 2. Gas1 Predicted Linear Motifs  

Elm Name 
  

Instances 
(Matched 
Sequence) 

Positions 
  

Elm Description 
  

Cell 
Compartment 

  
CLV_NDR_NDR_1  
  
  

RRL 44-46 
N-Arg dibasic 
convertase 
(nardilysine) 
cleavage site (Xaa-
|-Arg-Lys or Arg-|-
Arg-Xaa) 
  
  

extracellular, 

RRS 
  

315-317 
  

Golgi apparatus, 

cell surface 

LIG_RGD  

RGD 306-308 

The RGD motif can 
be found in many 
proteins of the 
extracellular matrix 
and it is recognized 
by different 
members of the 
integrin family. 

extracellular, 

MOD_Cter_Amidation  

HGRR 42-45 

Peptide C-terminal 
amidation 

extracellular, 

MOD_GlcNHglycan  
  
  
  
  

GSGL 37-40 
Glycosaminoglycan 
attachment site 
  
  
  
  

extracellular, 

TSGG 150-153 Golgi apparatus 
  
  
  

SSGS 254-257 
GSGA 297-300 
ASGG 302-305 

 

Results of ELM motif search after globular domain filtering, structural filtering and 

context filtering of Gas1 protein (P54826). 
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Table 3: Predicted Linear Motifs for Apo(a) Obtained From ELM 

Elm Name 
Instances 
(Matched 
Sequence) 

Positions Elm Description Cell 
Compartment 

CLV_NDR_NDR_1  

PRK 
  
  

4295-
4297 
  
  

N-Arg dibasic 
convertase 
(nardilysine) 
cleavage site (Xaa-
|-Arg-Lys or Arg-|-
Arg-Xaa) 

extracellular, 

Golgi apparatus, 

cell surface 

MOD_Cter_Amidation  

RGKK 
  

4237-
4240 
  

Peptide C-terminal 
amidation 

extracellular, 

secretory 
granule 

MOD_GlcNHglycan  
ESGV 

4091-
4094 

Glycosaminoglycan 
attachment site 

extracellular, 

DSGG 
4497-
4500 

Golgi apparatus 

MOD_N-GLC_1  
CNLTQC 328-333 

Generic motif for 
N-glycosylation.  

extracellular, 

CNLTQC 
2266-
2271 

Golgi apparatus, 

CNLTQC 
3064-
3069 

endoplasmic 
reticulum 
  

ENSTGV 
3888-
3893 

MOD_N-GLC_2  
NYC 303-305 

Atypical motif for 
N-glycosylation 
site. Examples are 
Human CD69, 
which is uniquely 
glycosylated at 
typical (Asn-X-
Ser/Thr) and 
atypical (Asn-X-
Cys) motifs. 

extracellular, 

NYC 
2241-
2243 

Golgi apparatus, 

NYC 
3039-
3041 

endoplasmic 
reticulum 
  

NYC 
4276-
4278 

 

Results of ELM motif search after globular domain filtering, structural filtering and 

context filtering of apo(a) protein (P08519).
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III.10 Apo(a) Decreases Nitrite and Nitrate Content in HUVECs 

We explored the effects of apo(a) on the level of nitrite and nitrate in the culture 

media of HUVECs. The concentrations of nitrite and nitrate were measured using the 

Griess reaction and appeared as an accumulation over time in the culture media from 

HUVECs synthesis of NO. HUVECs were incubated for 8 hours in the absence (0, 

negative control) or presence of increasing concentrations of 17K r-apo(a), or N-methyl 

arginine (NMA, positive control). In a different set of experiments, HUVECs were 

incubated for 6 hours in the absence or presence of 500 nM of 14K, 17K, and 30K r-

apo(a). We found that apo(a) decreased nitrite and nitrate content of the media in a dose 

dependent manner (Figure 29). This decrease was found to be isoform size dependent. 

Smaller isoform, 14K, induced the greatest reduction in nitrite and nitrate compared to 

17K and 30K r-apo(a) (Figure 30). Our data showed that elevated concentration of 

apo(a)/Lp(a) correlates with decreased nitrite and nitrate production by ECs and is 

isoform size dependent.  

 

III.11 Apo(a) Suppresses eNOS Activity in HUVECs 

NO synthesis was assayed by measuring the activity of eNOS in the conversion of 

L-arginine to L-citrulline. Time course synthesis of NO by HUVECs incubated with 500 

nM of 17K r-apo(a) showed a time-dependent decrease in eNOS activity. After 9 hours 

incubation of HUVECs with 17K r-apo(a), the activity of eNOS was significantly 

decreased. After 22 hours, eNOS activity was suppressed 2 fold (Figure 31). Apo(a) as 

well as Lp(a) induced the same attenuation of eNOS activity (Figure 32), suggesting that  
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Figure 29: Dose Response of Nitrite and Nitrate to r-Apo(a) Treatment of HUVECs.  
HUVECs (1 x 105) were incubated in the presence of increasing concentrations of 17K r-
apo(a) or 500 nM of NMA. Ng-methyl arginine (NMA) is a potent inhibitor of NO and 
was used as a positive control in this experiment. The concentration of nitrite in HUVEC 
conditioned medium was determined using the Griess reaction. The results (means ± 
SEM) reported are representative data of three independent experiments (*p < 0.05). 
 
