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Abstract 

Objective — An internal mammary artery (IMA) graft is immune to intimal hyperplasia (IH) 

whereas a saphenous vein (SV) graft is prone to undergo restenosis due to neointima 

formation. However, the underlying mechanism in vein-graft that makes it prone to stenosis 

and closure is unknown. In this study, we examined the role of polo-like kinase (PLK)-1 in 

the PLK1/pPLK1-pCDK1-p-Histone H3 pathway in mediating mitotic progression of smooth 

muscle cells (SMCs) from human IMA and SV in the development of IH leading to vein-

graft disease. We also show in vivo data in support of increased immunopositivity towards 

PLK1 and pPLK1 in SMCs, following percutaneous transluminal coronary angioplasty 

(PTCA) and coronary artery bypass grafting that may contribute to greater SMC proliferation 

in the injured versus uninjured blood vessels in swine. 

 

Approach and Results — At the basal level, higher expression of PLK1 and pPLK1 were 

noted in SV- than IMA- SMCs. Increased expression and phosphorylation of PLK1 was 

observed in PDGF-stimulated SV- and IMA-SMCs than their respective controls. Significant 

increase in PDGF-induced PLK1 mRNA transcript expression was noted in SV- and IMA-

SMCs than their respective controls. The PLK1 inhibitor, BI2536, attenuated PDGF-BB-

induced proliferation in IMA and SV-SMCs. BI2536 blocked PDGF-induced CDK1 

phosphorylation. Silencing the PLK1 gene by siRNA transfection in SV- and IMA-SMCs 

attenuated the expression of p-Histone H3. Immunofluorescence staining demonstrated an 

increase in the number of cells showing immunopositivity to PLK1, pPLK1, p-Histone, IFN-
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γ and pSTAT-3 in the neointima in post-PTCA coronary arteries and superficial epigastric 

vein (SEV) grafts. 

 

Conclusions — We are the first to report PLK1 is expressed in VSMCs and a known VSMC 

stimulant increases the phosphorylation of PLK1 in VSMCs leads to increased 

phosphorylation of pro-mitotic pCDK1-p-Histone H3 pathway leading to IH. The in vivo 

data in swine further confirms significantly higher expression of PLK1 and pPLK1 in VSMC 

present in the hyperplastic intima in post PTCA-coronary arteries and SEV-grafts. Therefore, 

inhibition of PLK1 activity could be a target in developing better therapeutic approach to 

prevent VSMC-mediated fibroproliferative diseases. 
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1. INTRODUCTION 

1.1. Atherosclerosis and Coronary Artery disease 

Cardiovascular disease is common in general the population and is responsible for 

approximately 17.3 million deaths worldwide on an annual basis. Coronary artery disease 

(CAD) is one of the most common types of heart disease and is the leading cause of death 

in the United States in both men and women [1-3]. Atherosclerosis or hardening of 

coronary arteries is responsible for almost all cases of CAD.  Histologically the first 

phase of atherosclerosis is the focal thickening of intima in which an artery thickens as a 

result of accumulation of lipid-laden macrophages (foam cells), extracellular matrix and 

smooth muscle cells (SMCs) creating a fatty streak. Over time, this fatty streak develops 

into atherosclerotic plaques due to the progressive accumulation of SMCs and 

macrophages [4-10].  

 

1.2. Coronary artery disease (CAD) Treatment 

The care of patients with CAD requires an understanding of the severity of the disease, 

control the means to symptoms, and the therapies to improve survival. Low- and 

intermediate-risk patients whose symptoms are controlled on medical therapy can be 

managed without intervention. Commonly used drugs for the management of CAD are 

beta-blockers, calcium channel blockers, late sodium channel blocker and nitrates. High-

risk patients undergo coronary angiography and revascularization with either 

percutaneous coronary intervention (PCI) or coronary artery bypass graft surgery 

(CABG). CABG is preferred over PCI for many patients with a significant narrowing of 
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the proximal left anterior descending (LAD) coronary artery with multivessel disease and 

a reduced left ventricular ejection fraction or a large area of myocardium at risk [11-17]. 

 

1.3. CABG 

In obstructive coronary artery disease, restoration of coronary artery blood flow as early 

as possible is vital to salvaging the myocardium. CABG involves construction of grafts 

between the arterial and coronary circulations [18-20]. It is the recommended modality of 

coronary revascularization over PCI in the following conditions: (i) left main coronary 

artery stenosis of 50% or more; (ii) multi-vessel disease with a proximal LAD coronary 

artery lesion and abnormal left ventricular (LV) function; (iii) failed PCI with persistent 

pain or hemodynamic instability in patients with coronary anatomy suitable for surgery; 

(iv) persistent or recurrent myocardial ischemia refractory to medical therapy in patients 

who have coronary anatomy suitable for surgery and have substantial myocardium at 

risk; (v) post-infarction ventricular septal rupture (VSR) or mitral valve insufficiency; 

(vi) cardiogenic shock; (vii) life-threatening ventricular arrhythmias in the presence of 

50% or more stenosis in the left main artery and (or) triple-vessel disease; (viii) patients 

with previous bypass surgery who have large amounts of myocardium; (ix) patients who 

have had unsuccessful or complicated PCI; (x) diabetic patients with multi-vessel 

disease; and (xi) late presentation of the disease or recurrent ischemia [21-26].  

 

Alexis Carrel, who received the Nobel Prize for his research in vascular anastomosis, 

introduced the surgical method of CABG in 1910 [27]. Later in 1962, Sabiston used SVG 

for the first time as a bypass conduit. In 1970, Favaloro used SVG and LIMA (left 
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internal mammary artery) graft simultaneously as bypass conduits [28]. These early 

proponents of CABG initiated a search for the ideal bypass conduit.  

 

1.4. Choice of bypass conduit 

Different vessels have been studied in the quest for the ideal conduit to revascularize the 

myocardium. These vessels include greater saphenous vein (GSV), lesser saphenous vein 

(LSV) [29], cephalic veins [30], basilic veins [31], umbilical vein [31], left internal 

mammary artery (LIMA), right internal mammary artery (RIMA) [32], right 

gastroepiploic artery (GEA), inferior epigastric artery [33], radial artery (RA), splenic 

artery [34], gastro-duodenal artery [33], intercostal artery [35], and bovine IMA [28]. 

GSV and IMA are the 2 most widely used graft conduits. The unsatisfactory clinical 

outcomes and high rate of graft failure lead to the introduction of synthetic grafts, mainly 

because of the ease and flexibility of tailoring their mechanical properties. A few of the 

synthetic grafts that have been used for experimental purposes are made of dacron and 

polytetrafluoroethylene [28, 36].  

 

1.4.1. Internal mammary artery (IMA)  

1.4.1.1. Advantages 

The IMA is the graft of choice for CABG. Both RIMA and LIMA are used to bypass 

coronary blood flow at either a single site or at multiple arterial branching sites in a 

sequential manner. IMA can be harvested as a pedicle graft (with surrounding tissue) 
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 or as a skeletonized graft (without surrounding tissue). Owing to denervation, the 

skeletonized graft expands and helps in side-to-side anastomoses [37-39]. Both, left and 

right IMAs can be grafted in situ, either as a simple or a sequential graft. It is feasible to 

reach distal coronary vessels, as both of the IMAs can be used as free grafts [40]. The 

IMA efficiently withstands the competitive flow between the residual flow through the 

native coronary artery and the flow provided by the bypass graft, which can otherwise 

cause graft occlusion [41]. Patients with IMA grafts are found to have a lower rate of MI 

or recurrent angina and undergo fewer repeated operations compared with those with 

SVGs. The benefit of using bilateral internal mammary artery (BIMA) on survival has yet 

to be confirmed. However, a meta-analysis evaluated 15,962 patients and suggested that 

patients with BIMA grafts have a better survival rate [42].  

 

1.4.1.2. Disadvantages 

The IMA cannot be used as a graft in patients with a history of radiation or with aortic 

narrowing [43]. In patients with stenosis of the ipsilateral subclavian artery or 

brachiocephalic trunk, the use of IMA in situ is contraindicated [44]. The IMA can 

undergo stenosis at the site of anastomosis, owing to damage caused to the arterial wall 

during grafting. This IMA stenosis can occur immediately or years later [45, 46]. The use 

of BIMA increases the risk of deep sternal infection, intervention time, and morbidity. 

This is especially true in patients with diabetes, obesity, peripheral vascular disease, 

chronic renal impairment, or chronic obstructive pulmonary disease. Further, in young 

patients without diabetes, obesity, or chronic obstructive pulmonary disease the use of 

BIMA in CABG increases the rate of repeated operation and transfusions [47, 48]. 
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1.4.1.3. Patency 

In a report from the Royal Melbourne Hospital, which studied 2127 instances of arterial 

conduits used in CABG, the target artery and severity of stenosis were the 2 major factors 

significantly associated with the patency or narrowing of IMA [49]. The patency of IMA 

is directly related to the degree of stenosis. LIMA, when anastomosed to the LAD, has an 

early patency rate of 99%, whereas RIMA has a rate of approximately 94% when 

anastomosed to the major branches of the left circumflex artery [50, 51]. There are few 

instances of IMA occlusion within 3 months of surgery [52]. However, IMA has a 

significantly higher long-term patency rate than any other grafts [53-55]. The patency 

rates of in-situ right and left IMA anastomosis to the LAD are 95% and 97%, 

respectively. Patency rates with other target vessels were found to be lower [49, 56].  

 

A review from the Clinical Outcomes Assessment Program in the state of Washington 

demonstrated that LIMA, when used as a bypass conduit, significantly reduces 

perioperative mortality and morbidity in patients over the age of 75 years, women, and 

diabetics [57]. A study on 10-year survival of 6000 CABG patients showed that 

compared with IMA grafts, patients with SVG had an increased (1.61 times greater) risk 

of death and a 1.41 times greater risk of late MI [53]. Another study supported the above 

mentioned data by showing that at 15 years, patients with arterial grafts had a higher 

survival rate of 64% compared with that of 53% in patients with SVG [55]. As a 

consequence of higher long-term graft patency rate and event free survival, IMA is 

regarded as the graft of choice in CABG. There are multiple anatomic and physiological 

factors that make IMA the ideal CABG conduit. Anatomically, IMA has – few 
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endothelial fenestrations, many intercellular processes with low intercellular junction 

permeability, well-defined internal and external elastic lamina, no valves, good size 

match with the grafted native vessel, and high resistance to trauma of harvesting [58]. 

Physiological factors that make IMA a suitable graft are - high flow reserve, high sheer 

stress, high NO/prostacyclin production, low vasoconstrictor sensitivity, high vasodilator 

sensitivity, and slow lipid synthesis and uptake [58].  

 

1.4.2. Saphenous vein (SV) 

1.4.2.1. Advantages 

In spite of the better patency rate with IMA, the saphenous vein (SV) is still used as a 

bypass conduit, since it is expendable in most patients, easy to work with, adequate in 

length for many anastomoses, and most importantly, easy to harvest [55]. Since SVG is a 

large conduit with negligible resistance to the blood flow, it is not affected by the 

competitive coronary flow between residual flow through the native coronary artery and 

the flow provided by the bypass graft [41]. The no-touch technique of harvesting SV with 

the surrounding fatty tissues has improved its patency, both in the long and short term 

[59]. 

 

1.4.2.2. Disadvantages 

The major setback of using SV as a conduit is its low patency rate [60-62]. Veins 

generally function best in a low-pressure milieu with decreased shear stress and 

mechanical stretch. Such a structure, when exposed to arterial pressure and pulsatile flow, 
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undergoes vascular remodeling. This remodeling alters the composition and wall shape of 

the SV resulting in clinical complications [63, 64]. Moreover, during the harvest, the vein 

is exposed to a supra-physiologic pressure (300–400 mm Hg; 1 mmHg =133.322 Pa), 

which damages the vessel wall and structure. When grafted, this leads to premature graft 

closure [65, 66]. In the first year following SV grafting, angina occurs in 20% of the 

patients [67]. Vein harvesting methods have to be carefully modified to minimize trauma 

to the vessel. Factors that predispose patients to SVG disease include a target vessel 

diameter of less than 2.0 mm, dyslipidemia, hypertension, and smoking [68-74]. The 

short saphenous vein (SSV) is another viable alternative. Some of its limitations include 

multiple valves, a cumbersome harvesting technique, and its multiple tributaries [75]. 

 

1.4.2.3. Patency 

The SVG has a low long-term patency rate of 50% at 10–15 years. At 5 years after the 

operation, only 65% to 80% of the SVGs remain open, and at 7 to 10 years, only 50% to 

60% remain patent [76]. There are several intrinsic and extrinsic causes that lead to early, 

short term, or long-term SVG failure. Early failure occurs within 0 to 30 days and is 

generally due to technical failures, such as kinking of the graft and anastomoses [77]. 

Short-term (30 days to 2 years post CABG) failures are ascribed to the development of 

intimal hyperplasia. Owing to the development of the intimal hyperplasia, a considerable 

number of the grafts need to undergo revascularization within 2 years after CABG. The 

long-term SVG failure (more than 2 years post-CABG) is marked by increased intimal 

hyperplasia and development of atherosclerotic lesions [78]. Several abnormal 
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anatomical, histological, and physiological factors contribute to the inferior quality of the 

vein graft causing serious clinical consequences [77].  

 

1.4.3. Comparative anatomy of IMA and SV grafts 

IMA is structured like an elastic artery whose diameter varies from 1.9–2.6 mm and 

whose wall thickness varies from 180 to 430 µm in adults [79]. The wall of an artery is 

divided into 3 layers: the intima, the media, and the adventitia. The intima consists of 

endothelial cells with few endothelial fenestrations. The intima also possesses a well-

defined internal elastic lamella with a high content of heparan sulfate. In the medial layer, 

smooth muscle cells are aligned circumferentially in-between elastic lamellae. This layer 

also consists of types I, III, IV or V collagen [80]. Depending on the thickness of the 

medial layer of the IMA, the number of the elastic lamellae varies from 7 to 11. The 

adventitia forms the thick outer layer and consists of fibroblasts and has few vasa 

vasorum (tiny blood vessels that nourish the wall of large blood vessels) [81]. The IMA, 

unlike the SV, is bereft of valves. The IMA size optimally matches that of the epicardial 

coronary artery (Table 1). IMA is highly resistant to trauma caused during harvesting [79, 

81].  

 

The SV is larger than the IMA, with a diameter ranging from 3.1 to 8.5 mm and a wall 

thickness that varies from 180 to 650 µm [82] . Similar to the IMA, the wall of the vein is 

also divided into an intima, media, and adventitia. The intima of SV has a thin layer of 

endothelial cells with many endothelial fenestrations and a subendothelial matrix of 

glycoproteins and connective tissue elements. The intima does not have a prominent 
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internal elastic lamella, but it get its multilayered appearance with the inter- spersed SMC 

and collagen. The medial layer is composed of an inner layer of longitudinally arranged 

smooth muscle cells and outer layer of circumferentially arranged smooth muscle cells. 

The media of the venous wall is interlaced with collagen and elastic fibrils. The 

adventitial layer consists of fibroblasts and loose collagen bundles. The vasa vasorum 

passes through this layer and provides resistance to ischemic injury. Compared with the 

IMA, the intimal endothelium of the SV has highly permeable intercellular junctions. The 

SV has greater amounts of types 1 and III collagen than does the IMA [82]. Unlike the 

IMA, dermatan sulfate is the dominant glycosaminoglycan in SV [79]. Veins afflicted 

with pathologies such as venous varicoses are unusable, and when used, have a poor 

patency rate of almost half of that of non-diseased veins [74, 83-86] (Table 1). 

 

Venous grafts are prone to degeneration and occlusion that continues to be the major 

challenge for CABG with SV [87]. Perioperative manipulations and poor storage of the 

venous grafts cause damage to its tissue, leading to endothelial cell injury, denudation, 

and dysfunction [88]. Endothelial cell injury and dysfunction leads to the development of 

neointimal hyperplasia and graft failure [89]. Histopathological analyses of early venous 

graft sections reveal fibrin deposition and endothelial denudation, which are more severe 

at the peri-anastomotic areas [90]. Higher permeability of the endothelium with acute 

inflammatory cell infiltration at sites of endothelial denudation was observed after a day 

of CABG. After 7–14 days, intimal SMCs were observed. A few months after CABG, 

vein graft shows accumulation of SMCs, collagen, and proteoglycans in the vessel intima 

causing its thickening. Within 2–3 years, the venous graft undergoes arterialization and 
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fibrointimal thickening, primarily due to the accumulation of type I and III collagen, 

proteoglycans, and SMCs in the venous intima [74, 82, 88, 91] (Table 1). 

 

Table 1: Differences in anatomical and physiological properties between IMA and SV. 

Properties IMA SV 

Diameter 1.9 – 2.6 mm 3.1 – 8.5 mm 

Wall thickness 180 – 430 microns 180 – 650 microns 

Endothelial layer Thick Thin 

Endothelial fenestrations Few Many 

Internal elastic lamella Well defined  Poorly defined 

IEL with heparin sulfate High Low 

SMC in the medial layer Aligned circumferentially in 

between elastic lamella 

An inner layer of 

longitudinally arranged & an 

outer layer aligned 

circumferentially  

Vasa vasorum Few Many 

Intercellular junction in 

intimal endothelium 

Low permeability High permeability 

Collagen  Low High 

Valve Absent Present 

Size match with grafted 

vessel 

Optimal Poor 
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Trauma during harvesting Highly resistant Low resistant 

Competitive coronary flow Present Absent 

Shear stress High Low 

Vasodilator production 

such as NO & prostacyclin 

High Low 

Flow reserve  High Low 

Pulsatile blood flow Present Absent 

Patency High Low 

 

1.4.4. Drawback of CABG with venous-graft 

Both arterial and venous grafts are used during CABG and long-term graft patency is 

significantly better using the artery [28]. The saphenous vein is the most common venous 

graft used for bypassing the coronary circulation [60, 92]. Unlike arterial grafts, SV-

grafts have failure rates as high as 25% in the first 12 to 18 months. In approximately 

10% of SV-grafts, early occlusion may occur within 30 days of CABG. SVG failure at 12 

to 18 months post bypass surgery involves endothelial dysfunction, platelet aggregation, 

growth factor secretion, inflammation, and significant intimal hyperplasia [58, 93-98]. 