  

N itr ite  +  N itr a te

0 25 5 0
1 00

2 0 0
40 0

5 00
N

M
A

0 .0 0

0 .0 5

0 .1 0

0 .1 5

*

*

*

A p o( a )  C on c en tr a t io n s  ( n M )

N
it

ri
te

 +
 N

it
r

a
te

( µ
M

)



 

  96 

 

 

Figure 30: Isoform-Dependent r-Apo(a)’s Effect on Nitrite and Nitrate Content of 
HUVEC Conditioned Medium. HUVECs (1 x 105) were incubated in the absence and 
presence of 500 nM of 14K, 17K, 30K r-apo(a) and 500 nM of NMA. Ng-methyl arginine 
(NMA) was used as a positive control of NO inhibition. The nitrite content of the culture 
medium was assayed using the Griess reaction. The results (means ± SEM) reported are 
representative data of three independent experiments (*p < 0.05). 
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Figure 31: Time-dependent Decrease of eNOS Activity in r-Apo(a) Treated 
HUVECs. HUVECs (1 x 105) were incubated in the absence and presence of 500 nM of 
17K r-apo(a) for various time periods (hours). The conversion of L-arginine to L-
citrulline, as expression of eNOS activity, was measured in treated HUVEC lysates after 
reaction induction by the addition of calcium ionophore A23187 as described in the 
Methods section. The results (means ± SEM) reported are representative data of three 
independent experiments (*p < 0.05). 
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Figure 32: eNOS Activity in r-Apo(a) and Lp(a) Treated HUVECs. HUVECs (1 x 105) were 
incubated in the absence (untreated, negative control) and presence of 500 nM of 17K r-apo(a), 
100 nM of Lp(a) and 1 µM of L-N-monomethyl arginine (L-NMMA, positive control) for 10 
hours. The activity of eNOS was determined in HUVEC lysates by the conversion of L-arginine 
to L-citrulline after induction by the addition of the calcium ionophore A23187 as described in 
the Methods section. The results (means ± SEM) reported are representative data of three 
independent experiments (*p < 0.05). 

e N O S  A c tiv ity

U
n t r

e a t e
d

17 K
 r
-a

p o (a
)

L p ( a
)

L -N
M

M
A

0

5

1 0

1 5

2 0

L
-c

it
r

u
ll

in
e

 (
p

m
o

le
s

/m
in

/m
g

 p
r

o
te

i

* 
* 

* 



 

  99 

 

 
Figure 33: eNOS Expression in r-Apo(a) Treated HUVECs. HUVECs (1 x 105) were 
incubated for 8 hours in the absence (U, negative control) or presence of 500 nM of 14K, 
17K, and 30K r-apo(a). The expression of eNOS was assayed by western blot as 
described in Methods section. Rabbit polyclonal anti-eNOS was used as primary 
antibody, and the secondary rabbit polyclonal against the primary antibody was used to 
visualize the protein expression. The results (means ± SEM) reported are representative 
data of three independent experiments. 
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the LDL component of Lp(a) might not contribute much to eNOS inhibition. HUVECs 

incubated in the absence or the presence of 500 nM of 14K, 17K, and 30K r-apo(a) 

showed no significant difference in eNOS expression between untreated and apo(a)-

treated cells even though 17K showed a slight decrease in protein expression (Figure 33).  

 

III.12 Apo(a) Suppresses Endothelin-1 in HUVECs 

To determine whether apo(a) has some effects on ET-1 synthesis, we incubated 

HUVECs in the presence of increasing concentrations of r-apo(a) for 6 hours. The culture 

medium was collected and the level of ET-1 was assayed by ELISA. The content of ET-1 

of the samples was estimated from a standard curve generated from serial dilutions of an 

ET-1 standard. The dose response study of ET-1 to apo(a) treatment of HUVECs showed 

a 2.5 fold decrease in ET-1 levels in the culture media after 6 hours (Figure 34). A time 

dependent analysis of HUVECs incubation in the absence or presence of 500 nM of 14K, 

17K, and 30K of r-apo(a) shows that the inhibitory effect of apo(a) on ET-1 is time 

dependent (Figure 35).  Our data also showed that after 8 hours incubation of HUVECs in 

the presence of elevated apo(a), NMA showed inhibition of ET-1 to reach the same level 

of 17K (Figure 36). This intriguing result needs further investigation. Our data also 

showed that the inhibition of ET-1 by apo(a) was isoform dependent, and small isoform 

exerted the greatest inhibition. To further investigate whether the decrease in ET-1 level 

in the culture medium correlates with a decrease in ET-1 expression, we performed 