Injury to the venous graft at the time of transplantation is the initiator of these changes. 

Mediators of these events including the binding of thrombin to its receptor, induces 

contraction and proliferation of smooth muscle cells in the saphenous vein [99]. Patency 

of SVG decreases at the rate of approximately 2% per year from the end of year one, and 

then 4 to 5% in subsequent years [58, 100-102]. SVG undergoes partial or complete 

closure by 10 years after the surgical procedure [103]. Vein grafts are used in case of 
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multiple distal anastomoses and is associated with a significantly higher rate of graft-

failure leading to the development of angina, myocardial infarction, or cardiac death [76]. 

Neointima formation is crucial to vein-graft failure and is predominantly consists of 

SMCs and extracellular matrix [74, 104-106]. Several approaches have been explored to 

prevent neointimal formation but to date this has not been achieved.  

 

1.5. Pathophysiology of vein graft failure 

The pathophysiology of vein graft disease leading to graft failure consists of 3 interlinked 

processes: thrombosis, intimal hyperplasia, and atherosclerosis [58] (Table 2) (Figure 1). 

 

Table 2: Schematic representation of the pathology of vein graft diseases. 

	



								 14	 		
	

1.5.1. Thrombosis 

Thrombosis occurs at an early stage (first month) after bypass surgery (Table 2) (Figure 

1). About 3%–12% of SVG become occluded within the first month. The factors that 

contribute to vein graft thrombosis are as follows [74, 107-109]:  

(i) Exposure of the venous lumen to high pressure resulting in endothelial damage. 

(ii) Exposure of the vein to arterial pressure, pulsatile blood flow, mechanical stretch, 

shear stress, and higher wall tension. Venous walls are less elastic than those of arteries. 

To accommodate to the hemodynamic characteristics of the arterial milieu, venous graft 

undergoes vascular remodeling [110, 111].  

 

Endothelial injury attracts platelets and leukocytes from the blood, which triggers the 

process of thrombosis [112]. Endothelial dysfunction reduces the production of tissue 

plasminogen activator, nitric oxide (NO), and prostacyclin (PGI2) [106, 113, 114]. 

Endothelial dysfunction activates tissue factor-mediated coagulation factor [112]. 

Further, endothelial dysfunction elevates the level of plasma fibrinogen, thus contributing 

to the prothrombotic activity [115, 116]. The process of vein harvesting significantly 

reduces the activity of thrombomodulin that contributes to the nonthrombogenic nature of 

endothelium, thus enhancing the process of thrombosis in SV graft [117]. Venous graft 

remodeling alters the vessel wall shape [118]. The integral processes of the 

pathophysiology of graft failure are endothelial denudation and dysfunction accompanied 

by medial SMC migration and proliferation. Endothelial dysfunction alters local 

production of protective and harmful vasoactive mediators that disturbs the intra-graft 

hemodynamics. Moreover, endothelial dysfunction increases the expression of growth 
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factors and adhesion molecules, and makes the media increasingly sensitive to 

vasoconstrictors such as endothelin-1. All of these cellular changes result in increased 

vasoconstriction and attenuate the blood flow [112].  

 

1.5.2. Intimal hyperplasia  

Neointimal hyperplasia of a venous graft occurs within 1–12 months after its 

implantation [104] (Table 2) (Figure 1). Growth factors such as platelet-derived growth 

factor (PDGF), transforming growth factor (TGF), epidermal growth factor and various 

cytokines such as interleukin (IL)-1, IL-6, tumor necrosis factor-alpha (TNF-α) are 

released at the site of vessel injury by the accumulated macrophages, platelets, and 

denuded endothelial cells [119, 120]. These factors induce proliferation and migration of 

SMCs from the media to the intima. At the intima, the newly migrated SMCs synthesize 

and secrete extracellular matrix (ECM) resulting in intimal fibrosis and reduced 

cellularity [74, 106, 118]. Endothelial cells regenerate over the deposited layer of fibrin 

and platelets on the thrombogenic basement membrane [118]. In the pig, the enzyme 

activities of adenylyl cyclase, guanylyl cyclase, and cyclooxygenase are downregulated 

in the SV – carotid artery interposition grafts one month after surgery [121]. It is 

observed that post grafting to coronary circulation SV undergoes vasoconstriction in 

response to vasodilating agents such as acetylcholine [122]. The venous graft loses its 

nourishment through vasa vasorum, which results in a continuous cycle of ischemia and 

fibrosis [123]. The ischemic reperfusion reduces the production of endothelial NO and 

prostacyclin, and induces the production of superoxide [123].  
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Perivascular fibroblasts can differentiate into myofibroblasts and migrate through the 

medial layer to the intima [124]. The wall stress that the SVG undergoes when exposed to 

arterial pressure upregulates growth factor receptors on SMCs such as basic fibroblast 

receptors (bFGF), which contributes to SMC proliferation and migration [125]. Increased 

production of platelet-derived growth factor (PDGF-BB) [126], thrombin [99], bFGF 

[126], insulin-like growth factor 1 (IGF-1) [127], vascular endothelial growth factor 

(VEGF) [128], superoxide radicals [129], endothelin-1 [130], angiotensin-II [131], 

serotonin [132], and decreased production of NO [82], prostacyclin [113], and 

transforming growth factor-beta (TGF-β)  [133] disturb the balance, resulting in increased 

SMC proliferation and migration, and leading to neointimal hyperplasia [74, 93, 106, 

125].  

 

1.5.3. Atherosclerosis 

Atherosclerosis is the prominent pathological lesion observed first year after CABG 

(Table 2) (Figure 1), which causes vein occlusion leading to the recurrence of ischemic 

symptoms [134]. Atherosclerotic lesion in vein grafts are histologically and 

topographically different from that of the arteries [135]. The major difference between 

the atheromatous lesion in veins and arteries is the rapid endothelial dysfunction-

mediated progression of atherosclerosis in veins [136]. Many foam cells and a high 

extracellular lipid content at the intima mark advanced atherosclerosis. The majority of 

the lesions are infiltrated with inflammatory cells such as neutrophils, lymphocytes, 

monocytes, and macrophages. These macrophages ingest native and modified 

lipoproteins and become foam cells. Histologically, the venous graft atheroma is infested 
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with a relatively increased number of foam cells and inflammatory cells compared with 

an arterial atheroma [137]. Morphologically, atherosclerotic lesions in the venous graft 

are concentric and diffuse [58]. The graft lesion has no fibrous cap to prevent the blood 

from coming into contact with the atheroma [72, 112, 138-141]. The factors that lead to 

venous graft atherosclerosis include the following:  

• Poor handling and harvesting of the SVG: heparinization is found to improve the 

quality of the venous graft and reduces peri-operative trauma [110]. 

• Elevated expression of adhesion molecules at the site of graft atherosclerosis: 

monocyte chemoattractant protein (MCP-1), vascular cell adhesion molecule-1 

(VCAM-1), and intercellular adhesion molecule (ICAM-1) are just a few of these 

adhesion molecules. MCP-1 attracts monocytes, VCAM accumulates 

macrophages, and ICAM-1 causes mononuclear cell adhesion and migration [90, 

142, 143].  

• Dyslipidemia with increased serum concentration of low density lipoprotein 

(LDL) cholesterol, apolipoprotein, and low levels of high-density lipoprotein 

(HDL) predisposes patients to vein-graft lesions [144]. 

• Other contributing factors include left ventricular dysfunction, smoking, and high 

mean arterial pressure in the vein [72, 73, 102]. 

 Re-surgery is the only treatment for vein graft atherosclerosis [145].  
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Figure 1: Sequential events that lead to vein graft failure. 

A] 

B] 

C] 
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Three phases of vein graft failure: (A) Thrombosis: it occurs within the first month of 
CABG. Vein graft, when exposed to hemodynamic forces, results in endothelial damage, 
followed by the adhesion of platelets and leukocytes, which releases a plethora of 
vasoactive mediators and growth factors. Release of TF initiates the coagulation cascade 
with the deposition of fibrin. All of these lead to thrombus formation and initiate 
neointima formation. (B) Intimal hyperplasia: this occurs within 1–12 months after 
CABG. The expression of MMPs, growth factors, cytokines, and ROS promote the 
proliferation and migration of medial SMCs towards the intima, resulting in neointima 
formation. (C) Atherosclerosis: it occurs after 12 months post-CABG. The monocytes 
from the blood infiltrate the neointima and transform to macrophages that engulf low-
density lipoprotein and become foam cells. All of these events lead to occlusion of the 
vein graft. CABG, coronary artery bypass grafting; TF, tissue factor; GF, growth factor; 
MMPs, matrix metalloproteinases; ROS, reactive oxygen species; SMCs, smooth muscle 
cells; VSMS, vascular smooth muscle cells; EC, endothelial cells. 
 

1.6. Smooth Muscle Cells and Intimal Hyperplasia (IH) 

SV is widely used as a bypass graft in spite of its poor patency [89]. The underlying 

pathological process that leads to the occlusion is IH. IH in SVG after CABG is a major 

clinical problem in the field of vascular biology, whereas IMA is almost resistant to IH-

associated fibroproliferative vascular pathology [146]. It is important to note that SMCs 

from veins and arteries are derived from different embryonic origins and exhibit distinct 

molecular signatures. Thus, intrinsic functional differences between SV and IMA SMCs 

contribute to the increased rate of graft stenosis observed in venous grafts than arteries 

[147]. SMCs and extracellular matrix are the two major constituents of the neointimal 

lesion. SMCs dedifferentiate from contractile to a synthetic and reparative phenotype, 

which migrate toward the lumen and proliferate in response to altered environmental cues 

at the time of surgery [148]. 
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1.6.1. Phenotype switching 

“Phenotypic switching” of the SMC is defined as the functional and structural changes 

exhibited by SMCs in response to increased wall tension, shear stress and endothelial 

denudation [148]. Mature VSMCs possess a contractile and differentiated phenotype 

[148, 149]. They have a low rate of proliferation and synthetic activity, and express 

various unique contractile proteins, ion channels, and signaling molecules required for 

the cell's contractile function. Upon vessel injury due to angioplasty or bypass surgery, 

VSMCs dedifferentiate and re-enter the cell cycle [150]. These dedifferentiated SMCs 

exhibit an increased rate of proliferation, migration, and synthesis of ECM components 

and have decreased expression of SMC specific contractile markers, such as smooth 

muscle myosin heavy chains SM-1 and SM-2, smooth muscle α-actin, caldesmon, 

calponin, and smoothelin [148, 150]. They have an increased expression of SMC 

synthetic markers including, vimentin, non-muscle myosin heavy chain B (SMemb), 

topomyosin 4, cellular-retinol binding protein and caldesmon-light chain [148]. This 

phenotype is known as synthetic or dedifferentiated SMCs. The rhomboid-shaped 

dedifferentiated SMCs are involved in the pathogenesis of atherosclerotic lesions, 

restenosis, vein graft arterialization, and several other obstructive vascular disease 

processes [151]. During normal vessel development, VSMCs undergo de-differentiation 

but at the same time exhibit contractile capabilities. Once they are completely mature, 

VSMCs return to a non-proliferative, contractile phenotype [152]. In CABG, SVG 

undergoes trauma, endothelial denudation, and the subsequent release of multiple growth 

factors, which play a major role in the phenotype switch [153]. The resident SMCs of the 

media proliferate and migrate to the neointima, and subsequently secrete ECM with 
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further SMC proliferation. The plasticity of the VSMC phenotype makes these cells 

susceptible to several stimuli. Upregulation of VSMC phenotype switching contributes to 

the development and progression of the intimal hyperplasia, followed by atherosclerosis, 

resulting in graft failure [154-156]. Several factors contribute to this phenotypic switch 

(Figure 2), including: 

• Environmental factors including cytokines, cell-cell contact, cell adhesion, ECM 

interaction, trauma, and mechanical forces such as shear and stretch [157] 

• Growth factors including PDGF-BB, FGF, and EGF [158, 159] 

• The promoters of multiple SMC contractile marker genes including SMA and 

SM22 have a pair of CArG-box motifs, (CC(A/T)6GG), which are necessary for 

its expression. Degeneracy of CC(A/T)6GG (CArG) is required for SMC 

phenotypic switching to the motile form [160, 161] 

• Repression of smooth muscle 22α (SM22 α) gene expression 

• Expression of platelet-derived growth factor receptor-beta (PDGFRβ), Kruppel-

like factor 4 (KLF4), and specificity protein 1 (Sp1) [160-162] 

• Silencing of SMC-specific marker gene by histone acetyltransferases, 

deacetylases, and methyltransferases [160-162] 

• TGF-β, oxidized phospholipids, and retinoic acid act upon the SMC chromatin 

structure [162] 

• Calmodulin-dependent protein kinase II delta (CaMKIIδ) mediated Ca2+ 

signaling [163, 164] 

• Reduced-expression of miR-143 and miR-145 [151, 165] 
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There are several signaling pathways that are found to regulate VSMC dedifferentiation 

[151, 155].  

 

 

Figure 2: Phenotype switching of vascular smooth muscle cells.  

Post-CABG, the SVG undergoes trauma followed by endothelial injury exposing the 
subendothelial matrix and SMCs in the media. Endothelial injury leads to the release of 
various vasoactive mediators and growth factors that convert “contractile SMCs” to 
“synthetic SMCs,” and leads to the development and progression of neointima.  
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1.7. Platelet Derived Growth Factor  

Platelet derived growth factor is a serum growth factor for SMCs, glia cells and 

fibroblasts, which was identified three decades ago [166]. The PDGF family consists of 

four different polypeptide chains, PDGF-A, PDGF-B, PDGF-C and PDGF-D encoded by 

four different genes. These four different polypeptide chains exist as homo- or hetero-

dimers, PDGF-AA, -AB, -BB, -CC, -DD. The four PDGFs are inactive in 

their monomeric forms. PDGF-A is 196-211 amino acids long, PDGF-B consists of 241 

amino acids, PDGF-C and PDGF-D are 345 and 370 amino acids long [166, 167]. All 

subtypes of PDGF contain a common growth factor domain of 100 amino acids. PDGF-

A, PDGF-B, PDGF-C and PDGF-D are the four different genes that code for the four 

different polypeptide chains and are located on chromosome 7, 22, 4, 11, respectively 

[168]. PDGF- A, B and D have seven exons, whereas PDGF-C has six.  However, there is 

a difference in the size of introns between classical (PDGF-A and B) and novel (PDGF C 

and D) PDGF polypeptide chain [168, 169]. The highest levels of PDGF-B are found in 

heart and placenta, while moderate amount of PDGF are found in other organs [170]. The 

crystallographic structure of PDGF-B revealed that the two subunits in the dimer are 

arranged in anti-parallel fashion and each subunit is built up of anti-parallel β-strands 

[171].  PDGF plays a critical role during development and is linked with several diseases 

and pathological conditions. Overexpression of PDGFs are majorly associated with tumor 

formation, fibrosis and vascular disease [172].  
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1.7.1. PDGF Receptor 

PDGFR-α and PDGFR-β are tyrosine kinase receptors (RTKs) that bind PDGF [173]. 

They consist of a common domain structure with five extracellular immunoglobulin 

loops and an intracellular tyrosine kinase domain. Binding of PDGF to the receptor 

causes its dimerization followed by autophosphorylation of the tyrosine residues in the 

intracellular domain, thus initiating signaling. PDGF-AA, PDGF-BB, PDGF-AB and 

PDGF-CC binds to PDGFR-α and PDGFR-α/β, whereas, only PDGF-BB and PDGF-DD 

binds to PDGFR-β [167, 174, 175]. In vivo, PDGFR expression pattern is constitutively 

low but increases during inflammation [176]. PDGFR-α is expressed in mesenchymal 

cells or their progenitor cells and PDGFR-β is mostly expressed in VSMCs or pericytes 

[166]. Both of the PDGF receptors induce signaling pathways such as Ras-MAPK, PI3K 

and PLC-γ [166].  

 

Upon activation of the PDGFR, Grb2/Sos complex binds to the activated PDGFR, 

thereby allowing interaction with Ras followed by the exchange of GDP for GTP on Ras. 

Ras interact with Raf-1 and activates MAPK-pathway. MAPK signaling pathway results 

in gene transcription, cell proliferation, differentiation and migration [177, 178]. PDGFRs 

activate PI3K pathway and promotes actin reorganization, cell proliferation and 

inhibition of apoptosis [179]. PLC-γ binds to the activated PDGFR and stimulates various 

intracellular processes such as cell growth and motility [166]. PDGFR interacts with 

integrins and other molecules at focal adhesions, where several signaling pathways 

initiate and cross-talk, which enhances cell proliferation, migration, and survival [180].  
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Ligand bound PDGFR undergoes endocytosis, and then the internalized receptors/ligand 

gets degraded in the lysosome limiting the duration of the PDGFR-mediated signaling. c-

Cbl ubiquinates  PDGFR-β causing its lysosomal degradation and the phosphatase TC-

PTP negatively regulates PDGFR-β [166].  

 

1.7.2. Role of Platelet-derived growth factor (PDGF) in vein-graft diseases 

Pre- and post-revascularization endothelial injury leads to the accumulation of platelets 

and macrophages at the site of the injury. Growth factors such as PDGF released from the 

accumulated platelets, SMCs and monocytes, induces proliferation and migration of 

SMCs to the site of injury thus compromising the vein graft patency. Mechanical stresses 

stimulate PDGF production, thereby initiating anti-apoptotic and pro-proliferating and 

migratory signaling pathways. Surgical or traumatic injury and mechanical forces on the 

vein graft activates PDGF receptor-α and stimulates vascular SMCs [181].  

 

Upon PDGF-BB stimulation, SV-SMCs proliferate more rapidly than IMA-SMCs [94]. 

PDGF-BB induced the expression of p42mapk subunit of MAPK and decreased 

expression of cell cycle inhibitor protein p27Kip1 in SV-SMCs compared to that of IMA-

SMCs. 10ng/ml of PDGF induced greater activation of MAPK in SV-SMC than IMA-

SMCs. This differential effect of PDGF on vein and arterial SMCs may contribute to the 

early development of IH in vein-grafts [182]. Further studies are required to define the 

role of the increased activity of the upstream kinases (MEK-1/2) and phosphatases in the 

activation of MAPK and the contribution of the activated MAPK on venous graft failure. 

In organ culture, PDGF-BB produced a relatively profuse IH with increased elastic fibers 



								 26	 		
	

in SV compared with IMA [183]. c-Fos and c-Jun are the two heterodimers of the 

transcription factor activator protein (AP-1), which regulates cell proliferation, 

differentiation, and apoptosis in response to several stimuli. The expression of c-Fos is 

greater in SV-SMCs [183].  

 

PDGF and its receptors are found to be upregulated at the site of vascular injury and in 

the vessel wall in atherosclerotic plaques. Antibody against PDGFRβ reduced neointimal 

size after one month in a baboon model of arterial injury. Increased expression of 

PDGFRβ was observed in injured vein graft than in the preimplanted veins [184]. 

Tyrosine kinase inhibitor Gleevec or blocking the PDGF receptors α and β caused 

regression of the neointima in the arterial grafts [184]. Plasma C-reactive protein (CRP) 

was found at an elevated level during stress, trauma, or disease that are characterized by 

inflammation [185]. Studies showed immunolocalization of CRP in the media and 

adventitia of failing SV graft [186]. CRP directly stimulates migration and upregulates 

the expression and activation of PDGFRβ [187]. All these studies suggest a link among 

SV injury, inflammation, CRP and PDGFRβ [187].  

 

The above-mentioned studies suggest that PDGF-BB is one the most potent 

chemoattractants and mitogen for VSMCs. Numerous biological processes are initiated 

by PDGF-BB through activation of MAPK. Blocking of PDGF receptors α and β 

regressed the neointima in the arterial grafts [184]. From these studies we may conclude 

that PDGF not only play a major role to drive growth of the intima, but also to prevent 

regression of established thickening of the intima.  
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1.8. Other Factors Involved in Vein-Graft Failure 

Revascularization causes trauma to the vessel lumen, leading to endothelial denudation 

and dysfunction. Implantation of a venous graft into the arterial system lowers  

endothelial nitric oxide synthase (eNOS) level [188]. In SVG, NO has vasorelaxant, 

antithrombotic, anti-inflammatory and antiatherogenic effects [189]. At the basal level, 

endothelial cells forming the intimal layer of the vein produces lesser NO compared with 

IMA suggesting less endothelium-dependent relaxation in the SV. Moreover, surgical 

preparation, pressure dilatation and arterialization of the vein may severely impair the 

NO-mediated endothelial function of SV, which may contribute to the poor long-term 

patency of SV coronary graft [190, 191].  

 

Venous grafts have increased expression of angiotensinogen and secretion of several 

enzymes such as angiotensin-converting enzyme (ACE). Renin catalytically cleave 

angiotensinogen to Angiotensin I (AngI) [192], subsequently, ACE converts AngI to 

Angingiotensin II (AngII) [193]. This results in an excess production of AngI and AngII 

in the venous graft.  Increased expression of angiotensin II receptor, type 1 (At1R) was 

noted in response to vessel injury [194, 195]. AngII causes further damage to endothelial 

cells by initiating several proinflammatory responses, such as cell adhesion molecule 

expression (VCAM, ICAM, MCP-1) and the production of tumor necrosis factor-alpha 

(TNF-α) and interleukin 6 (IL-6). AngII augments SMC proliferation by activating 

PDGF, bFGF, and transforming growth factor-beta (TGF-β). Vascular ACE expression 

was significantly higher in human vein compared to artery [196-201]. SV produces 

higher ROS compared to IMA. Human SV produces higher levels of NADPH oxidase 
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(NOX1, NOX2, p47phox) -dependent ROS than IMA. AngII induces NOX2 or p47phox, 

and mediates ROS production [202]. Nox1 and NOX2 are functional in SV SMCs. 

Therefore, AngII increases NOX2 mediated ROS production in SV-SMC, which 

contributes to the pathogenesis of intimal hyperplasia [203, 204].  

 

Intravascular injury induces VSMCs phenotypic switching to the dedifferentiated form, 

which is associated with an increase in the expression of connexins [205]. AngII and 

insulin-like growth factor 1 (IGF-1) induce differential expression of Cx-43 in SMCs of 

SV and IMA. The group demonstrated higher expression Cx-43 in SV SMCs compared 

with IMA SMCs, when exposed to IGF-1 and AngII in a dose- and time-dependent 

manner. IGF-1 and AngII regulates Cx-43 expression through ERK 1/2 and p38 

pathways [206, 207].  

 

Following CABG, endothelial injury let components of the blood stream to come into 

direct contact with the sub endothelial SMCs leading to the activation of the coagulation 

cascade, resulting in generation of thrombin [208]. Studies have shown that thrombin is 

generated, even after thrombus formation, which serves purposes other than coagulation 

[209-211]. Both SV and IMA SMCs and endothelial cells have functional thrombin 

receptors [99]. Binding of thrombin to its receptors on endothelial cells cause 

vasodilation in IMA, but contraction in SV [96]. When thrombin binds to its receptors on 

SMCs it causes greater proliferation in SMCs of the SV than the IMA. Thrombin was 

found to be more potent in inducing this growth-signaling pathway in SV SMCs than 

IMA SMCs [99, 212].  
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Tissue plasminogen activator (tPA), and urokinase-type plasminogen activator (uPA) are 

expressed at low levels in the endothelium and medial SMCs of normal SV and IMA 

[213]. uPAR (urokinase receptor) is found only in the endothelium of a normal vessel. 

Increased expression of tPA and uPA were found in the intimal and migratory SMCs of 

stenosed SVGs [212]. Affymetrix microarray compared the gene expression profiles of 

SMCs cultured from human IMA and SV. The study showed that tissue factor (TF) and 

tPA, to be differentially expressed between IMA and SV. SV SMCs showed a higher 

expression of TF, a thrombus-initiating protein, than IMA SMCs. On the other hand, tPA, 

the regulator of fibrinolysis, was highly expressed in IMA SMCs compared with SV 

SMCs. These may be a few among many factors that contribute to the characteristic 

resistance of IMAs to occlusion [212].  

 

IL-1β, TNF-α, interferon-γ (IFN-γ), and bacterial lipopolysaccharide, together induces 

higher expression of COX-2 protein in human SV-SMCs than IMA-SMCs [214]. This 

may be due to a relatively more active negative feedback inhibition of COX-2 expression 

in IMA SMCs compared with SV SMCs. IFNγ stimulates transcriptional activity of pro-

proliferative genes through Stat-3 and causes SMC phenotype switching and proliferation 

leading to IH [215]. Transcription factor Stat-3, which is an oncogene, may undergo 

phosphorylation/activation in the presence of IFNγ [214].  

 

Leukotrienes are pro-inflammatory mediators released by leukocytes that accumulate at 

the site of injury [216, 217]. A comparative study on the effect of cysteinyl leukotriene 

on human SV and IMA showed an increased contractile effect on SV compared with that 
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of IMA, which varied in a dose-dependent manner [218].  

 

1.9. Cell Cycle 

Cell division and the progress of cells through their respective cell cycles are finely 

regulated and controlled at specific junctures by a complex interplay between kinases and 

phosphatases [219]. Understanding the critical role of these kinases and phosphatases as 

major regulators of the cell cycle marked the start of a new era of increased 

comprehension of cell cycle progression.   

 

Restenosis after percutaneous coronary intervention and vein graft failure post CABG, 

are chronic pathological conditions that proceed to obstructive vascular lesions over time. 

SMC phenotype switching and proliferation leading to IH is the primary pathology 

associated with vessel re-narrowing [148, 220, 221]. In the G1- and G2-phases of cell 

cycle, the mitogenic and anti-mitogenic signals are combined and the cells exit, pause or 

continue through the cell cycle [222]. Beyond these two Restriction (R)-points (G1 and 

G2), cells are committed to further progress through the cell cycle, independent of 

extracellular stimuli [223]. At the G1 R-point, tumor suppressor proteins such as 

p27KIP1, Rb, PTEN are down regulated in mitogen stimulated vascular SMCs increasing 

the transcription and stabilization of cyclin D, which critically contributes to the 

development of IH [224]. Cyclin D is the first cyclin produced in the cell cycle, in 

response to extracellular signals such as growth factors. However, the second restriction 

site in the cell cycle, G2 R-point, may prevent proliferation of the cells, which have lost 

proper G1/S control [225].  Cyclin B kinases and CDC25 are the major players in G2-
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phase that push cells through G2 to M phase [226, 227]. PLK1, activated during G2-M 

phase, activates CDC25 and controls the activity of CDK1/Cyclin B1 complex thus 

promoting the G2/M phase transition [228-232]. Injection of anti-PLK1 antibodies in 

HeLa cells mitotically arrested the cells to divide.  PLK1 mediates many mitotic events, 

including entry into mitosis [233].  

 

1.10. Polo like Kinase 1 (PLK1)  

Polo-like kinase 1 (PLK1), one of the polo-like kinase family member, is a 

serine/threonine kinase that regulates cell cycle progression and mitosis [219]. The 

expression and activity of PLK1 is elevated in tissues and cells with high mitotic index, 

such as cancer cells [234-238]. Cancers including breast [234], ovarian [236], 

endometrial [235], prostate [237], and colorectal [238] are found to have such elevated 

expression and activity of PLK1. In 2012, Weiwei Shan and colleagues [239], reported 

increased expression of PLK1 in uterine leiomyosarcomas. In addition, inhibition of the 

PLK1 upstream kinase, Aurora A kinase decreased the proliferation and induced 

apoptosis in these malignant cells [239].  

 

Structurally PLK1 has two domains, C-terminal polo box domain (PBD) and amino 

terminal-kinase domain. PBD targets substrate for sub-cellular localization regulating the 

functional aspect of PLK1 [240]. On the other hand, the kinase domain is activated upon 

phosphorylation by other kinases [241-244]. Phosphorylation at Thr210 in the T-loop and 

Ser137 at the end of the hinge region is required for the activation of PLK1 [245]. 

Phosphorylation at Ser137 either disrupts the interaction between the kinase and PBD or 
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leads to the binding of protein aurora borealis (Bora) to the PBD. This binding exposes 

the Thr210 residue in the T-loop to other activating kinase [246]. A small region called 

the destruction box (D-box), located distal to the kinase domain is essential for PLK1 

degradation [247, 248] (Figure 3). The D-box is not conserved in PLK2, PLK3 and PLK5 

[247]. PLK4 is degraded by autophosphorylation of the S phase kinase-associated protein 

1 (SKP1)–cullin–F-box Slimb-binding domain [249]. Similar structural architecture was 

found in all the PLK members, PLK1, 2, 3, 4 and 5 [247]. PLK1-3 has an identical 

catalytic kinase domain, PLK4 has a divergent primary sequence, and PLK5 has a 

pseudokinase domain [250, 251]. PLK2, PLK3 and PLK5 are mostly found in non-

proliferative tissues and have tumor suppressor function, whereas PLK4 might have a 

role in mitotic progression, which is yet to be confirmed [252]. PBD regulates PLK1’s 

localization, substrate binding and its catalytic activity [253]. Proteins such as Bub1 that 

are already ‘primed’ through phosphorylation by other kinases are optimal for PLK1 

binding [254].  However, PBD can also bind to non-phosphorylated proteins or self-

primed ones. The catalytic activity of the kinase domain can be inhibited in three ways: 

PBD binds to the kinase domain and mutually inhibit one another, PBD can also bind to 

microtubule-associated protein 205 (Map205) thus stabilizing the auto inhibited state of 

the kinase domain, and the interdomain linker that links the kinase domain with the PBD 

and sequesters the T-loop can also bind the kinase domain and inhibit its activity [251]. 

PLK1 to be catalytically active these multiple inhibitions need to be partially or 

completely released, which may be achieved by either phosphorylation of the Thr210 and 

Ser137 or by binding of a partner, such as protein aurora borealis (Bora), to the PBD 

[251, 255].  PLK1 is ubiquitinated and degraded by E3 ubiquitin ligase APC/C [256].  
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Figure 3: The schematic structure of PLK1, which is 603 amino acids (aa) in length.  

The serine/threonine kinase domain is at the N-terminal and the Polo-Box domain (PBD) 
is located at the C-terminal. The PBD is composed of two similar Polo Boxes (PB1 and 
PB2) separated by a Loop 2 switch region. PC is the Polo Cap that holds the polo boxes 
in the correct orientation. The arrows indicate the two main activating phosphorylation 
sites of the kinase domain. The two domains are separated by the Inter-Domain Linker, 
which contains a Destruction Box (DB). 
	

1.10.1. Activation of PLK1 

PLK1 undergoes a reversible phosphorylation at multiple sites to become completely 

catalytically active [241-244]. At G2 phase, Aurora kinase A phosphorylates PLK1 at 

Thr210 in presence of the cofactor Bora that facilitates the reaction [242] (Figure 3). 

Studies also showed that CDK 1 phosphorylates Bora and promotes PLK1 

phosphorylation by Aurora kinase A [257]. Bora, along with the phosphoinositide 3-

kinase (PI3K)–AKT pathway phosphorylates Ser99 in the kinase domain of PLK1 and 

creates a binding site for 14-3-3γ. This phosphorylation is essential for full activation of 

the protein and proper progression from metaphase to anaphase [244]. Depletion of 14-3-

3γ attenuated mitotic PLK1 activity thus suggesting that PLK1 binding to 14-3-3γ 

stimulates its catalytic activity [244]. In PI3K–AKT pathway, 3-phosphoinositide–

dependent protein kinase-1 (PDK1) is activated upon elevation of PIP3 owing to the loss 

of PTEN [258]. This activated PDK 1 phosphorylates PLK1, which in turn induces 
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phosphorylation of MYC [243]. Protein kinase A (PKA) and STE20-like kinase (SLK) 

phosphorylate PLK1 at Thr210 in vitro [259, 260]. In late mitosis, PLK1 gets 

phosphorylated at Ser137 in vivo, which might be essential for regulation of the spindle 

assembly checkpoint (SAC) [261]. p21-activated kinase can induce phosphorylation of 

PLK1 at Thr210 even in the absence of Aurora A kinase [262]. Another study noted that 

in response to DNA damage, ATM/ATR-regulated Chk1 and Chk2 kinases might be 

involved in the inactivation of PLK1 thus stopping the mitotic progression [263].  

 

1.10.2. PTEN-P53-PLK1 Pathway 

PTEN regulates the AKT/PKB signaling axis resulting in cell survival and proliferation 

[127]. A study in prostate cancer demonstrated that PTEN-depleted cells suffer from 

mitotic stress and PLK1 plays a critical role in these cells to adapt to mitotic stress for 

survival [264]. Therefore, PLK1 facilitates prostate cancer formation in PTEN-null cell. 

PTEN positively regulates the activity of anaphase-promoting complex/cyclosome (APC-

Cdh1), which in turn can degrade PLK1 protein [264]. Again in cancer cells, PLK1 could 

cause phosphorylation-mediated inactivation of PTEN and Nedd4-1, an E3 ubiquitin 

ligase of PTEN protein, thus activating PI3K pathway [265, 266]. Previously we showed 

that PTEN was significantly more active in IMA-SMCs than SV and PTEN 

overexpression in SV SMCs induced the transactivation of p53 [127]. PLK1 inactivates 

p53 in several ways – PLK1 can physically interact with p53 and inhibit its 

transactivation [267], PLK1 can activate MDM2 and lead to p53 degradation [268], 

PLK1 can inactivate Topors causing p53 degradation [269], PLK1 can activate GTSE1 

and degrade p53 [270] and finally PLK1 can activates CDC25C leading to MDM2-
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mediated degradation of p53 [271]. On the other hand, p53 can directly bind to the PLK1 

promoter site and inhibit its expression [267]. p53 can also activate microRNA such as 

miR-143 that in turn inhibits PLK1 expression [272, 273]. p53 inhibit the activity of  

FoxM1, a transcription factor for PLK1 [274, 275]. Therefore, PLK1, PTEN and p53 

interconnect and suppress each other in multiple signaling pathways (Figure 4). 

 

 

Figure 4: P53-PTEN-PLK1-interacting pathways.  

P53, PTEN and PLK1 proteins negatively regulate each other to maintain proliferative 
control. Inactivation of P53 and PTEN result in mitotically stressed cells that depend on 
PLK1 to overcome this stress leading to mitotic progression. Cells with high mitotic 
indexes are sensitized to PLK1 inhibition. PTEN controls the APC/cyclosome (APC-Cdh 
1), which is responsible for PLK1 degradation. PTEN directly interacts with CENP-C, 
and facilitates centromere integrity. Topors is SUMO E3 ligase, and its phosphorylation 
by PLK1 inhibits sumoylation of p53 while enhancing ubiquitination of p53 and thereby 
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leading to its degradation. PLK1-mediated phosphorylation of GTSE1 activates and 
promotes its nuclear accumulation subsequently shuttling p53 to the cytoplasm for its 
degradation.  
	

1.10.3. Regulation of PLK1 activity 

Both Protein phosphatase 1 and Protein phosphatase 2A, can dephosphorylate PLK1 at 

Thr210 [276].  At the centromeric regions, PP2A dephosphorylate PLK1 and maintains a 

pool of persistent cohesion. On the other hand, PP1 dephosphorylate PLK1 and suppress 

premature loss of cohesion [277]. Mypt1 is a regulatory subunit of PP1 that 

dephosphorylates PLK1 [278]. Optineurin is a phosphatase and interacts with Mypt1 that 

indirectly regulates PLK1 activity. PLK1 phosphorylates optineurin, which then 

translocates to the nucleus and activates Mypt1 that in turn dephosphorylate PLK1 [279] 

(Figure 5). The balance of kinase and phosphatase activities determines chromosomal 

patterns of cohesion along the metaphase chromosome axis in cell cycle. 