western blot  
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Figure 34: Apo(a) Suppresses ET-1 in a Dose Dependent Manner. HUVECs (1 x 105) 
were incubated in the presence of increasing concentrations of 17K r-apo(a). The culture 
medium was collected and analyzed for ET-1 by ELISA. The results (means ± SEM) 
reported are representative data of three independent experiments (*p < 0.05). 
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Figure 35: Time dependent Decrease of ET-1 After HUVECs Incubation With r-
Apo(a). HUVECs (1 x 105) were incubated over time in the absence or presence of 500 
nM of 17K r-apo(a) or 1 mM of NgMethylarginine as described in materials and methods. 
The results (means ± SEM) reported are representative data of three independent 
experiments. 
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Figure 36: Apo(a) Isoforms effects on ET-1 Level in HUVECs Conditioned Medium 
HUVECs (1 x 105) were incubated in the absence (U) or presence of 500 nM of 14K, 
17K, 30K r-apo(a) and 500 nM of NgMethylarginine for 8 hours. The culture medium 
was collected and analyzed as described in Material and methods. The results (means ± 
SEM) reported are representative data of three independent experiments (*p < 0.05). 
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Figure 37: ET-1 Expression in HUVEC Lysates After Incubation in the Presence of 
r-Apo(a). HUVECs (1 x 105) were incubated in the absence (U) or presence of 500 nM 
of 14K, 17K, and 30K r-apo(a) for 8 hours and analyzed by western blot. A rabbit 
polyclonal anti-ET-1 was used as primary antibody and a polyclonal anti-rabbit for used 
for visualization of the protein expression. The results (means ± SEM) reported are 
representative data of three independent experiments. 
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analysis of ET-1 expression in HUVEC lysates after incubation for 6 hours in the absence 

or presence of 500 nM of 14K, 17K, and 30K r-apo(a). The western blot data showed no 

significant difference in ET-1 expression between the three apo(a) isoforms (Figure 37) 

and untreated cells. This result suggests that apo(a) inhibition of ET-1 does not occur at 

the transcriptional stage, but may involve either the receptors on the cell surface or 

mechanisms involved in the extracellular release of the mature protein. 
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Chapter IV Discussion 

 

 

 
Figure 38: Apo(a)/Lp(a)-induced Apoptosis Pathway. Elevated concentration of 
apo(a)/Lp(a) induces apoptosis in Ekes by a mechanism that could involve 
association/interaction of apo(a) with Gas which would induce p53 phosphorylation and 
overexpression of Bax. Elevated cellular content of Bax may induce the release of 
cytochrome c and the formation of the apoptosome. The apoptosome could induce the 
activation of caspase-3. Activated caspase-3 would then induce apoptosis. Apo(a)/Lp(a) 
could induce endothelial dysfunction by attenuating the release of NO and ET-1 from 
ECs. 
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IV.1 Summary of Results 

The purpose of the studies reported here was to assess apo(a)-induced apoptosis 

and dysfunction in ECs. Various studies have previously shown that OxLp(a) and native 

Lp(a) induce apoptosis in ECs, but to our knowledge no study has been done on the 

apoptotic ability of full length apo(a). Our present data show for the first time that apo(a) 

induces a dose-dependent dual effect on EC proliferation: it induces cell growth at low 

doses which supports the findings of Liu (Liu et al., 2009), but decreases cell growth at 

high concentrations (≥ 300 nM) suggesting that apo(a) inhibits growth at higher 

concentrations. Subsequent investigations confirmed that apo(a)/Lp(a) induces apoptosis 

in ECs at higher concentrations. Our data further showed that the apoptotic pathway 

which mediates apo(a)/Lp(a)-induced apoptosis occurs possibly via Bax overexpression 

(Figure 38). Incubation of HUVECs in the presence of high doses of apo(a) correlates 

with overexpression of Bax and a decrease of Bcl-2. Elevated levels of Bax, caspase-9 

and p53 phosphorylation, have all been associated with the intrinsic pathway, in previous 

studies as well as in our study (Siliciano et al., 1997; Slee et al., 1999; Soengas et al.; 

1999). We investigated the effects of apo(a) on Gas1 expression as a possible 

intermediate target of apo(a)-induced disruption of cellular homeostasis. Our data 

revealed that treatment of HUVECs with apo(a) correlates with Gas1 overexpression and 

suggests that it could associate with it at the surface of the cell membrane. Gas1 can 

contribute to induce apoptosis or inhibit it. In fact Gas1 and apo(a) shares identical 

binding motifs which suggest a possible interaction between apo(a) and Gas1. We further 

investigated the effects of apo(a) on the levels of NO and ET-1 released by ECs in the 
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extracellular environment. Our data showed that high levels of apo(a)/Lp(a) are 

associated with reduced NO level in ECs in a dose- and time-dependent manner and  also 

a decreased activity of eNOS. Elevated levels of apo(a)/Lp(a) also  correlated with 

decreased ET-1 expression in ECs in a dose- and time-dependent manner by a 

mechanism that does not involve de novo protein synthesis. In both cases, smaller apo(a) 

isoforms showed the greatest effects.  

 

IV.2 Endotoxin-Induced Cell Death 

The dose dependent dual effects of apo(a) on HUVECs proliferation suggests that 

accumulation of endotoxin could be responsible of the observed cell death. The increase 

in apo(a) concentration in the medium would increase the level of LPS in the media 

which would trigger apoptosis. As a routine practice during this work, the stock of r-apo 

(a) eluents were passed through a 0.22 µm pore size filtering device (Mille GO) before 

Havocs treatment. But in case of bacterial contamination, which could be observed by 

either a cloudy culture medium or bacterial presence in the culture medium using a light 

microscope, the stock of r-apo(a) was discarded. Care was taken to avoid bacterial 

contamination during this apoptosis study. Nevertheless the endotoxin test performed 

showed traces of LPS (< 0.3-0.4 EU/ml) suggesting the presence of bacterial particles. 