 

1.10.4. Transcription of PLK1 

E2F transcription factor 1 (E2F1) [280], phosphorylated-signal transduction and 

transcription (pStat-3) [281] and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFkB) [282]are implicated as the transcription factors of the PLK1 gene [275, 281, 

282]. E2F1 coordinates with p53 in regulating the apoptotic and proliferative gene 

expression thus maintaining homeostasis [283].  Upon DNA damage, p53 directly binds 

to a p53-responsive element in the promoter of PLK1 and suppresses PLK1 expression 

[284]. p53 can also form a p53-E2F1 DNA complex suppressing E2F1-dependent PLK1 

expression [285]. Expression of PLK 2 and 3 are upregulated upon DNA damage, which 

activates p53-mediated G2-checkpoint [284]. PLK1 stabilizes β-catenin, which in turn 
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transcriptionally activates Stat-3. The activated Stat-3 transcribes PLK1. This positive 

feedback loop between PLK1 and Stat-3 leads to uncontrolled proliferation in esophageal 

cancer cells [281]. p65, a protein involved in the NFkB heterodimer is found to directly 

binds to the PLK1 promoter and activates it. Resulting in phosphorylation of β-catenin, 

which inhibits ubiquitination of β-catenin in esophageal squamous cell carcinoma [286] 

(Figure 5). 

 

 

Figure 5: PLK1 function in mitotic entry.  

A complex regulatory network controls the activity of cyclin-dependent kinase 1 
(CDK1)–cyclin B and promotes mitotic entry. WEE1-like protein kinase (WEE1) and 
MYT1 kinases inhibit CDK1 by phosphorylating them at residues Thr14 and Tyr15. 
Polo-like kinase 1 (PLK1), activated through phosphorylation at its T-loop (Thr210) by 
several kinases including, Aurora kinase A, Bora, Protein kinase A (PKA), STE20-like 
kinase (SLK), 3-phosphoinositide–dependent protein kinase-1 (PDK1) and p21- activated 
kinase. Protein phosphatase 1 can dephosphorylate PLK1 at Thr210. E2F transcription 
factor 1 (E2F1), phosphorylated-signal transduction and transcription (pStat-3) and 
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nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) are the 
transcriptional factors of the PLK1 gene. Dashed arrows indicate non-functional 
pathways. Gray color indicates inactive form of the protein. P, phosphate. 
	

1.10.5. PLK1 and Mitosis 

PLK1 mediates multiple mitotic processes including centrosome maturation [287], 

assembly of bipolar spindle [288], chromosome segregation [289], activation of anaphase 

promoting complex (APC/C) [290], and cytokinesis [252, 255, 271, 291-294]. Other than 

mitotic progression [252], PLK1 also mediates DNA replication [295], G2 DNA damage 

checkpoint recovery [296], and chromosome and microtubule dynamics [252, 255, 271, 

291-294]. Subcellular location of PLK1 is critical for its function. During interphase, 

PLK1 is located at cytoplasm, microtubules and centrosomes. Throughout mitosis, PLK1 

is present in kinetochores, centrosomes, microtubules, central spindle and midbody [297]. 

PBD of PLK1 has highly conserved residues that mediate significant target specificity 

[298]. PLK1 phosphorylates Ninein-like protein (NLP) at both Ser237 and Ser1463 sites 

during mitosis for centrosome maturation [299]. PLK1 also phosphorylates Kizuna at 

Thr379 to maintain centrosome architecture [300]. CDC25 (Ser198) [301], Myt 1 

(Ser426, Thr495) and Wee 1 (Ser53) are phosphorylated by PLK1 and lead the activation 

of CDK1/Cyclin B1 complex [247, 248, 302]. PLK1 phosphorylates cyclinB1 at Ser133, 

147 and triggers the transition of G2/M phase [297]. During M-phase, PLK1 

phosphorylates PBD interacting protein (Thr78) [253], inner centromere protein [303], 

mitotic checkpoint kinase Bub1 [304], Spindle checkpoint component BubR1 [304], 

NudC (Ser274, 326) [305], and Emi1 (Ser145, 149) [306] to recruit PLK1 at the 

kinetochore and regulate the activity of APC/C complex [254]. PLK1 might play critical 

roles in promoting kinetochore attachment or in spindle checkpoint regulation [307]. 
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PLK1 phosphorylates motitic kinesin-like motor protein (Ser904, 905), Prc1 (Thr602), 

HsCyk-4 (Ser149, 157, 164,170, 214, 260) and Ect2 (Thr412) to critically regulate 

various steps in cytokinesis [308-311] (Figure 6).  

 

PLK1 plays an important role in DNA replication and link mitotic events with S-phase 

[312]. PLK1 phosphorylates histone acetyltransferase binding to the origin recognition 

complex1 (Hbo) at Ser57 during mitosis. pHbo is required for pre-RC formation and 

DNA replication during S-phase [313]. Under various stresses, including UV, 

hydroxyurea, gemicitabine, or aphidicolin treatments, PLK1 phosphorylate origin 

recognition complex 2 (Orc2) at Ser188 and maintain DNA replication [295]. PLK1 is 

critical for early embryonic development and chromosomal stability [314]. In normal 

cells, PLK1 expression and activity is strictly regulated and peaks at the G2–M transition, 

plateaus throughout mitosis, and has a sharp reduction by proteosomal degradation upon 

mitotic exit. Deregulated expression and activity of PLK1 leads to uncontrolled 

proliferation that correlates with carcinogenesis [315] (Figure 6).  
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Figure 6: Functions of PLK's in multiple stages of cell cycle regulation.  

PLK1 directly interacts with several proteins and plays a role in mitotic entry, spindle 
assembly, anaphase entry and cytokinesis in mitotic phase and DNA replication. In G1 
phase, PLK2 and PLK4 promote centriole duplication and in S phase, PLK3 regulates 
DNA replication.  
	

1.11. Swine Model of Coronary Restenosis and CABG 

The progress made in understanding of the pathophysiology of diseases in human would 

not have been possible without animal models that replicate the pathology. The species 

and interventions used to replicate the disease pathology depend on the scientific 
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question, ethical and economical considerations, accessibility and reproducibility of the 

model. Several models have been used to provide new approaches to improve the 

diagnostic and the treatment of these pathologies. Genetic and environmental factors 

[316] play a critical role in cardiovascular disease making it difficult for a single 

experimental model to match the complex nature of human pathological condition [317]. 

However, swine is a good model to study cardiovascular diseases. Both, pig anatomy and 

coronary artery system are similar to human except the presence of left hemiazygous vein 

draining into the coronary sinus [318]. In CABG model of swine, the left and right 

superficial epigastric veins (SEVs) have similar size to branches of the main human 

saphenous vein, and SEV can be easily harvested [319, 320]. The hemodynamics of pigs 

including mechanically induced myocardial infarction, reperfusion induced 

arrythmogenic activity and wound-healing process are similar to humans [321]. 

Atherosclerosis can be spontaneously induced in swine by regular chow and by 

experimental atherogenic diet [322]. Standard diagnostic and interventional equipment 

used in humans can be used in swine [323]. All these reasons together make swine model 

widely acceptable as an ideal animal model to study fibroproliferative vascular diseases 

that involve an interventional procedure or surgery [324, 325].  

 

1.12. Why is PLK1 a novel target to limit IH and restenosis? 

Cancer cells are the ideal models of unregulated increased cell proliferation, and 

upregulated activity/expression of PLK1 has been associated with a wide spectrum of 

human cancers [230, 234, 236-238, 248, 281]. Hence PLK1 is widely accepted as a 

proliferation marker leading to oncogenic transformation [326]. Extensive volume of 
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literature cites the association of PLK1 with G2-M transition and mitosis in numerous 

cancer conditions [230, 234, 236-238, 248, 281]. Therefore, it is plausible that an 

association exists between phenotypically altered highly proliferating SMCs and PLK1 in 

non-neoplastic pathologies such as IH.  

 

Once activated, PLK1 phosphorylates and activates a wide range of substrates including 

CDC25 [327], Cyclin B1 [232], CDK1 [328] promoting mitotic progression. Therefore, 

PLK1 acts as a hub, where it receives signals at a specific time and place and in turn 

reacts by transmitting multiple signals to the effector proteins. Given its well-established 

functions in regulating cell cycle and promoting proliferation in human cancers, we 

singled out PLK1 for further study in hyperplastic VSMCs. We focused our initial efforts 

on examining the role of PLK1 for several reasons: first, PLK1 functions in activating the 

major kinases [241-244], phosphatases [276, 279] and cyclins [232] that promotes mitotic 

entry and progression through the G2-M cell cycle check point, second, PLK1 

overexpression has been well documented in cells with high mitotic index including the 

SMC tumor, leiomyosarcoma [239], third, a number of small ATP-competitive inhibitors 

such as BI 2536 [329, 330] and BI 6727 [331], highly selective for PLK1 are currently in 

different phases of clinical trial against other common human cancers and show 

promising therapeutic values. Essential role played by PLK1 in cell cycle progression is 

evident, but upregulation of it may lead to a diseased condition. Understanding how and 

when to use PLK1 as a target for the development of therapy to inhibit IH and restenosis 

is crucial. 

 



								 43			
	

1.13. Current approaches for neointimal hyperplasia and restenosis 

As discussed earlier, closure of the vein graft post CABG occurs as a result of IH within a 

time period of months to years. Vein graft intimal thickening and remodeling [332] 

occurs as an adaptation to increased wall tension and arterial flow, as  a result of 

persistent inflammation [333] and IH [334]. The interaction between the VSMCs and 

surrounding extracellular matrix (ECM) maintains the SMC in quiescent state. Along 

with the growth factors secreted at the site of the vein-graft injury, ECM remodeling by 

extracellular proteases, including plasminogen activators, heparanases and matrix 

metalloproteinases (MMPs) is also required for SMC proliferation and migration [335, 

336]. MMPs, the extracellular protease, is critical for SMC migration from the medial 

layer towards the intima and proliferation in the neointima [337]. Under physiological 

condition proteolytic activity of MMPs are controlled by tissue inhibitors of 

metalloproteinases (TIMPs) [338]. Increased expression of MMP and reduced expression 

of TIMPs is associated with the development of VGD [339]. Different animal models are 

used to investigate the effect of treatments to prevent vein graft disease [340]. Many 

therapies showed promising result in reducing VGD but were found to be less successful 

when tested clinically [341]. A few of the potential limitations of the therapies targeted to 

VGD are as follows: 

I. Rodent, particularly rats and mouse, is frequently used as an animal model for 

VGD. However, rodents are not proven reliable at predicting the outcome of all 

studies in humans [342]. We cannot replace all animal experiments in the 

immediate future, the highest standards of welfare are upheld [343]. The use of a 
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species that have similar anatomic and physiologic characteristics with humans 

will eliminate less appropriate therapies from progressing to the clinic [344-347].  

II. In animal model easily accessible arteries, which may not have a problem 

clinically is used to examine the response to a treatment. This does not always 

give the right idea of the effect of the treatment to an injury [348]. 

III. The doses of drugs that are effective in animal models are often not used 

clinically. This may be because of the compliance issues or due to the undesirable 

side effect in humans [349].  

IV. Proper timing for the administration of the drug is crucial to treat a disease. At 

times pretreatment with the drug is important to get the desired effect. Many a 

times a drug is administered later than its optimal dosing time [350]. 

 

In order to diminish undesired side effects the agent should be administered locally rather 

than systemically.  There are many ways an agent can be locally delivered, including the 

use of drug-eluting stents [351], catheters coated with a gel containing the agent [352], 

perivascular delivery where the agent is placed around the engrafted vein [353], drug-

linked antibodies [354] , and the use of nanoparticles [355]. There is a considerable 

interest in the ex vivo treatment of the vein after it is harvested and in the use of gene 

therapy [341, 356]. This section will review the drugs that have been tested in vitro or in 

vivo, and pre-clinical and clinical studies of gene therapy for VGD.  

 

Anticoagulant heparin was covalently coated on the stent, which was placed in the pig 

coronary artery and were found to be effective in limiting SMC proliferation [357]. 
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However, other researchers using a similar model failed to find a difference in neointimal 

development compared to bare-metal stent [358]. Clinical trials of the heparin-eluting 

stent [358] showed it was effective in reducing thrombotic events and the degree of 

restenosis but another trial using the low dose of heparin was inconclusive [358]. Thus 

this heparin site-delivery studies were labeled as “conflicting” and further research was 

stopped in this area [359-361]. Low molecular weight heparin (LMWH) inhibited 

proliferation of cultured human SMC [362]. In vivo, ten times the clinical dose of 

LMWH was needed to maintain the lumen diameter in a rabbit models [363]. Clinical 

studies found that high dose LMWHs may improve patency in peripheral bypass grafts, 

but cannot prevent restenosis [364]. Further modifications showed that LMWH when 

conjugated with nanoparticle and delivered, decreased neointima formation and increased 

patency compared with the control agents in rats [365]. Hirudin-coated stents reduced 

thrombus formation and the neointimal area in pig arteries [366]. But systemic delivery 

of therapeutic dose of antithrombotic agent such as hirudin may lead to uncontrolled 

bleeding or rebound thrombosis [367]. SMCs at the site of VGD have impaired tissue 

plasminogen activator (tPA) production, and local delivery of tPA gene to the vein graft 

in pig limited the acute thrombus formation following implantation of the graft into pig 

carotid arteries [368]. Major limitation was the dose of tPA, as the higher tPA may result 

in early extracellular matrix degradation and increased neointimal formation [368]. 

Agents that block the platelet GPIIb/IIIa receptor such as aspirin, ticlopidine, roxifiban, 

and clopidogrel clinically reduce the incidence of cardiac events but are not effective in 

reducing restenosis [369]. Stent-delivered abciximab, antibody against the GP IIb/IIIa 

receptor, in pigs showed reduction in neointimal formation and inflammation levels [370-
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372]. Vasodilator and antithrombic, Iloprost when given systemically, it improved flow 

through artificial venous replacement grafts. However, this effect did not last for long 

[373]. Cilostazol-eluting stents reduced neointimal area in pigs compared with bare metal 

stents and cilostazol-rich pluronic gels reduced neointimal formation in injured rat 

arteries [374].  

 

Stents coated with both dexamethasone and rapamycin prevented in-stent restenosis in 

pig and dog models [375]. Early results from clinical trials of dexamethasone-bound 

stents had favorable results that led to further trials using catheter to site-deliver 

dexamethasone to the adventitia via the lumen [376-378]. Prevention of REStenosis with 

Tranilast and its Outcomes (PRESTO) study showed that anti-inflammatory drug, 

tranilast had no effect on the restenosis but targeted delivery of tranilast may have an 

effect on the factors that initiate the restenotic response [379]. Trapidil (a PDGF 

antagonist), tyrphostin (a SMC proliferation inhibitor via GF receptor activity), 

angiopeptin (a somatostatin analog) and ACE-inhibitors are designed to limit SMC 

proliferation. All these have been used successfully in culture system and in animal 

models, but are not currently suitable for clinical use [380-385]. In culture, Cholchicine 

reduced SMC proliferation but lacked clinical effect and had adverse side effects [386]. 

In pigs, antiproliferative paclitaxel when administered locally in vein graft resulted in 

reduced neointima formation [387]. However, this benefit did not last in the long term. 

Clinical studies are underway to show the benefit of paclitaxel-eluting-stents in coronary 

vasculature. Just like paclitaxel, rapamycin has a positive short-term effect only if the 

drug is administered early [387]. Ex vivo treatment of pig SV with rapamycin prior to its 
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engraftment into the carotid artery had a smaller neointimal area at 4 weeks. But 12 

weeks post engraftment; there was no difference between control and experimental grafts 

[372]. Short to medium term clinical trials with rapamycin showed that it prevents the 

recovery of endothelium and increase fibrin deposition [372].   

 

Statin therapy showed promising results in reducing the incidence of restenosis and also 

reduces the incidence of in-stent thrombosis in patients with an inflammatory profile 

[388]. Stent-delivered cerivastatin in pig was effective in improving endothelial function 

and reducing inflammation and neointima formation [389]. A few studies also showed 

that statin did not alter the restenosis rate. Vein grafts are found to have increased 

superoxide levels upon exposure to the arterial environment and an ex vivo experiment 

indicated that aspirin may prevent thrombosis, spasms and neointima formation in vein 

grafts [390]. Stent-directed gene therapy with extracellular superoxide dismutase may 

improve endothelial cell recovery and can benefit in vein grafts [391]. 

 

As we have highlighted under section 1, a significant amount of work is done in animal 

models that demonstrates the efficacy of various gene therapy approaches. In this section 

we will briefly discuss the Prevention of Recurrent Venous Thromboembolism  

(PREVENT) trials. Gene therapy against E2F family of transcription factor is the only 

strategy that has been evaluated in clinical trial. A 14-base pair double-

stranded oligodeoxynucleotide was delivered to cells or tissues. It sequesters E2F from 

genomic DNA and prevents the expression of the target gene that inhibits the cellular 

proliferation [392]. This study showed promising result in inhibiting SMC proliferation, 
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IH, and also preserved endothelial function in rabbit model and in human SV [393, 394]. 

This led to the development of PREVENT clinical trial. In the phase I of this trial, 41 

patients undergoing lower extremity bypass surgery received E2F decoy gene. The result 

of this phase I trial demonstrated safety and biologic efficiency of this gene therapy . In 

the phase II, 200 patients undergoing CABG received the gene therapy against E2F. 

Patients, who received E2F decoy had 30% reduction in critical stenosis without any 

adverse side effect [395]. Promising result from phase II trial paved the path for phase III 

and IV. In phase III, gene therapy targeting E2F was performed in lower extremity 

bypass surgery. In phase IV, gene therapy targeting E2F was performed in CABG. 

Results from phase III and IV did not show significant difference in primary graft 

patency and graft stenosis at the first year. Hence, this study failed to translate the pre-

clinical success into humans [392-396].  