These particles could induce inflammatory reactions leading to apoptosis (Perez et al., 

1996). Even though these events could explain the observed apoptosis, cell death by 

kringle structure is supported by previous works done in other laboratories using 

recombinant plasminogen containing KV and KIV which showed a dose dependent 
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apoptosis in ECs (Kim et al., 2003; Davidson et al., 2009). The dose dependent dual 

effect is not a new finding in the study of apo(a), in fact it has been shown that apo(a) 

displays a concentration-dependent biphasic, enhancing/preventing effect on 

plasmin(ogen)-induced cell detachment of VSMCs and CHO-K1 cells: at high r-

apo(a)/plasminogen ratios r-apo(a) prevents plasmin(ogen)-induced cell detachment and 

apoptosis. However, at low r-apo(a)/plasminogen ratios, an enhancement in 

plasmin(ogen)-induced cell detachment and apoptosis was observed (Ho-Tin-Noé et al., 

2006).  

 

IV.3 Physiological Concentration of Apo(a) 

 The plasma concentration of Lp(a) is variable among individuals and may differ 

by  factor of 1000 (<0.1 mg/dL up to >300 mg/dL) (Kostner et al., 2005). Among the 

white population, the mean Lp(a) concentration is 16 mg/dL to 18 mg/dL (Kostner, 

2002). Therefore, the use of apo(a) concentration set of 500 nM would correspond to a 

physiological concentration of Lp(a) equal to approximately 39 mg/dL, which 

corresponds to twice the mean concentration in the white population but would fall into 

the mean concentration range for black Africans (Kostner et al., 1990). Some clinical 

events were observed in people with high plasma Lp(a) concentration above 30 mg/dL 

(Suk Danik et al., 2006).  The use of 500 nM of apo(a)  in our in vitro experiment 

corresponds to physiological level of apo(a) in vivo. During a preliminary dose response 

study, we treated HUVECs with up to 800 nM of apo(a)  and we did not observe rapid 

cell death as it would be observed in case of toxicity (data not shown). Once 
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staurosporine was added to a HUVEC culture, the morphology of the cells changed and 

within hours one would observe under light microscope apoptosis taking place, which 

was not the case when we increased the concentration of apo(a) up to 800 nM. 

 

IV.4 Detection of Apo(a)/Lp(a)-induced Apoptosis in HUVECs 

 The study of apoptosis has evolved over the years from light microscopy to 

electron microscopic identification of the apoptosome in cells undergoing apoptosis. For 

our study we investigated apo(a)-induced apoptosis using various laboratory techniques 

looking at different features of apoptosis, the sum of which helped us determine the type 

of cell death we observed after incubation of HUVECs with apo(a). In our study the use 

of a DNA fluorometric technique that measures DNA content as a surrogate for cell 

count, was tailored for adherent HUVECs and minimized cell loss. Flow cytometry was 

used to estimate the percentage of apoptotic cell populations after apo(a) treatment. The 

operator of the flow cytometric instrument would receive the samples with no prior 

knowledge of which ones were treated or untreated. The results of the flow analysis were 

found to be consistent and unbiased. Even though fluorescence microscopic analyses 

suffered from some user’s bias due to variable appreciation of colors and microscopic 

resolutions, it nevertheless offered visual appreciation of the morphology of cells 

undergoing apoptosis. Overall the redundancy and complementary approach in our study 

provides credibility to the conclusions we made regarding apo(a)-induced apoptosis. 

 

IV.5 Apo(a) Induces Apoptosis in Vascular Endothelial Cells 
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At a concentration of 500 nM of r-apo(a) our data showed evidence of apo(a) 

inhibition of cell growth. At concentrations equivalent to clinical levels of Lp(a), that is, 

500 nM of apo(a) or 39 mg/dL of Lp(a), we found consistent apoptotic events in ECs 

exposed to apo(a). This observation suggests that in elevated plasma, apo(a)/Lp(a) would 

induce apoptosis in the endothelium of arteries where it accumulates. This ability of 

apo(a) to independently induce apoptosis helps appreciate the clinical importance of free 

apo(a) found in circulation.  There still is a debate as to what is the role of free apo(a) in 

circulation. Some investigators do not see any importance of free apo(a) except when it is 

attached to LDL to make up Lp(a), while others believe that a special attention should be 

put on the role of apo(a) independent of Lp(a). Our data showed that irrespective of LDL, 

apo(a) can induce cell death and should be given more attention. 

 When we investigated the importance of isoform sizes on apo(a)-induced 

apoptosis we found no significant difference in the extent of apoptosis induced by smaller 

and bigger apo(a) isoforms. These results suggest that in elevated condition of apo(a), the 

size of the kringle does not significantly change the apoptotic effects on ECs. However at 

lower concentrations, smaller isoforms show the greatest effects on cell growth. Elevated 

Lp(a) has been reported in many clinical investigations as the cause of atherosclerosis 

related diseases. However, in many of these studies, smaller isoforms of apo(a) were 

determining factors in predicting the occurrence of cardiac events (Kamstrup et al., 

2009).  So, even if we could not observe a significant effect of smaller isoform on 

apoptosis, it does not mean that smaller apo(a) isoforms are not important in 

atherosclerosis, it may simply mean that elevated concentration of apo(a) has the greatest 
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impact on EC apoptosis. This data is corroborated by clinical data showing that elevated 

plasma Lp(a) is an important agent in the development of atherosclerosis (kostner et al., 

2005). 

 

IV.6 Apo(a) — An Apoptogenic Protein 

Apo(a) is a large glycoprotein which is found circulating in the blood stream 

bound to an LDL molecule. It was suggested that apo(a) after synthesis binds to OxPL 

possibly via its KV domain before being excreted from the hepatocytes (Eldestein et al., 

2003). Due to the evidence provided by other investigators, the presence of an OxPL 

molecule on apo(a) may contribute to enhancing its apoptotic property. The exact 

mechanism for the OxPL adduct to mediate apoptosis requires further investigation, but it 

is possible to argue from previous findings (Heermeier et al., 1999; Bochkov et al., 2010) 

that elevated concentration of apo(a) would increase the level of OxPLs in treated 

HUVECs which in return could compound the apoptotic effect of native apo(a) (Loidl et 

al., 2003). Preliminary data from our laboratory  have confirmed that in fact the apo(a) 

we used in this study contains a OxPL adduct (Koschinsky, unpublished). The apoptosis 

effect of OxLp(a) has been investigated and Galle and co-workers have provided data 

that support the apoptotic role of OxPLs in HUVECs (Galle et al., 1999). But they also 

showed that native Lp(a) could induce some apoptosis in HUVECs unlike LDL.  The 

importance of a possible presence of the OxPL adduct on apo(a) cannot be minimized. 

Several diseases point to the role of OxPLs as their main cause of occurrence (Deigner et 

al., 2008). A direct consequence of elevated OxPL in solution is lipid peroxidation. The 
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polyunsaturated fatty acids of the cell membrane are the target of oxidation of their 

double bonds. The initial step of this reaction cascade is thought to be initiated by the 

excess OxPLs in the microenvironment. The reaction then propagates to adjacent 

unsaturated fatty acids, resulting in the formation of hydroperoxides and hydroxyl 

radicals which are highly reactive species and detrimental to the cell’s homeostasis 

(Huang et al., 2004; Miyamoto et al., 2006). The oxidative damage to the cells can occur 

as a result of excessive reactive oxygen species formation and their release from the 

mitochondrial respiratory chain. These species, such as superoxide anions, are produced 

in complex I and complex III. Superoxide anions can bind to aconitase and cause the 

release of iron. The released iron can then cause lipid peroxidation with the formation of 

oxidized phospholipids. These oxidized lipids are electrophilic and bioactive, and can 

react with protein thiols. Superoxide anion can also react with NO to produce 

peroxynitrite which is a potent oxidant capable of damaging cells (Echtay et al., 2002) 

Many of the cellular events observed in HUVECs after incubation with high 

concentrations of apo(a), such as cytoskeletal remodelling, increase in cell permeability, 

and stress fibre formation have been associated with changes induced by OxPLs in vitro, 

suggesting that OxPLs may contribute to these cellular events. However, this is just 

speculation and needs further investigation in our case, using apo(a) deprived of the 

OxPL adduct and treating HUVECs as it was done throughout this work. It is also known 

that oxidative reactions can lead to externalization of PS (Hazen, 2008). OxLp(a) was 

also shown to contribute to more apoptosis than native events (Galle et al., 1995; Galle et 

al., 1999). Even though our current study assumed that the apo(a) tested contained OxPL 
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based on ongoing study, we still need to investigate the effect of “native” apo(a) (without 

OxPL) on ECs apoptosis in order to prove and eventually isolate apo(a)’s kringle domain 

necessary for apo(a)-induced apoptosis. In similar experiments, we could treat the 

purified apo(a) with PLA2 prior to treating HUVECs. This would remove the OxPL 

adduct from apo(a) so we could then measure the contribution of native apo(a) to 

apoptosis and EC dysfunction. However, from the work done by a few investigators who 

treated HUVECs using just kringle fragments and observed some dose dependent 

apoptosis in HUVECs, we expect to see some cell death induced by elevated 

concentrations of native apo(a). In fact, Kim and colleagues expressed an apo(a) 

recombinant containing KIV9, KIV10 and KV and showed that it induced a dose 

dependent apoptosis in HUVECs (Kim et al., 2003). Moreover, Davidson and coworkers 

have also shown that a recombinant KV (rK5) of plasminogen, which is 80% identical to 

apo(a) induced apoptosis in a time and dose dependent manner in ECs (Davidson et al., 

2009; McFarland et al., 2009). In this case, the mechanism of rK5-induced apoptosis was 

shown to depend on the interaction of the rK5 domain with a membrane receptor protein, 

the glucose related protein (GRP)-78. The peptide PRKLYDY which resides in the 

lysine-binding pocket of KV was critical for these effects. They showed that this rK5 

interacts directly with GRP78. Furthermore, they revealed that the human brain 

microvessel endothelial cells (MvEC) used in the studies required the expression of 