 

The PREVENT trials did not lead to a clinical treatment but they established the fact that 

gene therapy for VGD is safe and feasible. Although numerous gene therapy approaches 

have effectively reduced IH and other aspects of VGD in animal models, the 

development of more sensitive and clinically meaningful endpoints will allow efficient 

translation of pre-clinical studies into successful therapies. Therefore, continued effort to 

characterize the molecular mechanisms of VGD in animal models and humans are 

needed. As discussed before, vein graft disease is a multifaceted disease and a single drug 

targeted to a single aspect of treatment may not be efficient. Therefore, administration of 

a single multi-functional drug against most of these pathophysiologies will be more 

efficient alternative to targeting single aspect of treatment. Hence, additional concerns 
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must be addressed before moving promising treatment strategies into human trials of 

VGD. 

 

1.13.1. Targeted Treatments for Vein Graft Disease 

Pathogenesis of vein-graft disease is a complex process and still not fully understood. 

Studies have elaborated on the various factors that might contribute to the increased 

susceptibility of the SVG to IH and occlusion [397]. Basic science and clinical research 

outlining the factors responsible for SVG failure have helped surgeons to adopt better 

harvesting and risk factor management techniques [398]. This has resulted in 

improvements in the patency rates of SVG over the years [59]. Some of the changes to 

the pre-, peri-, and post-operative management of CABG patients undergoing SVG 

implantation are the result of the synergistic efforts of basic science and clinical research 

[399]. The “no-touch” (nor stripped or distended and harvested on a pedicle) technique 

for harvesting the SV produces grafts with improved patency than “endoscopic vein-graft 

harvesting”, which may result in poor graft quality [400]. The primary cellular targets in 

the development and progression of vein graft disease have been endothelial cells and 

SMCs [398, 401]. Endothelial damage results in platelet adhesion and activation, 

leukocyte recruitment, activation of the coagulation cascade, inflammation, phenotypic 

change, proliferation and migration of SMCs in the vessel wall [402-408]. All of these 

events may act as a target for molecular intervention. Drugs that could effectively prevent 

some of the factors leading to graft failure and are discussed as follows:  

§ Antithrombotic and Antiplatelet Agents - heparin, hirudin, aspirin, ticlopidine, 

roxifiban, clopidogrel, ridogrel, Ventavis, Pletal [364, 371, 373, 409-414]; 
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§ Anti-Inflammatory agent - dexamethasone, bisphosphonates, tranilast [91, 415-

419]; 

§ Anti-proliferative and anti-migrating agents – trapidil, tryphostin, angiopeptin, 

ACE inhibitors [373, 420-422]; 

§ Cytostatic and Immunosuppressive Agents – colchicine, paclitaxel, rapamycin 

[386, 410, 423-426]; 

§ Antioxidants – probucol, resveratrol, quercetin, aspirin [427-430]; 

§ Regulators of Lipid Metabolism – statins [431-433]. 

 

Along with the pharmacological approaches, gene therapy may also be considered as a 

promising area in preventing vein-graft failure. Studies reported that over expression of 

endothelial nitric oxide [434], cyclooxygenase-1 [435], superoxide dismutases (SOD) 

[436], thrombomodulin (TM) have been targeted using gene therapy approaches to 

improve the patency of the vein-graft [434-444]. Over-expression of TIMPs such as 

TIMP-1 and TIMP-3 decreased SMC migration and neointimal formation in SVG [445-

448]. Over-expression of PTEN can be a potential target for gene therapy to increase the 

longevity of SVG [449-451]. Experimental studies reported the successful blockage of 

the expression of proliferating cell nuclear antigen (PCNA), cell division cycle 2 kinase 

(CDC2), MCP-1, IL-1, IL-6, IL-8, TNF-α, PDGF, TGF-β, NF-κB, Gβγ signaling, and 

PI3K pathway may prevent vein-graft IH [90, 452-458]. tPA gene therapy in vein-graft 

limited acute thrombus formation following implantation of the graft into pig carotid 

arteries [368, 459]. Targeted gene therapy might be the path that leads us to what once 

seemed an unachievable goal to increase the patency of SVG. However, there is still a 
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need for well-designed, coordinated, and multi-centered research to focus on the various 

candidate proteins and genes that have been demonstrated to play a critical role in SVG 

failure. 

 

Vein-graft disease (VGD) is a multifaceted disease [460] and refinement of treatments to 

prevent this disease is an active area of medical research. Instead of delivering a drug 

directed at a single aspect of treatment, it is necessary to administer compounds directed 

against the various aspects of restenosis. This can be in the form of a single multi-

functional drug against many or all of the features that causes VGD. Development of 

such multiple-drug therapies is the challenge. In order to find that ideal drug or ideal 

treatment to inhibit VGD, we need a thorough understanding of the molecular 

mechanisms that underlie IH, which is complex and incompletely understood. Hence, 

more studies are required to find the “panacea” for SVG failure. 

 

1.14. Research Goals 

Given the well-established functions of PLK1 in regulating cell cycle and promoting 

proliferation in neoplastic cells, it could be a novel target for highly proliferating VSMC 

in VGD. As we know that the major contributing factor for vein-graft failure is excessive 

proliferation of VSMC. The role of PLK1 in these hyperplastic VSMCs has never been 

studied. Therefore, the aim of this study is to understand the role of PLK1 protein in 

VSMC proliferation (Figure 7). We studied the expression and role of PLK1 in SMCs 

isolated from human saphenous vein and internal mammary artery. We also investigated 

the effect of inhibition of PLK1 activity and expression on its downstream proteins, such 
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as CDC2/CDK1, the master mitosis kinase and histone H3, an established mitotic marker 

for SMCs. In this study we hypothesized that human SV-SMCs have greater PLK1 

expression and phosphorylation than IMA, which in part could explain the increased 

propensity of the SV conduits to undergo intimal hyperplasia than IMA following CABG.	

Understanding the role of PLK1 in VSMC proliferation and an in depth comparison of 

the underlying mechanisms of the PLK1/pPLK1/pCDK1/pHistone H3 axis in the 

pathophysiology of intimal hyperplasia in human SV and IMA could provide an 

opportunity to develop better therapeutic strategies to prolong vein-graft lifespan. 

	

 

Figure 7: Central question of the present research. 
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1.15. Hypothesis and Aims: 

The central hypothesis is that human SV SMCs have greater PLK1 expression and 

phosphorylation than IMA, which in part could explain the increased propensity of the 

SV conduits to undergo intimal hyperplasia following CABG than the IMA (Figure 7). 

 

Specific Aim 1: To investigate the expression of PLK1 and pPLK1 in human SV and 

IMA-SMCs. 

 

Specific Aim 2: To determine the downstream mediators of PLK1 in human SV and IMA-

SMCs and its role in VSMC proliferation. 

 

Specific Aim 3: To assess the presence of PLK1 and pPLK1 in the injured blood vessels 

following coronary angioplasty and bypass surgery to re-vascularize occluded coronary 

arteries of swine. 

 

1.16. Translational Value: 

No one has studied the role of PLK1 in highly proliferating VSMCs. If our hypothesis is 

tested right, then we will be the first to show the crucial role played by PLK1 in the 

development of VGD; and inhibition of PLK1 activity can inhibit VSMC proliferation 

and hence prevent neointima formation/vein graft failure. This may pave the way to use 

the PLK1 inhibitors, which are currently in clinical trials and are showing promising 

results against highly proliferating tumor cells, for the management of VSMC-mediated 

IH (Figure 8). 
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Figure 8: Clinical significance of the present study. 
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Chapter 2 

Materials and Methods 
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2. MATERIALS AND METHODS 

2.1. Human Tissue Collection and Cell Culture 

The Institutional Review Board of Creighton University permitted the research protocol 

as an exempt status since all tissue samples were collected in an anonymous manner. 

None of the research investigators could recognize the patients from whom the SV and 

IMA tissues were obtained (Figure 9). The Institutional Review Board of Creighton 

University waived the need for consent. Investigators were provided the specimens with 

the information of age, sex and ethnicity only. Post-surgery, the tissues were collected in 

University of Wisconsin (UW) (Bridge to Life, Columbia, SC) solution and brought to 

the laboratory for the isolation of SMCs. The UW solution is commonly used for organ 

collection and transport. Studies showed that the viability and the function of the organs 

are well-maintained for at least 24 hrs [461] post-collection. Aseptic techniques were 

followed for subsequent processing of tissues. 
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Figure 9: The left over human SV and IMA from a CABG surgery. 

	

The adventitia and the endothelial layer were removed from the tissues by gentle blunt 

dissection and washed with Dulbecco’s modified Eagle’s medium [DMEM] (Sigma, St. 

Louis, MO USA) containing 1% penicillin/streptomycin/ amphotericin B solution 

(P/S/A) (Sigma, USA). Then the tissues were minced with a sterile scalpel in DMEM 

containing 1% P/S/A, followed by incubation in 0.25% trypsin (1x) solution (Thermo 

Scientific, Waltham, MA USA) for 30 min at 37°C and then washed with DMEM. 

Tissues were then subjected to enzymatic digestion with 0.2% collagenase (Sigma 

Chemical Co., St. Louis, MO, USA) for 3 hrs at 37°C. The cell digest was neutralized 

with Smooth Muscle Cell Medium (SMCM) containing 10% fetal bovine serum (FBS) 

and centrifuged at 1500 rpm for 5 min. The cell pellet was suspended in SMCM 
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supplemented with 20% heat-inactivated fetal bovine solution (FBS) and 1% P/S/A and 

plated in 25 cm2 corning culture flasks (Figure 11). Flasks were maintained at 37°C and 

5% CO2. SMCM was changed every two days and the cells were passaged once they 

were confluent.  

 

The sub cultured human SMCs, between passages 3–5, were used for the in vitro 

experiments. The purity of isolated cells was confirmed by staining for smooth muscle α-

actin and myosin heavy chain and showed the characteristic hill-and-valley pattern 

(Figure 10). Over 95 % of cells were positive for smooth muscle α-actin and smooth 

muscle myosin heavy chain.    
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Figure 10: Protocol for isolation and culture of human saphenous vein and internal 

mammary artery smooth muscle cells. 

	

2.2. Treatment of Human SV- and IMA-SMCs 

When flasks were 70-80% confluent, the cultures were serum starved with DMEM 

containing 1% heat-inactivated FBS and 1% P/S/A for 24 hrs. The serum-starved cells 

were then treated with the test substance prepared in DMEM for the required time points. 

For our experiments we have used 10ng/ml of PDGF-BB (PeproTech, Rocky Hill, NJ) or 

100nM BI2536 (Selleckchem, Houston, TX). Post-stimulation, the cells were trypsinized 

with 0.25% trypsin at 37° C for 5min, then neutralized with SMCM containing 20% heat-

inactivated SMCM. Cells were then centrifuged at 1500 rpm for 5 min at 4°C and the 

supernatant were discarded. The cell pellet was used for cell count, RNA and protein 
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isolation as per the following lab standardized protocol [224].  

 

2.3. RNA Isolation 

Total RNA isolation from the cells was done with RNeasy Mini Kit (Qiagen, Valencia, 

CA). RNeasy Lysis Buffer (RLT) (guanidine thiocyanate buffer), with 10 µl/ml of β-

mercapto ethanol was added to the cell pellet to disrupt the cells in 15ml tubes then 

vortexed for a min. One volume of 70% ethanol was added to the homogenized lysate 

and mixed thoroughly by pipetting. 700 µl of the mixture was transferred to the RNeasy 

spin column. The column was centrifuged at 8000x g for 15 sec at room temperature. 

Next, 700 µl Buffer RW1 was added to the column and the column was centrifuged at 

8000x g for 15 sec at room temperature. The column was then washed with 500 µl of 

buffer RPE at 8000x g for 15 sec at room temperature. In the end, 30-50 µl of RNase free 

water was added directly to the spin column membrane and centrifuged for 15 s at 8000x 

g and the RNA eluted. The yield of RNA was quantified by using a Nanodrop instrument, 

GE Genequant 1300 Spectrophotometer (GE Healthcare Life Sciences Little Chalfont, 

Buckinghamshire, UK). 

 

2.3.1. Reverse Transcription 

The isolated RNA was used to synthesize cDNA using ImProm-IITM reverse 

Transcription System (Promega, Madison, WI). 2µl of Oligo dT (0.5µg/l) was added to 

1µg of isolated RNA and incubated at 70° C using a Veriti® Thermal Cycler (Applied 

Biosystems, Grand Island, NY) for 5 minutes and then chilled on ice. In the mean time, a 

reverse transcription mix of 20 µl total volume was prepared containing: 1 µg of the total 
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RNA with 13.3 µl of ImProm-IITM 5X reaction buffer, 5 µl of magnesium chloride, 3.4 µl 

of dNTP mix, 1.75 µl RNasin® ribonuclease Inhibitor, 3.25 µl of ImProm-IITM reverse 

transcriptase to make a total volume of 20 µl. Next, the chilled reaction mixture was 

incubated with the reverse transcription reaction mix as per manufacturer’s instructions in 

the Improm II reverse transcription kit (Promega, Madison, WI) and was placed in the 

Veriti® Thermal Cycler. Cycling conditions for reverse transcription procedure were: 

annealing at 25°C for 5 min., extension at 42°C for 60 min., inactivation of the reverse 

transcriptase at 72°C for 15 min. A sample with no reverse transcriptase was prepared for 

every sample of the RNA isolated using the same cDNA preparation protocol to detect 

the presence of genomic DNA in the RNA samples isolated from the cells. The cDNAs 

was stored at -20°C for future use.  

 

2.3.2. Real Time PCR 

Real time PCR was conducted using a CFX 96 - real-time PCR system (Bio-Rad, 

Hercules, CA). The real time PCR mix was prepared by using 3.2 ng of cDNA, 10 µl 

SYBR Green PCR master mix (BioRad Laboratories, Hercules, CA) and 1 µl of forward 

and reverse primers (10 pmol/µl) (Integrated DNA Technologies, Coralville, IA). The 

primer specificity was analyzed by running a melting curve. The PCR cycling conditions 

used were 2 min at 95 °C for initial denaturation, then 44 cycles of 30 sec at 95° C, 30 

sec at 61° C and 30 sec at 72° C. Final extension was executed for 5 min at 72°C. The 

primer sequences used are mentioned in the following Table 3. Each sample was carried 

out in triplicate and the threshold cycle values were averaged. Real time PCR for both SV 

and IMA were run together in the same 96-well plate. The PCR cycling conditions were 
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automatically calculated by a real time PCR system (CFX96, BioRad Laboratories, 

Hercules, CA) using the protocol-AutowriterTM (Bio-Rad) based on the annealing 

temperature of the primers and amplicon length [462]. The calculation of relative gene 

expression was based on the differences in the threshold cycles. The fold change in 

expression in each samples was calculated by fold change = 2−ΔΔCt method [463]. The 

results were normalized to 18S rRNA expression.  

 

Table 3: List of primers used.  

Gene of Interest Primer Sequence 

PLK1 Forward Primer: 5’-ACA AAC ACC AGA CTC AGA CG-3’ 

Reverse Primer: 5’-CTG TGA ATA GCT GAC CTA CGG-3’ 

18S (18S 

ribosomal RNA) 

Forward Primer: 5’-TCA ACT TTC GAT GGT AGT CGC CGT-

3’ 

Reverse Primer: 5’- TCC TTG GAT GTG GTA GCC GTT TC-3’ 

 

2.4. Protein Isolation and Quantification 

One hundred ml of Radio-Immunoprecipitation Assay (RIPA) buffer containing a 

protease inhibitor cocktail (20µl/ml of RIPA) (P8340, Sigma, St. Louis, MO), and 

phosphatase inhibitor cocktails 1 and 2 (20µl/ml of RIPA) (Sigma-Aldrich, St. Louis, 

MO) were added to the cell pellet isolated from one T25 flask. In some instances cells 

were grown in a 6-well plate and we added 50µl of RIPA containing all the inhibitors. 

The samples with RIPA lysis buffer were incubated on ice for an hour with intermittent 
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mixing every 10 min. The samples were then centrifuged at 12000 rpm for 15 min at 4°C. 

The supernatant was then aliquoted into fresh eppendorf tube and flash frozen with dry 

ice and stored at -80°C, until further use.  

 

The concentration of protein in each sample was determined using the Bicinchoninic acid 

(BCA) protein assay [464]. Albumin ranging in concentration from 0.2 to 1.0 mg/ml was 

used to generate a standard curve. Ten µl of each standard was placed in duplicate in 96-

well microtiter plate. Five µl of sample was prepared with 5 µl of nanopure water were 

placed in each well in duplicates. 200 µl BC/ copper sulfate solution (1:50 dilution of 4% 

copper sulfate in BC solution) was then added to each well. The 96 well microtiter plate 

was then incubated at 37°C for 15 min. Absorbance was measured at 550 nm on a 

microplate reader (Perkin Elmer, Waltham, MA). 

 

2.4.1. Western Blot using Sodium Dodecyl Sulfate - Polyacrylamide Gel (SDS 

PAGE) Electrophoresis 

Thirty µg of protein from each sample was mixed with 2x Laemmli loading buffer 

(Biorad, Hercules, CA) containing 10% mercaptoethanol (Sigma, St. Loius, MO) and 

separated by electrophoresis using 4-20% polyacrylamide gels (Biorad, Hercules, CA) 

using the 10x tris-glycine SDS (sodium dodecyl sulfate) running buffer (Biorad). After 

electrophoresis the proteins were transferred from the gel onto a nitrocellulose membrane 

(Biorad, Hercules, CA) in ice-cold 10x tris-glycine transfer buffer (Biorad). 