GRP78 and the low-density lipoprotein receptor-related protein 1 (LRP1) on the cell 

surface for apoptosis to take place. They also showed that rK5-induced death signal 

requires LRP1 internalization of GRP78 and the activation of p38 mitogen-activated 
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protein kinase (McFarland et al., 2009). The pathway which mediates the apoptotic 

effects of rK5 activates caspase-7 (Davidson et al., 2009). It is possible that native 

apo(a)-induced apoptosis could use similar mechanism. Nevertheless, sequence 

comparison using the Blast software revealed that KV domain of apo(a) possesses a 

similar peptide sequence but, unlike in rK5, the tyrosine residue in apo(a) is replaced by 

phenylalanine, which may or may not affect the ability of apo(a)’s KV alone to induce 

apoptosis. This suggestion presented above does not mean that it is applicable to apo(a)-

induced apoptosis in Ecs because GRP78 has not been proven to interact with apo(a). 

Recents finding from Edelstein which showed that plasminogen like apo(a) contains 

oxidized phosphatidylcholine (Edelstein et al., 2010) may provide more support for 

OxPL as the source of the apoptotic property of the kringles rather than a specific 

sequence (Edelstein, Pfaffinger, Hinman, et al., 2003) . 

 

IV.7 Apo(a) Activates the Mitochondrial Pathway 

The extracellular location of the apo(a) macromolecule suggests that it would 

likely interact with membrane receptors to induce apoptosis. So we started our study of 

apo(a)-induced apoptosis pathway by investigating the expression of key proteins of the 

extrinsic pathway. Western blot of Fas, TNFR1 as well as Caspase-8 did not show 

significant expression between the different tested samples. The study measured the 

expression of caspase-8 rather than active caspase-8 when it was observed that Fas and 

TNFR were not significantly expressed in apo(a)-treated HUVECs. Previous studies have 

shown that elevated expression of caspase-8 was sufficient to induce apoptosis in tumor 
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cells (Harper et al., 2003; Hassan et al., 2009), but based on our current knowledge about 

caspase-8 activation, we should have measured active caspase-8. It is still possible that 

apo(a) may induce apoptosis via the extrinsic pathway, because we have not exhausted all 

possible extrinsic routes.  

The mitochondria are central to the intrinsic pathway. Any defect of the normal 

function of the mitochondria would result in a death signal manifested by the release of 

cytochrome c (Morin et al., 2004). The measure of Bax, Bak, and Bcl-2 revealed that Bax 

is upregulated in HUVECs incubated with elevated apo(a) while Bcl-2 is down regulated. 

These results are consistent with biochemical events linked to apoptosis and Bax and Bcl-

2 are central to the intrinsic pathway of apoptosis. Even though data have shown that Bak 

is also elevated in cells undergoing apoptosis (Arthwol et al., 2000; Tong et al., 2004), 

our data did not show a significant increase of this pro-apoptotic protein. This is 

consistent with numerous data which showed that an increase in Bax alone is sufficient to 

induce apoptosis via the intrinsic route (Pastorino et al., 1998; Scorrano et al., 2003). The 

balance between proapoptotic and anti-apoptotic proteins shifts the cell in the state of life 

or death (Danial et al., 2003; Scorrano et al., 2003). In our case, pro-apoptotic proteins 

were favoured after incubation of HUVECs in the presence of elevated apo(a). 

The increase of caspase-9 is necessary to the formation of the apoptosome (Pan et 

al., 1998). When caspase-9 is activated, it binds to Apaf and cytochrome c to form the 

apoptosome which can be seen in apoptotic cells using an electron microscope. The 

apoptosome converts procaspase-3 into active caspase-3 and the execution of apoptosis 

occurs. Our data support the conclusion that apo(a)/Lp(a) induces apoptosis by causing 
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overexpression of Bax which may lead to cytochrome c  released from mitochondria and 

activation of caspase-9. 

 

IV.8 Apo(a) Induces Gas1 Overexpression in Endothelial Cells 

Gas1 is a membrane-anchored protein involved in contact inhibition or anchorage 

of cells to the extracellular matrix (Evdokiou et al., 1998). It blocks cell proliferation and 

induces apoptosis when it is ectopically expressed in numerous cells. Gas1 also 

suppresses cell proliferation mediated by VE-cadherin and PI3K, by possibly binding to 

RET (Cabrera et al., 2006). Due to its extracellular location and its involvement with VE-

cadherin in apoptosis inhibition (Figure 3), we hypothesized that Gas1 would be a protein 

affected by apo(a)-induced apoptosis, as our laboratory has already shown that apo(a) is 

capable of inducing VE-cadherin dispersion. Gas1 ducked to the cell surface by its GPI-

anchor would have its surface exposed for possible interactions with surrounding 

proteins. HUVECs incubated with apo(a) showed overexpression of Gas1 which suggest 

that apo(a) may stimulate the synthesis of Gas1 or cause its overexpression either directly 

or by secondary pathways. Overexpression of Gas1 may contribute to the observed 

apoptosis. Data have shown that overexpression of Gas1 induces cell death in vitro 

(Evdokiou et al., 1998; Mellström et al., 2002). HUVECs in the presence of higher 

concentrations of apo(a) showed a dose- and time-dependent increase of Gas1 expression 

(Figures 24-26).  Even though the mechanism of apo(a)-associated Gas1 overexpression 

may not be a direct result of apo(a) action on Gas1, our data suggest that apo(a) may 

contribute to Gas1 gene transcription or translation. This mechanism will need further 
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investigation. HUVECs incubation with high concentrations of apo(a) also correlated 

with phosphorylation of p53. It was previously shown that Gas1-mediated apoptosis 

occurs via a p53 dependent or independent pathway (Yonish-Rouach et al., 1996; Findley 

et al., 1997; Feng et al., 2006). The observed overexpression of Gas1 and p53 

phosphorylation (Siliciano et al., 1997) in HUVECs could be associated with apo(a).  