Immobilon® PVDF transfer membrane (EMD Millipore Corporation, Billerica, MA) of 

0.45 µm pore size was used if the molecular weight of the protein to be detected was 
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below 30 KDa. For antibody detection of the specific proteins, the membrane was 

blocked in 5% non – fat dry milk prepared in phosphate-buffered saline with tween-20 

(PBST) buffer for 1 hour. To detect phosphorylated-protein, we used 5% BSA in tris-

buffered saline with tween-20 (TBST) for blocking. After blocking, the membrane was 

incubated overnight with a diluted solution of the primary antibody in 5% milk or BSA 

under gentle agitation at 4°C. The primary antibodies used are polo-like kinase1 (PLK1) 

(Abcam, ab17056), rabbit PLK1 phosphorylated at Thr210 (pPLK1) (Abcam, ab155095), 

rabbit CDC2 phosphorylated at Ser198 (pCDC2) (Cell Signalling Technology, #9529), 

rabbit histone H3 phosphorylated at Ser-10 (p-Histone H3) (Abcam, ab32107). Then the 

membrane was washed 4 times (15 minutes each) with washing buffer (0.1% Tween-20 

with PBS or TBS) to remove unbound primary antibody. Tris Base Saline (TBS) is 

preferred when detecting phospho-proteins as PBS may interfere with anti-phosphate 

antibody binding. Next, the membrane was exposed to the secondary antibody conjugated 

to horseradish peroxidase (1:2000, Novus Biological, Littleton, CO); directed at species-

specific epitopes of the primary antibody. The membrane was incubated for 1hr at room 

temperature, with gentle agitation. The membrane was washed 4 times (15 minutes each) 

with washing buffer (0.1% Tween-20 with PBS or TBS) to remove unbound secondary 

antibody. The immunoblot was developed with ECL chemiluminescence detection 

reagent (Bio-Rad, Hercules, CA). The chemiluminescence of the protein bands was 

detected, and images were captured using the ChemiDoc™ MP Imaging system (Biorad, 

Hercules, CA). Results were normalized to the levels of the housekeeping protein, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Novus Biologicals, NB300-221). 

Densitometric measurement for quantification of the relative protein expression was 
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performed using ImageJ software by NIH or the software provided by the ChemiDoc™ 

MP Imaging system (Biorad, Hercules, CA). This software automatically quantitates 

protein bands using relative quantity tool. A reference band needs to be selected from an 

image, and then the relative quantity tool quantitates all other bands relative to the 

reference band in the image. We have used control band of an image as the reference 

band to quantitate all other bands of the same image. The relative quantity is the ratio of 

the background-adjusted volume divided by the background-adjusted reference volume. 

Values above 1.0 indicate that the volume is greater than the reference volume (control). 

Values below 1.0 indicate the volume is less than the reference volume. 

 

2.5. Silencing RNA Knockdown 

Small interfering RNA (siRNA), an efficient tool to downregulate the expression of 

target genes in cultured cells, was used to knockdown PLK1. Both SV and IMA-SMCs 

were grown to 65 to 70% confluency in SMCM containing 10% FBS and 1% P/S/A. 

Then the cells were exposed to DMEM with 1% FBS for 3hrs. After being exposed to 

DMEM, the cells were then transfected with 100nM of control (Cell Signalling 

technology, #6568) or PLK1 (Cell Signalling technology, #6292) siRNAs mixed with 

Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA) for 22 hrs. 

Then the medium was changed and the cells were treated with DMEM with 1% FBS and 

P/S/A for 6hrs.  The cells were then treated with 10ng/ml of PDGF-BB for 6 and 36 hrs. 

The knockdown efficiency was analyzed by western blot analysis, which demonstrated 

efficient downregulation of PLK1 protein.  
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2.6. Cell Proliferation Assay  

2.6.1.  Cell count: 

SV- and IMA-SMCs (50,000 cells/well) were seeded in each well of a 24-well plate with 

1 ml SMCM + 10% FBS + 1% P/S/A. Cells were incubated at 37° C till 65-70% 

confluency. Then the cells were rinsed with DMEM+1% FBS+1% P/S/A and later 

incubated in 1ml of the DMEM for 24hrs for cell synchronization. Cells were then 

stimulated with 10ng/ml of PDGF-BB in DMEM+1% FBS+1% P/S/A for 48 hrs. At the 

end of the 48 hours incubation, cells were removed with trypsin and quantified with 

trypan blue dye exclusion method. The Countess™ automated cell counter (Invitrogen, 

Carlsbad, CA, #C10227) was used to count the number of live, dead, and total cells per 

sample. 0.4% Trypan blue stain was used, which is taken up by the dead cells with 

uniform blue color throughout the cell whereas, live cells have bright centers and dark 

edges.  

	

2.7. Immunocytochemistry 

SV- and IMA-SMCs were cultured in Lab-Tek chamber slides (Thermo Fischer 

Scientific, Rochester, NY) overnight. Once the cells are 60 to 70% confluent, they were 

fixed with ice-cold acetone or 4% (wt/vol) paraformaldehyde for 15 minutes at room 

temperature. Next, the slides were washed with PBS for 5 min followed by blocking with 

1 % BSA for 1 hr. The SMCs were then incubated with primary antibody mouse smooth 

muscle alpha actin (α-SMA) (Abcam, ab7817) for 2 hrs then rinsed in PBS. After this the 

cells were incubated with cyanine3-conjugated secondary antibody (Jackson 

ImmunoResarch, Westgrove, PA) for 2 hrs then again rinsed in PBS. Slides were 
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mounted with Vectashield mounting medium (Vector Laboratories Burlingame, CA) and 

examined using fluorescence microscope.  

 

2.8. Animal 

The swine model of coronary artery IH followed by PTCA and CABG were 

implemented, as previously established by our group [465-468]. Tissues from these swine 

models were sectioned and stored, and these tissue sections from the storage were used 

for my experiments. This experimental protocol has obtained formal approval from 

Creighton University Institutional Animal Care and Use Committee. The animals were 

housed in the Animal Resource Facility of Creighton University, Omaha, NE and cared 

for as per the guide for the care and use of laboratory animals.  

 

Yucatan™ miniature and microswine, weighing 20–45 kg, were purchased from Sinclair 

Bio-resources (Windham, MA USA). The swine were fed high cholesterol diet. High 

cholesterol diet (HC) consisting of 37.2% corn (8.5% protein), 23.5% soybean meal (44% 

protein), 20% chocolate mix, 5% alfalfa, 4% cholesterol, 4% peanut oil, 1.5% sodium 

cholate, and 1% lard; with 52.8% of the kilocalories from carbohydrates and 23.1% of the 

kilocalories from fat. After 5 to 14 months of the high cholesterol diet the animals were 

subjected to percutaneous transluminal balloon angioplasty (PTCA) in left anterior 

descending artery (LAD) or left circumflex artery (LCX). The control group of 

Yucatan™ (2 swine) and domestic swine (3 swine) were fed the normal diet but were 

excluded from undergoing PTCA. Five to eight months post-PTCA, the swine were 

euthanized and tissues were collected for experimental purpose.  
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Domestic swine were obtained from the UNL Swine Research Unit (Mead, NE) [465, 

468]. The domestic swine were fed a normal diet (Teklad Miniswine diet 8753, Harlan 

Laboratories) composed of wheat middlings, ground corn, soybean hulls, dehulled 

soybean meal, dehydrated alfalfa meal, dicalcium phosphate, and soybean oil. Within the 

diet, 57% of the kilocalories were from carbohydrates, 28% of the kilocalories from 

protein, and 15% of the kilocalories from fat. After 1 to 2 months of acclimatization, the 

animals were subjected to off-pump CABG; the right SEV was used as a vein graft and 

the left was used as a control. Two months post-CABG, the swine were euthanized and 

tissues were collected for research purpose. 

 

As I have mentioned earlier, specimens from the in vivo study with swine were used in 

different studies and I have used these tissue sections from the storage for my research 

project [465-468]. For CABG we have used domestic pigs, however, for our PTCA study 

we have used domestic, Yucatan™ miniature and microswine. The purpose of this part of 

my study was to understand if PLK1 and pPLK1 are expressed in vein and artery of a 

clinically relevant model such as swine. Also, to determine any difference in the 

expression of PLK1 and pPLK1 in swine with or without surgery/intervention.  

 

2.8.1. PTCA Procedure  

A pre-trained group in the lab that includes an interventional cardiologist at the Creighton 

medical center performed PTCA in swine [325, 467]. With the help of an introducer 

needle, access in the femoral artery in the leg of the swine was created. Then to keep the 

artery open and control bleeding 6F sheath introducer was placed. Followed by a guiding 
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catheter to the left coronary artery on a guide wire under fluoroscopic guidance. Through 

the guiding catheter a guide wire is inserted into the coronary artery. Coronary 

angiography was done using nonionic contrast media. In the heart, LCX or LAD balloon 

angioplasties were done followed by OCT (optical coherence tomography) to verify the 

placement and to get a baseline measurement of the surface are of both the LAD and 

LCX. Then the catheter was removed and the femoral artery sutured followed by closure 

of leg wound. The pigs were allowed to recover under a thermal blanket. The i.v. fluid 

was continued until pigs are able to drink water and the pigs were subsequently moved 

back to the animal care facility. 

 

2.8.2. CABG Procedure 

A pre-trained group in the lab that includes surgeon at the Creighton medical center 

performed CABG in swine [465, 468]. The off-pump CABG method was used. The SEV 

was harvested using the no touch technique through a longitudinal incision parallel to the 

mammary line. The chest was then opened through a sternotomy incision using the 

electric sternotomy saw. The heart was then exposed after incising the pericardium. The 

ascending aorta was exposed and prepared for the anastomosis using an aortic side clamp 

and a circular opening was created using an aortic punch. Then the proximal ascending 

aorta and the distal end of the SEV were anastomosed. A cardiac surface stabilizer device 

was used to stabilize the area of the intended anastomosis with the LAD. The LAD was 

then dissected and incised; a temporary coronary shunt was used to maintain the coronary 

blood flow during the anastomosis. Then the LAD was anastomosed to the proximal end 

of the SEV. The temporary coronary shunt was removed before putting in the last stitch. 
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The blood flow in the bypass graft was verified before ligating the LAD proximal to the 

bypass to allow exclusive blood flow in the vein graft. The sternotomy was then closed 

using stainless wire and the animal was allowed to recover under thermal blanket. The 

i.v. fluid was continued until pigs were able to drink water and the pigs were 

subsequently moved back to the animal care facility. 

 

Tissue	Harvest	and	Processing	

The heart was removed and placed in DMEM from both the swine models post PTCA 

and CABG. Coronary vessels (LAD, LCX, RCA), SEV-graft (right SEV) and left SEV 

were dissected, removed and fixed in 10% formalin for 24 hours at room temperature. 

Tissues were embedded in paraffin and thin sections (5µm) were obtained using 

microtome (Leica, Germany). Sections were stained with hematoxylin and eosin (H&E) 

for histomorphometric studies. The noninjured vessels from swine with normal diet were 

used as controls. 

 

2.8.2.1. Deparaffinization of the Sections 

These sectioned slides were then used in my study and were stored for future 

investigation. In order to perform staining and IF of the sections, first we submerged the 

slides with the sections in xylene to remove paraffin and shake at low speed for 15min. 

This step was repeated twice. Then submerge slides in etanol:xylene (1:1) and shake at 

low speed for 15min. Place the slides respectively in 100%, 95%, 80%, and 70% EtOH 

for 5 min each. Finally rehydrate the slides by dipping a couple of times in distilled 

water. 
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2.8.2.2. H&E Staining  

The	slides	were	placed	in	Harris hematoxylin solution for 30 sec. They were rinsed in 

running tap water for 5 min.	Then	the	slides	were	dipped in acid ethanol for 10 sec to 

destain. Briefly rinsed the slides in distilled water.	Placed	the	slides	in counterstain eosin 

solution for 22 sec. Next, the slides were dipped in 95% EtOH for 10 times. The slides 

were further dipped in 100% EtOH, xylene/ethanol mix (1:1), and xylene respectively for 

5 times each. Finally, the slides were mounted using xylene-based mounting medium. 

	

2.8.2.3. Immunohistochemistry 

Paraffin embedded samples, after deparaffinization and rehydration, were treated by 

steam heating in DAKO antigen retrieval solution (DAKO, Carpenteria, CA) for antigen 

retrieval (20–30 min). Slides were washed using Tris buffered saline and 0.1% tween 

(TBS) twice 5 min each. Sections were incubated for 2 hr in block/permeabilizing 

solutions containing TBS, 0.25 % Triton X-100, and 5% (v/v) goat serum at room 

temperature. The slides were subsequently incubated with primary antibody solutions 

including mouse polo like kinase1 (PLK1) (Abcam, ab17056), rabbit PLK1 

phosphorylated at Thr210 (pPLK1) (Abcam, ab155095), mouse/rabbit non-muscle 

myosin heavy chain B (SMemb) (Abcam, ab684/ab24761), mouse smooth muscle alpha 

actin (α-SMA) (Abcam, ab7817), rabbit histone H3 phosphorylated at Ser-10 (pHis H3) 

(Abcam, ab32107), rabbit interferon gamma (IFN-γ) (Abcam, ab9657) and rabbit STAT3 

phosphorylated at Tyr-705 (pSTAT3) (Bioss, bs-1658R) at 4°C overnight. On the 

following day, slides were rinsed in TBST three times for 5 minutes each, and the 

secondary antibody was incubated on the slides for 2 hours at room temp. In case of 
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polyclonal primary antibodies, we used Alexa Fluor® 594-conjugated AffiniPure Goat 

Anti-Rabbit or Goat Anti-Mouse; Alexa Fluor 488-conjugated AffiniPure Goat Anti-

mouse or Goat Anti-Rabbit secondary antibody, and for the monoclonal primary 

antibodies, we used Alexa Fluor 488 Goat Anti Mouse IgG2b secondary antibody, 1:200 

(Jackson ImmunoResearch, Westgrove, PA). Negative controls with complete omission 

of primary antibody were run in parallel with normal host IgG. Sections were washed 

with TBST three times for 5 min. Nuclei were counterstained with 4’, 6- diamidino-2-

phenylindole (DAPI) using Vector laboratories DAPI mounting medium. Tissue sections 

were viewed with an Olympus BX-51 epi-fluorescent microscope and images were 

photographed with an Olympus DP71 camera. Number of cells showing 

immunopositivity in the stained slides with either control or treatment tissues were 

visually quantified by double blind technique. 

 

2.9. Statistical and sample size analysis 

Data was analyzed using GraphPad Prism 7.0 biochemical statistical package (GraphPad 

Software, Inc., San Diego, CA). Statistical analysis was performed using paired Student’s 

t-test to compare two groups. Multiple group comparison was performed using repeated 

one-way analysis of variance (ANOVA) with a Dunnett or Tukey post–hoc test. Values 

of all measurements are expressed as mean ± SEM. Differences at p<0.05 were 

considered significant.   
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3. RESULTS 

3.1. Immunocytochemical determination of the cell type isolated from human 

SV- and IMA 

3.1.1. Isolated cells from SV and IMA stained positive for smooth muscle alpha 

actin (α-SMA) and smooth muscle myosin heavy chain (SM-MHC), 

contractile SMC markers.   

To determine the phenotype of cells isolated, we performed immunofluorescent staining 

on the cells isolated from the IMA and SV. The presence of α-SMA and SM-MHC in the 

isolated cells were examined using a monoclonal anti-α-SMA and SM-MHC antibody, 

whose specificity has been previously reported. α-SMA and SM-MHC are contractile 

markers specific for vascular SMCs [148]. These are highly conserved proteins that play 

an important role in SMC shape and movement [469]. In this present experiment, the 

cells were immunopositive for contractile SMC-markers, α-SMA (Figure 11 A-B) and 

SM-MHC (Figure 11 C-D). These result suggests that the isolated cultured cells are 

VSMCs with an overall purity of > 95%. These VSMCs were then used for in-vitro 

experiments for further investigations to understand the pathophysiology of vein-graft 

disease.  
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Figure 11: Immunocytochemical determination of the cell type isolated from human SV 
and IMA. 

Representative immunopositive image demonstrating that the isolated vascular smooth 
muscle cells (VSMCs) from SV (A) and IMA (B) exhibit positive staining for contractile 
smooth muscle alpha actin (α-SMA) (red). DAPI (blue), a fluorescent stain used to stain 
the nucleus of the cells. Representative immunopositive images demonstrating that the 
isolated VSMCS from SV (C) and IMA (D) exhibit positive staining for contractile 
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smooth muscle myosin heavy chain (SM-MHC) (red).  DAPI (blue), a fluorescent stain 
used to stain the nucleus of the cells. Scale bar = 200 µm.  
	

3.2. Basal level expression of PLK1 and pPLK1 in isolated SV-SMCs and IMA-

SMCs 

3.2.1. At the basal level SV-SMCs have greater expression and phosphorylation 

of PLK1 than IMA-SMCs. 

Protein was isolated from the cultured SV- and IMA-SMCs. The vessels used in this 

experiment were from the same patients. 35 µg of the isolated protein was used for 

immunoblotting using antibodies specific to PLK1 (Figure 12 A) and pPLK1 (Figure 12 

B). Data from this study showed that VSMCs expressed PLK1 and pPLK1. However, at 

the basal level SV-SMCs have greater expression of PLK1 and pPLK1 than IMA-SMCs. 

 

	

Figure 12: Expression and phosphorylation of PLK1 at the basal level in SV and IMA-
SMCs. 
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Isolated protein from SV- and IMA-SMCs were subjected to immunoblotting for PLK1 
and pPLK1. A) A representative blot and densitometric quantification of PLK1 
expression in SV- and IMA-SMCs. B) A representative blot and densitometric 
quantification of pPLK1 level in SV- and IMA-SMCs. GAPDH was used as the loading 
control. The bar charts depict relative optical density (normalized to GAPDH) of PLK1 
or pPLK1 protein bands. The densitometry was done using ImageJ software. Data shown 
are mean ± SEM from four to five independent experiments. *P <0.05 versus control. 
Paired t-test was used to analyze the data. 
	

3.3. Effect of PDGF-BB on PLK1 Expression and Phosphorylation  

3.3.1. PDGF-BB induced the expression of PLK1 and its phosphorylation in SV- 

and IMA-SMCs. 

Cultured SMCs isolated from human SV and IMA was serum-starved with 1% heat-

inactivated serum for 24 hrs followed by PDGF stimulation and protein was then isolated 

for immunoblotting using antibodies specific to PLK1 and pPLK1. PDGF-BB (10 ng/ml) 

significantly increased the expression of PLK1 in SV- and IMA- SMCs at 6 and 10 hrs 

(Figure 13). Similarly, exposure of the SMCs to PDGF promotes phosphorylation of 

PLK1 at 10 hrs in SV- and IMA-SMCs (Figure 14 A and B). Since the activity of PLK1 

is dependent on the state of its phosphorylation, our results indicate that in SV- and IMA-

SMCs, the PDGF-induced expression and phosphorylation of PLK1 (Figures 13 and 14). 
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Figure 13: Effect of PDGF-BB on PLK1 expression in SV and IMA-SMCs. 

SMCs were serum starved with 1% heat-inactivated serum for 24 hrs and treated with 
PDGF-BB (10ng/ml) for an additional 6, 10 and 12 hrs. Protein was isolated from cell 
lysates and subjected to immunoblotting using total PLK1 antibody. A) A representative 
blot and densitometric quantification of PLK1 expression in SV-SMCs. B) A 
representative blot and densitometric quantification of PLK1 expression in IMA-SMCs. 
Protein expression levels were normalized to the housekeeping gene GAPDH and 
calculated as percentage level of induction in comparison to control. Data is mean ± SEM 
from six independent experiments. *P <0.05 versus control. Repeated measures ANOVA 
was used to analyze the data. 
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Figure 14: Effect of PDGF-BB on phosphorylation of PLK1 (pPLK1) in SV and IMA-
SMCs. 

SMCs were serum starved with 1% heat-inactivated serum for 24 hrs and treated with 
PDGF-BB (10ng/ml) for an additional 6, 10 and 12 hrs. Protein was isolated from cell 
lysates for Immunoblotting using antibody to phosphorylated PLK1. GAPDH was used 
as the loading control. A) A representative blot and densitometric quantification of 
pPLK1 levels in SV-SMCs. B) A representative blot and densitometric quantification of 
pPLK1 levels in IMA-SMCs. The graphs represent densitometric analysis of the bands. 
Protein expression levels were normalized to the housekeeping gene GAPDH and 
calculated as percentage level of induction in comparison to control. Data is mean ± SEM 
from six independent experiments. *P <0.05 versus control. Repeated measures ANOVA 
was used to analyze the data.  

 



								 80	 		
	

3.4. Effect of PDGF-BB on the expression of PLK1 mRNA transcript in SV- and 

IMA-SMCs 

3.4.1. PDGF-BB induced expression of the PLK1 mRNA transcript over time in 

SV- and IMA-SMCs 

Cultured SMCs isolated from human SV and IMA were serum starved with 1% heat-

inactivated serum for 24 hrs and then stimulated with 10ng/ml of PDGF-BB for 1, 4 and 

8 hrs. PLK1 mRNA expression was quantified by real time qPCR and normalized against 

the housekeeping gene 18S ribosomal RNA. PLK1 mRNA transcript expression 

increased in SV- and IMA-SMCs at 1 hr stimulation with PDGF (Figure 15 A and B). 

This was followed by decreased expression of PLK1 at 4 hrs in both, IMA- and SV-

SMCs. Repeated measures ANOVA was used to analyze the data.  

	

	

Figure 15: PDGF-BB induced the expression of PLK1 mRNA transcripts in SV and 
IMA-SMCs 

SV and IMA-SMCs were serum starved with 1% heat-inactivated serum for 24 hrs and 
then treated with PDGF-BB (10ng/ml) for an additional 1, 4 and 8 hrs. (A) PDGF-BB 
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(10ng/ml) stimulated the mRNA expression in SV-SMC. (B) PDGF-BB (10ng/ml) 
stimulated PLK1 mRNA expression in IMA-SMC. The results were normalized against 
18S ribosomal RNA. Data is mean ± SEM. Note n = 4. *P <0.05 versus control. Repeated 
measures ANOVA was used to analyze the data.  
	

3.5. Inhibition of PLK1 with a Clinically Relevant ATP-Competitive PLK1 

Inhibitor Attenuates PDGF-BB Induced Phosphorylation of PLK1 in 

VSMCs 

3.5.1. ATP-competitive PLK1 inhibitor, BI2536 inhibits PDGF-BB induced 

phosphorylation of PLK1 in VSMCs.  

Quiescent SMCs of both SV and IMA were treated with 100nM of BI2536 for 2 hrs 

followed by an additional treatment with 10ng/ml of PDGF-BB for 10 hrs. Total protein 

was isolated from cell lysates and subjected to immunoblotting using pPLK1 antibody. 

As shown in Figure 16A and B, treatment with BI2536 blocked the PDGF-induced 

phosphorylation of PLK1 in both SV and IMA-SMCs. This confirms that BI2536 is a 

potent PLK1 inhibitor in VSMCs. 

 



								 82	 		
	

	

Figure 16: In VSMCs, 2 hrs pre-treatment with 100nM of BI2536 blocked PDGF-
induced phosphorylation of PLK1 at 10hrs. 

(A) A representative blot and densitometric quantification of pPLK1 level with and 
without BI2536 in SV-SMCs. (B) A representative blot and densitometric quantification 
of pPLK1 level with and without BI2536 in IMA-SMCs. GAPDH was used to show 
equal loading. The graphs represent densitometric analysis of the bands. Protein levels 
were normalized to the housekeeping gene GAPDH and calculated as percentage level of 
phosphorylated protein in comparison to control. Data is mean ± SEM from five 
independent experiments. *P <0.05 versus control. Repeated measures ANOVA was 
used to analyze the data. 
	

3.6. PDGF-BB induced proliferation in SV- and IMA-SMCs 

3.6.1. PDGF-BB induced phosphorylation of a highly conserved serine residue 

in the histone H3 tail, which is an established mitotic marker in VSMCs, 

marking the onset of mitosis in VSMCs.  

In this experiment, we wanted to identify the time at which PDGF-induces VSMCs to 

undergo mitosis. Since phosphorylation of histone is an established mitotic marker, we 

wanted to study the time at which histone H3 undergoes phosphorylation at Ser10 in 

VSMCs [470-472]. Cultured SMCs isolated from human SV and IMA were serum 
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starved with 1% heat-inactivated serum for 24 hrs and stimulated with 10ng/ml of PDGF-

BB for 24, 36 and 48 hrs. Histone H3 is phosphorylated during mitosis at Ser 10 that 

relates to the onset of early prophase in mitotic cells [470]. In SV-SMCs, PDGF-induced 

an 8-fold increase in phosphorylation of histone H3 at 36 hrs followed by return to the 

control level of phosphorylation at 48 hrs (Figure 17A). In IMA-SMCs, there was 

increased PDGF-stimulated phosphorylation of histone H3 either at 36 hrs or at 48 hrs in 

IMA-SMCs (Figure 17B). The representative immunoblot shows an increased 

phosphorylation of histone H3 only at 48 hrs. Histone H3 phosphorylation at Ser-10 is 

required for mitotic chromosome condensation [470, 471]. Therefore, histone H3 

phosphorylation at Ser-10 correlates directly with the number of cells that are undergoing 

mitosis at a given time. 

 

	

Figure 17: PDGF-BB time dependently stimulated phosphorylation of mitotic marker 
histone H3 in SV and IMA-SMCs. 
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Quiescent VSMCs when treated with 10ng/ml of PDGF-BB for 24, 36 and 48 hrs, 
induced phosphorylation of histone H3 thus marking the number of cells undergoing 
mitosis. GAPDH was used to show equal loading. (A) A representative blot and 
densitometric quantification of p-Histone H3 level in SV-SMCs. (B) A representative 
blot and densitometric quantification of p-Histone H3 level in IMA-SMCs. GAPDH was 
used to show equal loading. The graphs represent densitometric analysis of the bands. 
Protein expression levels were normalized to the housekeeping gene GAPDH and 
calculated as percentage level of induction in comparison to control. Data is mean ± SEM 
from seven independent experiments. *P <0.05 versus control. Repeated measures 
ANOVA was used to analyze the data. 
 

3.7. PLK1 Inhibition Blocked PDGF-BB Induced Phosphorylation Of Histone 

H3 In VSMCs 

3.7.1. BI2536, a PLK1 blocker, significantly inhibited PDGF-induced 

phosphorylation of mitotic marker histone H3 in SV- and IMA-SMCs.  

Since phosphorylation of histone is an established mitotic marker, we wanted to study if 

inhibiting the activity of PLK1 has any effect on phosphorylation of histone H3 in 

VSMCs [470-472]. The quiescent SMCs of both SV and IMA were treated with 100nM 

of BI2536 for 2 hrs followed by an additional treatment with 10ng/ml of PDGF-BB for 

36 hrs. Protein was isolated and immunoblotting was performed using the p-Histone H3 

antibody. As shown in Figure 18A and B, treatment with BI2536 blocked the PDGF-

induced phosphorylation of p-Histone H3 in both SV and IMA-SMCs.  

 

3.7.2. PLK1 Blocker Attenuated the PDGF-BB-Induced Proliferation of SV And 

IMA-SMCs 

Proliferative properties of SMCs with or without BI2536 were analyzed after 48 hrs of 

PDGF-BB stimulation. ATP-competitive blocker, PLK1 attenuated SMC proliferation in 
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both SV and IMA (Figure 19). Using cell counting by the trypan blue dye exclusion 

method, SMCs of both SV and IMA were counted pre- and post-treatment. As shown in 

Figure 19, stimulation with PDGF-BB (10ng/ml) significantly increased proliferation in 

SMCs isolated from both the vessels but co-treatment with BI2536 (100nM) reduced 

PDGF-BB-induced proliferation. This demonstrates the impact of inhibition of PLK1 

function on the proliferative properties of SMCs. 

 

	

Figure 18: Effect of ATP-competitive PLK1 blocker, BI2536 on PDGF-induced 
phosphorylation of histone H3 in SV and IMA-SMCs. 

Quiescent SMCs were treated with 100nM of BI2536 for 2 hrs followed by stimulation 
with 10ng/ml of PDGF-BB for 36 hrs. Protein was isolated and subjected to 
immunoblotting using phosphorylated histone H3 (Ser10) antibody. (A) A representative 
blot and densitometric quantification of p-Histone H3 level in SV-SMCs. (B) A 
representative blot and densitometric quantification of p-Histone H3 level in IMA-SMCs. 
The graphs represent densitometric analysis of the bands. GAPDH was used to show 
equal loading. Protein expression levels were normalized to the housekeeping gene 
GAPDH and calculated as percentage level of induction in comparison to control. Data is 
mean ± SEM from four independent experiments. *P <0.05 versus control. Repeated 
measures ANOVA was used to analyze the data. 
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Figure 19: Effect of PLK1 inhibition on the proliferation of SMCs in SV and IMA-
SMCs. 

BI2536 treated and untreated SMCs were incubated with PDGF-BB (10 ng/ml) for 48 
hrs. (A) The graphs represent cell number in SV-SMCs with or without BI2536 and/or 
PDGF. (B) The graphs represent cell number in IMA-SMCs with or without the treatment 
of BI2536 and/or PDGF. Proliferation of SMCs is significantly attenuated when treated 
with BI2536 in the presence of PDGF than the group treated with PDGF but not with 
PLK1 inhibitor. Data shown are mean ± SEM from four different samples. *P <0.05 
versus control. Repeated measures ANOVA was used to analyze the data. 
	

3.8. Effect of PDGF-BB on phosphorylation of Master Mitotic Kinase  

CDC2/CDK1 in SV- and IMA-SMCs. 

3.8.1. PDGF-induced phosphorylation of a highly conserved threonine residue of 

CDC2/CDK1 for the progression of mitosis in cell cycle in VSMCs.  

We wanted to step things up and study the downstream mediators of PLK1. Hence we 

chose CDK1 as it is the master mitotic kinase and marks the beginning of mitosis [473]. 

In this experiment we are trying to identify the time-point at which CDK1 gets 
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phosphorylated and hence activated in VSMCs [474, 475]. Cultured SMCs isolated from 

human SV and IMA were serum starved with 1% heat-inactivated serum for 24 hrs and 

then stimulated with 10ng/ml of PDGF-BB for 20 and 22 hrs. Protein was isolated for 

immunoblotting using antibody to phosphorylated CDC2/CDK1 (Ser198) (Figure 20). 

SV- and IMA-SMCs stimulated with PDGF-BB showed significantly increased 

phosphorylation of CDK1 at Ser198 (Figure 20 A and B).  

 

	

Figure 20: PDGF stimulated phosphorylation of cell cycle controller CDK1 in SV and 
IMA-SMCS at 20 and 22 hrs. 

SV and IMA-SMCs were serum starved with 1% heat-inactivated serum for 24 hrs and 
then stimulated with PDGF-BB (10ng/ml) for an additional 20 and 22 hrs. Protein was 
isolated for immunoblotting using phosphorylated CDK1 (Ser198) antibody. GAPDH 
was used to normalize the data. (A) A representative blot and densitometric 
quantification of pCDK1 level in SV-SMCs. (B) A representative blot and densitometric 
quantification of pCDK1 level in IMA-SMCs. Protein expression levels were normalized 
to the housekeeping gene GAPDH and calculated as percentage level of induction in 
comparison to control. Data is mean ± SEM from five to six independent experiments. *P 
<0.05 versus control. Repeated measures ANOVA was used to analyze the data. 
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3.9. PLK1 Inhibitor, BI2536 Attenuated PDGF-BB Induced Phosphorylation of 

CDK1 in SV- and IMA-SMCs 

3.9.1. PLK1 blocker BI2536 significantly inhibited PDGF-induced 

phosphorylation of CDK1 in SV and IMA-SMCs.  

We anticipated that inhibition of PLK1 activity would in turn decrease the ability of 

PDGF to induce phosphorylation of CDK1. To test this, the quiescent SMCs of both SV 

and IMA were treated with or without 100nM of BI2536 for 2 hrs followed by an 

additional treatment with 10ng/ml of PDGF-BB for 22 hrs. Protein was isolated for 

immunoblotting using pCDK1 antibody. As shown in Figure 21, PLK1 inactivation 

reduced PDGF induced elevation of pCDK1 levels in SV and IMA-SMCs. Taken 

together, this result shows that ATP-competitive inhibition of PLK1 attenuates PDGF-

induced phosphorylation of CDK1, which is a master mitotic kinase. 
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Figure 21: BI2536 inhibited the PDGF-induced phosphorylation of CDK1 in SV and 
IMA-SMCs. 

Quiescent VSMCs when treated with 100nM of BI2536 for 2 hrs followed by an 
additional treatment with 10ng/ml of PDGF-BB for 22 hrs, inhibited the phosphorylation 
of CDK1 at 22 hrs in SV and IMA-SMCs. GAPDH was used as a loading control. A) A 
representative blot and densitometric quantification of pCDK1 level in SV-SMCs. B) A 
representative blot and densitometric quantification of pCDK1 level in IMA-SMCs. The 
graphs represent densitometric analysis of the bands. Protein expression levels were 
normalized to the housekeeping gene GAPDH and calculated as percentage level of 
induction in comparison to control. Data is mean ± SEM from four to five independent 
experiments. *P <0.05 versus control. Repeated measures ANOVA was used to analyze 
the data. 
 

3.10. Effect Of PLK1 Gene Silencing On Proliferation in SV- and IMA-

SMCs 

3.10.1. PLK1 gene silencing attenuates the phosphorylation of mitotic marker 

histone H3 at Ser-10 

So far all our experiments were done with ATP-competitive PLK1 blocker and we 

wanted to confirm the data by silencing PLK1 gene. First, we wanted to confirm the 
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potency of the PLK1 specific siRNA and then to study the effect of PLK1 gene silencing 

on the proliferation of VSMCs. SV- and IMA-SMCs were transfected with PLK1 specific 

siRNA or with scrambled siRNA and then stimulated with PDGF for 6 hrs. Protein was 

isolated for immunoblotting using antibody to PLK1. The result confirmed silencing with 

PLK1-specific siRNA reduced the protein expression (Figure 22A and B). We then 

examined the effect of silencing PLK1 expression on the phosphorylation of mitotic 

marker histone H3 in SV and IMA-SMCs (Figure 22C and D). SV and IMA-SMCs 

transfected with PLK1-specific siRNA showed markedly reduced phosphorylation of 

histone H3 compared to non-transfected cells.  This demonstrates the impact of PLK1 

activity on the phosphorylation of histone H3, hence on the proliferation of SMCs. This 

further confirms the result obtained previously with the PLK1 inhibitor, BI2536. 
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Figure 22: Effect of PLK1 gene silencing on PLK1 expression and phosphorylation of 
histone H3 at Ser10 in SV and IMA-SMCs. 
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(A-B) PLK1-specific and scrambled siRNA transfected SMCs were incubated with 
PDGF-BB (10 ng/ml) for 6 hrs.  PLK1 expression was assessed by Western blot and the 
results are shown as densitometric quantification. PLK1-specific siRNA transfection 
abolished the PDGF-induced expression of PLK1 in SV (A) and IMA-SMCs (B). In 
order to observe the effects of PLK1 gene silencing on proliferation, we assessed the 
presence of p-Histone H3 in PLK1-specific and scrambled siRNA transfected SMCs after 
stimulation with PDGF for 36 hrs. (C-D), p-Histone H3 level in SV (C) and IMA-SMCs 
(D) was determined by Western blotting. Phosphorylation of histone H3 in SMCs is 
considerably decreased in PLK1-silenced PDGF-BB- stimulated transfected SMCs as 
compared to the scrambled siRNA transfected cells. Protein expression levels were 
normalized to the housekeeping gene GAPDH and calculated as percentage level of 
induction in comparison to control. Data is mean ± SEM from four to six independent 
experiments. *P <0.05 versus control. Repeated measures ANOVA was used to analyze 
the data. 
 