Immunoprecipitation and binding motifs predictions revealed that apo(a) may 

associate directly or indirectly with Gas1 via some shared motifs. N-Arg dibasic 

convertase, Peptide C-terminal amidation, and Glycosaminoglycan attachment site are 

three predicted binding motifs shared by apo(a) and Gas1. Based of those predictions 

which have not yet proven experimental, one could suggest that Gas1 has the potential to 

associate or interact directly or indirectly with apo(a) (Patthy et al., 1984). Further 

investigations are needed to test these functional motifs as binding sites and the specific 

functions related to their presence on these two glycoproteins.  

 

IV.9 Apo(a)/Lp(a) Attenuates the Levels of NO and ET-1 in the Cellular Milieu 

A normal endothelium performs functions that maintain an anticoagulant surface 

and homeostasis (Celermajer et al., 1997). The effects of HUVECs incubation in the 

presence of high concentrations of apo(a)/Lp(a) on NO and ET-1 contents would provide 

insight into potential apo(a)/Lp(a)-induced endothelial dysfunction and apoptosis (Nelson 

et al., 2005). Elevated concentrations of apo(a)/Lp(a) correlate with decreased levels of 

NO and ET-1 which is a marker of endothelial dysfunction. This observation is consistent 

with reports that showed that elevated Lp(a) has a potential to induce endothelium 
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dysfunction (Galle et al., 1999). When the ECs become dysfunctional and/or apoptotic, 

they also become procoagulant (Bombeli et al., 1997) and provide additional mechanisms 

of apo(a) atherothrombotic functions. 

The mechanism of apo(a) suppression of eNOS activity may also be correlated 

with its effects on the membrane structure. The externalization of PS known to disrupt 

the phospholipid bilayer can affect proteins embedded in the membrane such as the 

caveolins. The activity of the protein caveolin-1 requires a normal membrane (Celermajer 

et al., 1997; Yunchao et al., 2003) and active caveolin-1 is also required for eNOS 

activity and NO synthesis (Sessa et al., 1995; Govers et al., 2001). We have previously 

shown that high concentrations of apo(a) induces an increase in membrane permeability 

(Pellegrino et al. 2004). Therefore our current data may offer the downstream effect of 

membrane dysfunction on caveolin-1 and eNOS. By inducing membrane permeability 

and VE-cadherin disruption, apo(a)/Lp(a) may suppress eNOS activity and decrease NO 

content of the cell as the result of the displacement of caveolin-1 from its membrane 

location. The mechanism of apo(a)/Lp(a)-induced endothelial dysfunction is yet to be 

fully explained, but the inhibitory effect of apo(a)/Lp(a) on eNOS activity may 

participate in this regard. It has been shown that LDL’s ability to inhibit G protein can 

attenuate the release of endothelial-derived NO (Liao, 1994), which suggests that Lp(a) 

can  decrease NO level in ECs via its LDL component. Endothelial NOS’s activity has 

also been shown to be regulated by a variety of other factors such as acylation, N-

myristoylation, palmitoylation (Liu et al., 1996), and its interactions with other partners 

such as calmodulin (Murata et al., 2002). Govers and coworkers have indicated that the 
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localization of eNOS within the plasma membrane is dependent on cell-cell contact 

(Govers et al., 2001). We think that apo(a), by disrupting cell-cell contact, may also 

displace eNOS from its intercellular contact location and inhibit NO synthesis. The effect 

of apo(a) on eNOS inhibition showed to be calcium independent (Förstermann et al., 

1992; Fleming et., 2001), because induction of the calcium ionophore A23187 to the cells 

after incubation of HUVECs in the presence of apo(a) did not rescue eNOS’s activity. 

More studies are still needed to uncover the full cascade of events leading to the 

inhibition of eNOS by apo(a)/Lp(a).  

ET-1 induces stress fibre formation in ASMC and vasoconstriction. But there is 

no evidence that it induces stress fibre formation in ECs. Data from our laboratory have 

shown that high concentrations of apo(a)/Lp(a) induce a transient stress fibre formation in 

HUVECs (Figure 7). In regard to our data showing a significant decrease of ET-1 in 

HUVECs after 8 hours incubation in the presence of high concentrations of apo(a), we 

can speculate that exposure of ECs to high concentrations of apo(a) would result in the 

inhibition of ET-1 which may lead to the stress fibers formation and possibly apoptosis. 

This would be consistent with data from Pellegrino’s work, which showed that, between 

5 and 10 minutes of incubation with high concentrations of apo(a), apo(a) induces a spike 

in stress fibre formation in ECs. If these cellular reactions to apo(a) treatment are 

mediated by ET-1, it would suggest that elevated apo(a) concentrations within the cell 

has a far reaching effects on the cell structure and functions. It is still not clear how 

smaller apo(a) isoforms augment the severity of those effects, but our data may support 

the findings that small apo(a) isoform association to atherosclerosis related diseases.   
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Chapter V. Conclusion 

In our study, we showed high concentrations of apo(a) induced apoptosis and endothelial 

dysfunction in HUVECs. High concentrations of apo(a) induces externalization of PS, 

DNA condensation and fragmentation in HUVECs. Our data also showed that apo(a)-

induced apoptosis occurs more likely via the intrinsic pathway by a mechanism which 

involves the increased expression of Bax and the decrease of Bcl-2. But prior to inducing 

apoptosis, apo(a) may decrease the level of NO and ET-1 which renders the ECs 

dysfunctional. We showed that apo(a) could potentially bind with Gas1 on the cell 

surface. This finding could make Gas1 a potential receptor of apo(a)-induced apoptosis or 

growth arrest. So the knowledge that high concentrations of apo(a) can initiate 

endothelial dysfunction should push for more efforts in understanding the role of this 

enigmatic glycoprotein in human disease independent of Lp(a) (Edelstein et al., 2001; 

Emanuele et al., 2004). From this study one could establish a relation between the 

thrombotic actions of apo(a)/Lp(a) and its apoptotic effects. During the process of 

endothelial cell apoptosis, a loss of the anticoagulant property of endothelial cell surfaces 

concomitantly with an increase in their adhesiveness for leukocytes may occur, and this 

may contribute to thrombus formation on eroded plaques without rupture. As such, 

elevated concentration of apo(a)/Lp(a) with a small apo(a) may contribute to the 

progression of the atherosclerotic process via its apoptotic effects on ECs (Paultre, 2000).  

Overall this study raised many questions as to when does endothelial dysfunction 

start becoming so critical as to lead to apoptosis. Another issue is from the time point 

analysis when does Gas1 get expressed sufficiently by the cell to induce its death? Does 
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apoptosis occurs minute or hours after Gas1 is expressed?  How does NO or ET-1 

correlate with Gas1 expression if any? 

 

Future Studies 

Our study helps provide the mechanism of apo(a)-induced endothelial dysfunction 

and apoptosis but more investigations in the field of apo(a)-induced apoptosis are needed.  

One of the challenges for studying apoptosis was the use of appropriate positive controls. 

Compared to staurosporine apo(a) is a mild apoptosis inducer, and this affected the time 

point study.  By the time apoptosis was being observed in HUVECs, most cells treated 

with staurosporine were dead and solubilyzed. A better positive control should be used 

for future studies. Futures studies should also test the unique role of the OxPL adduct of 

apo(a) on its apoptosis effects. Treating Apo(a) with PLA2 prior to incubation with 

HUVECs would help identify the role of OxPL in apo(a)-induced apoptosis. It would be 

even better to generate recombinant apo(a) that can not bind to OxPL. We have suggested 

a possible association of apo(a) with Gas1 on the surface of Ecs, but this has not been 

proven. A better technique to study protein-protein interaction, such as surface plasmon 

resonance or yeast two hydrid would confirm this interaction. The use of siRNA  for 

Gas1 gene silencing prior to apo(a) treatment would also help confirm the role of Gas1 in 

apo(a)-induced apoptosis. A better test for measuring NO in living cells would provide 

better insight to the effect of apo(a) on endothelial dysfunction.  It would be of interest to 

measure the effects of attenuated NO level on the caspase pathway. HUVECs would be 

incubated during various time periods and caspase-3 activity could be assayed. 
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	In our study, we showed high concentrations of apo(a) induced apoptosis and endothelial dysfunction in HUVECs. High concentrations of apo(a) induces externalization of PS, DNA condensation and fragmentation in HUVECs. Our data also showed that apo(a)-induced apoptosis occurs more likely via the intrinsic pathway by a mechanism which involves the increased expression of Bax and the decrease of Bcl-2. But prior to inducing apoptosis, apo(a) may decrease the level of NO and ET-1 which renders the ECs dysfunctional. We showed that apo(a) could potentially bind with Gas1 on the cell surface. This finding could make Gas1 a potential receptor of apo(a)-induced apoptosis or growth arrest. So the knowledge that high concentrations of apo(a) can initiate endothelial dysfunction should push for more efforts in understanding the role of this enigmatic glycoprotein in human disease independent of Lp(a) (Edelstein et al., 2001; Emanuele et al., 2004). From this study one could establish a relation between the thrombotic actions of apo(a)/Lp(a) and its apoptotic effects. During the process of endothelial cell apoptosis, a loss of the anticoagulant property of endothelial cell surfaces concomitantly with an increase in their adhesiveness for leukocytes may occur, and this may contribute to thrombus formation on eroded plaques without rupture. As such, elevated concentration of apo(a)/Lp(a) with a small apo(a) may contribute to the progression of the atherosclerotic process via its apoptotic effects on ECs (Paultre, 2000). 