3.11. In Vivo Studies 

3.11.1. Vessel damage and development of intimal hyperplasia post-PTCA and 

CABG 

Percutaneous transluminal coronary angioplasty (PTCA) caused vessel damage and led to 

the development of IH post PTCA in swine model. We used five Yucatan™ miniature 

and microswine to undergo PTCA. These Yucatan™ swine and were fed high cholesterol 

diet for 5 to 14 months. The animals were then subjected to PTCA in left anterior 

descending artery (LAD) or left circumflex artery (LCX).  Five to eight months post-

PTCA, the swine were euthanized and tissues were collected. Balloon injury resulted in 

medial rupture in all PTCA. Significant neointima proliferation was observed both in 

LAD and LCX following PTCA. The control group had five swine out of which two were 

Yucatan™ and three were domestic swine. The control group was fed the normal diet and 

was excluded from undergoing PTCA. Significant restenosis was observed in post 

PTCA-coronary arteries compared to control coronary artery (Figure 23 A-D) [325, 467].  
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Coronary artery bypass graft (CABG) surgery exposed the vein to the arterial pressure 

that induced the development of IH in our swine model of CABG-study. We used two 

domestic swine for our CABG-study, where the right superficial epigastric vein (SEV) 

was used as a graft and the left SEV that was not used as a graft served as control. 

Domestic swine were fed normal diet. After 1 to 2 months of acclimatization, the animals 

were subjected to off-pump CABG; the right SEV was used as a graft and the left SEV 

that was not used as a graft served as control. Two months post-CABG, swine were 

euthanized and tissues were collected. CAGB procedure exposes the lumen of SEV-graft 

to high arterial pressure resulting in endothelial damage and dysfunction accompanied 

with medial SMC migration and proliferation. Significant development of IH in the SEV 

graft was observed compared to the left SEV that was not used as a graft (Figure 23E-H) 

[465, 466, 468].  
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Figure 23: Histology of swine coronary artery and SEV tissue sections. 

The H&E staining of uninjured coronary artery (A, B) shows normal histology, whereas 
five to eight months after balloon angioplasty neointimal hyperplasia (arrows) is noted in 
post PTCA-coronary arteries (C, D). H&E staining of the uninjured or control SEV 
showed normal histology (E, F). SEV that was used as a graft (G, H) developed 
neointimal hyperplasia (arrows). All images were taken in 4x and 20x objective. This is a 
representative of tissue histology in 2-5 individual swine in each experimental group. L: 
lumen, M: medial layer, NI: neointima. Scale bar = 200 µm. 
 

3.11.2. Vascular injury and PLK1 expression  

Arteries post balloon angioplasty and SEV-graft post bypass surgery were examined for 

PLK1 and non-muscle myosin heavy chain B (SMemb) expression by 

immunofluorescent staining. Immunopositivity to SMemb establishes the presence of 

highly proliferating synthetic-SMCs. In order to be able to examine the co-distribution of 
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both PLK1 and SMemb in the tissue, a double immunofluorescent staining was 

performed. Expression of PLK1 and SMemb increased in the post PTCA-coronaries and 

SEV-grafts compared to their respective uninjured counterparts (Figure 24). Few SMCs 

in the neointima expressed both PLK1 and SMemb. These results suggest a strong 

association between post-therapeutic interventional vascular injury, VSMC proliferation 

and PLK1 expression.  

 

	

Figure 24: Double immunofluorescent staining showing immunopositivity towards 
PLK1 and SMemb in post-PTCA coronary arteries and SEV-grafts than their respective 
uninjured counterparts in porcine model. 

Significantly increased immunopositivity towards SMemb and PLK1 in the neointima of 
the post-PTCA restenotic coronary artery (arrows) was noted compared to uninjured 
coronary artery. SEV-graft had significantly increased immunopositivity towards SMemb 
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and PLK1 in the neointima compared to uninjured SEV. There is less immunopositivity 
to PLK1 (red) and SMemb (green) expression in uninjured coronary artery at low (20x) 
(A) and high (40x) magnification (B, C, D). The immunostaining of PLK1 (red) and 
SMemb (green) is noted in restenotic post PTCA- coronary arteries (arrows) at low (20x) 
(E) and high (40x) magnification (F, G, H). Similarly, less immunostaining of PLK1 
(red) and SMemb (green) expression is noted in the uninjured SEV at low (20x) (I) and 
high (40x) magnification (J, K, L) compared to SEV post CABG, where many cells 
showed immunopositivity to PLK1 (red) and SMemb (green) at low (20x) (M) and high 
(40x) (N, O, P) magnification. This is a representative of tissue histology in 2-5 
individual swine in each experimental group. L: lumen, M: medial layer, NI: neointima. 
Scale bar = 200 µm. 
	

3.11.3. Vascular injury and phosphorylation of PLK1   

Post PTCA-arteries and SEV used as a coronary bypass grafts were examined for pPLK1 

and synthetic SMC marker SMemb expression by immunofluorescent staining. 

Phosphorylation of PLK1 at Thr-210 by other kinases is required for its catalytic activity 

[241-243, 245, 257, 302]. Restenotic coronary artery post PTCA showed pPLK1 

immunopositivity, which was limited to the neointima. Cells in the neointima and also in 

the medial layer were immunopositive for SMemb. Since SMemb is a marker for 

proliferating SMCs, expression of SMemb confirms SMC-proliferation. Few cells in the 

neointima were found to be immunopositive for both, pPLK1 and SMemb (Figure 25 A-

H). Moreover, significantly increased immunopositivity of SMemb and pPLK1 were 

noted in the neointima of the SEV-graft compared to uninjured left SEV (Figure 25 I-P).  

In the SEV-graft, a group of cells in the neointima expressed either SMemb and pPLK1 

or a combination of both. These results suggest a strong association between post-

therapeutic interventions or post-bypass surgery mediated vascular injury and pPLK1 

expression. 

 



								 97			
	

	

Figure 25: Double immunofluorescent staining showing immunopositivity towards 
pPLK1 and SMemb in post-PTCA coronary arteries and SEV-grafts than their respective 
uninjured counterparts in swine. 

Post-PTCA restenotic coronary arteries were immunopositive for SMemb and pPLK1. 
SEV-graft had increased immunopositivity to SMemb and pPLK1 in the neointima. 
There is less immunopositivity to pPLK1 (green) and SMemb (red) expression in 
uninjured coronary artery at low (20x) (A) and high (40x) magnification (B, C, D). The 
immunostaining of pPLK1 (green) and SMemb (red) is noted in restenotic post PTCA- 
coronary arteries (arrows) at low (20x) (E) and high (40x) magnification (F, G, H). 
Similarly, less immunostaining of pPLK1 (green) and SMemb (red) are noted in the 
uninjured SEV shown at low (20x) (I) and high (40x) magnification (J, K, L) compared 
to SEV post CABG, where many cells showed immunopositivity to pPLK1 (green) and 
SMemb (red) at low (20x) (M) and high (40x) (N, O, P) magnification. This is a 
representative of tissue histology in 2-5 individual swine in each experimental group. L: 
lumen, M: medial layer, NI: neointima. Scale bar = 200 µm. 
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3.11.4. Vascular injury, p-Histone H3 and SMemb 

As mentioned earlier, to study the number of cells undergoing mitosis, we 

immunostained the tissue sections of swine with or without angioplasty and bypass 

surgery towards phospho-histone H3 (p-Histone H3) at Ser-10. Phosphorylation at a 

highly conserved serine residue (Ser-10) in the histone H3 tail is considered to be a 

crucial event for the onset of mitosis. There was significantly more immunopositivity 

towards p-Histone H3 and SMemb in the neointima of post-PTCA coronaries and SEV-

grafts (Figure 26). Many cells in the neointima of the injured vessels were 

immunopositive for both p-Histone H3 at Ser-10 and SMemb. This shows that synthetic 

SMCs in the neointima are undergoing mitosis. 
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Figure 26: Double immunofluorescent staining showing immunopositivity to p-Histone 
H3 at Ser-10 and SMemb in thin sections of post-PTCA coronary arteries and SEV-grafts 
than their respective controls. 

Strong immunopositivity to p-Histone H3 was found in the neointima of the post-PTCA 
coronary arteries and in SEV-graft. Many cells in the neointima of the injured vessels 
were immunopositive for both p-Histone H3 and SMemb, especially around the pseudo 
lumen in SEV-graft. There is less immunopositivity to p-Histone (green) and SMemb 
(red) expression in uninjured coronary artery shown at low (20x) (A) and high (40x) 
magnification (B, C, D). The immunostaining of p-Histone (green) and SMemb (red) is 
noted in restenotic post-PTCA coronary arteries (arrows) at low (20x) (E) and high (40x) 
magnification (F, G, H). Similarly, less immunoreactivity to p-Histone (green) and 
SMemb (red) is noted in the uninjured SEV shown at low (20x) (I) and high (40x) 
magnification (J, K, L) compared to SEV post-CABG, where many cells showed 
immunopositivity to p-Histone (green) and SMemb (red) at low (20x) (M) and high (40x) 
(N, O, P) magnification. This is a representative of tissue histology in 2-5 individual 
swine in each experimental group. L: lumen, M: medial layer, NI: neointima. Scale bar = 
200 µm. 
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3.11.5. Vascular injury, SMemb and smooth muscle α-actin 

Immunopositive for SMemb in both post PTCA-coronaries and SEV-graft establishes the 

presence of highly proliferating synthetic-SMCs (Figure 27). High expression of smooth 

muscle α-actin (α-SMA) was found in all the vessels. Immunopositivity to α-SMA and 

SMemb in these lesions confirmed that vascular SMCs were the main cellular component 

of neointimal proliferative lesions. There is higher immunopositivity of SMemb at the 

neointima in post PTCA-coronaries and SEV-grafts than to their uninjured counterparts. 

In PTCA-coronaries, the majority of the cells in the neointima were stained positive for 

SMemb; some of these SMCs also stained positive for α-SMA. However, in the SEV-

grafts, two distinct sets of SMCs were observed, one was immunopositive for SMemb 

and the other was immunopositive for α-SMA. This would mean that not all the SMCs 

are synthetic yet as they expressed their specific contractile marker. A few SMCs around 

the pseudo-lumen showed co-localization of both the markers.  
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Figure 27: Double immunofluorescent staining showing positivity to SM alpha-actin and 
SMemb in tissue sections of uninjured coronary arteries, post-PTCA coronary arteries, 
uninjured SEV and SEV-grafts in swine. 

Higher density of SMemb-immunopositive cells are found at the neointima in post 
PTCA- coronary arteries and SEV-grafts than normal uninjured coronary artery and vein, 
respectively. Strong expression of α-SMA is noted in all the vessels, injured or uninjured. 
Immunoreactivity to of α-SMA (green) and SMemb (red) are noted in uninjured coronary 
artery at low (20x) (A) and high (40x) magnification (B, C, D). Less immunoreactivity to 
α-SMA (green) and increased immunoreactivity to SMemb (red) are found in the 
hyperplastic region post PTCA- coronary arteries (arrows) at low (20x) (E) and high 
(40x) magnification (F, G, H). Similarly, immunopositivity to α-SMA (green) and 
SMemb (red) are observed in the uninjured SEV at low (20x) (I) and high (40x) 
magnification (J, K, L) compared to SEV post CABG, where few cells are 
immunopositive to α-SMA (green) and many cells showed immunopositivity to SMemb 
(red) at low (20x) (M) and high (40x) (N, O, P) magnification. This is a representative of 
tissue histology in 2-5 individual swine in each experimental group. L: lumen, M: medial 
layer, NI: neointima. Scale bar = 200 µm. 
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3.11.6. Vascular injury, IFNγ and SMemb 

A double immunofluorescent staining was performed to examine the immunoreactivity 

towards IFNγ and SMemb. There was more immunopositivity to IFNγ and SMemb in 

post PTCA-coronaries and SEV-grafts (Figure 28). The immunopositivity to IFNγ was 

limited to the neointima of the injured vessel. Most of the SMCs in the neointima of post 

PTCA-coronaries and SEV-grafts co-expressed IFNγ and SMemb.   

 

	

Figure 28: Double immunofluorescent staining showing immunoreactivity to IFN-
gamma and SMemb in tissue sections of post-PTCA coronary arteries and SEV-grafts 
than their respective controls. 

Many cells in the neointima of the injured vessels were immunopositive for both, IFNγ 
and SMemb, especially around the pseudo lumen in SEV-graft. Less immunopositivity to 
IFNγ (green) and SMemb (red) are noted in uninjured coronary artery at low (20x) (A) 
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and high (40x) magnification (B, C, D). Strong immunoreactivity to IFNγ (green) and 
SMemb (red) are found in the hyperplastic region post PTCA- coronary arteries (arrows) 
at low (20x) (E) and high (40x) magnification (F, G, H). Similarly, less immunostaining 
of IFNγ (green) and SMemb (red) is noted in the uninjured SEV at low (20x) (I) and high 
(40x) magnification (J, K, L) compared to SEV post-CABG, where many cells showed 
immunopositivity to IFNγ (green) and SMemb (red) at low (20x) (M) and high (40x) 
(N,O,P) magnification. This is a representative of tissue histology in 2-5 individual swine 
in each experimental group. L: lumen, M: medial layer, NI: neointima. Scale bar = 200 
µm. 
	

3.11.7. Vascular injury, pStat-3 and PLK1 

There was higher expression of pStat-3 and PLK1 in post PTCA-coronary arteries and 

SEV-grafts than the uninjured counterparts (Figure 29). Many SMCs in the neointima of 

the injured vessels showed immunopositivity towards both pStat-3 and PLK1.  
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Figure 29: Double immunofluorescent staining showing immunopositivity to pStat-3 and 
PLK1 in tissue sections of post-PTCA coronary arteries and SEV-grafts than their 
uninjured controls in swine. 

There was more immunopositivity towards pStat-3 and PLK1 in the neointimal region of 
the injured vessels compared to the uninjured vessels. Less immunopositivity to pStat-3 
(green) and PLK1 (red) are noted in uninjured coronary artery at low (20x) (A) and high 
(40x) magnification (B, C, D). Strong immunopositivity to pStat-3 (green) and PLK1 
(red) are found in the hyperplastic region post-PTCA coronary arteries (arrows) at low 
(20x) (E) and high (40x) magnification (F, G, H). Similarly, less immunostaining of 
pStat-3 (green) and PLK1 (red) expression is noted in the uninjured SEV at low (20x) (I) 
and high (40x) magnification (J, K, L) compared to SEV post CABG, where many cells 
showed immunopositivity to pStat-3 (green) and PLK1 (red) at low (20x) (M) and high 
(40x) (N,O,P) magnification. This is a representative of tissue histology in 2-5 individual 
swine in each experimental group. L: lumen, M: medial layer, NI: neointima. Scale bar = 
200 µm. 
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4. DISCUSSION: 

The frequently performed surgical method CABG was demonstrated to improve event-

free survival compared to PTCA based on early-, mid-, and long-term results [476]. In 

the beginning of 1964, Vasilii Kolesov was the first to anastomose IMA to LAD. Later 

that year Michael DeBakey performed a saphenous vein aorta-coronary bypass [477, 

478]. Over the years, this surgical procedure constantly improved with low perioperative 

mortality rates and relatively low complication rates [479]. As mentioned earlier in the 

introduction the commonly used SVG has lower patency rate than the IMA graft [480]. 

Data from coronary artery surgery study (CASS) showed that after undergoing CABG, 

the patency of SVG from 89% in the first year drops to 61% after 10 years unlike IMA, 

which still have 85% patency after 10 years [481-483]. Vein graft failure rate is 

influenced by thrombosis (early failure) and intimal hyperplasia followed by 

atherosclerosis (late failure) [400]. Endothelial dysfunction and oxidative stress damage 

followed by CABG contributes to persisting systemic inflammatory response [484, 485]. 

Elaboration of multiple mitogens at the site of the vein-graft injury stimulates 

proliferation and migration of matured and non-proliferative medial SMCs [486]. We are 

the first to document a possible pro-proliferative role of PLK1 in the pathology of IH 

development resulting in vein graft failure post CABG. Inhibition of PLK1 expression or 

phosphorylation in SMCs attenuated SMC proliferation in vein and artery cell culture. 

 

In this study, we compared the role of mitotic kinase PLK1 in SV-SMCs and IMA-SMCs 

and focused on its relationship with major cell cycle regulators such as CDK1 and 
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Histone H3 that play a critical role in the development of IH in coronary arteries 

following intervention and in vein graft post-CABG.  

 

An extensive volume of literature cites the association of PLK1 with G2-M transition and 

mitosis in numerous cancer conditions [230, 234, 236-238, 248, 281]. In 2012, Shan and 

colleagues [239] reported that inhibition of the PLK1 upstream kinase, Aurora A, in 

leiomyosarcoma, a neoplastic lesion involving SMCs of the uterine myometrium, 

decreased the proliferation and induced apoptosis in these malignant cells. Therefore, it is 

plausible that an association between phenotypically altered VSMCs and PLK1 also 

exists in hyperplastic cells found in non-neoplastic pathologies such as IH. In this study, 

first I isolated the SMCs from human SV- and IMA then examined the expression of α-

SMA and SM-MHC (Figure 11). Once these cells were stained positive for VSMCs 

phenotypic markers, they were used for in vitro experiments to understand the 

pathophysiology of vein-graft disease. First, we conducted an experiment to study the 

basal level expression of PLK1 and pPLK1 in isolated SV- and IMA-SMCs. SMCs 

isolated from SV and IMA of the same patients undergoing CABG were immunoblotted 

using antibody to PLK1 and pPLK1. Result from this experiment proved that PLK1 and 

pPLK1 are present in VSMCs, and at the basal level the expression and phosphorylation 

of PLK1 is higher in vein than artery (Figure 12 A and B). To the best of our knowledge, 

this is the first study to detect the presence of total and phosphorylated PLK1 protein in 

VSMCs (Figure 12 A and B). It is possible that higher phosphorylation and expression of 

PLK1 at basal level in venous SMCs may contribute towards the increased propensity of 

SV-SMCs to undergo greater proliferation than IMA-SMCs in the presence of multiple 
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growth factors at the site of injury due to surgery. To further understand the role of PLK1 

in pathophysiology of vein-graft failure post CABG, we used the VSMC proliferation 

stimulant PDGF-BB to study if it has any effect on PLK1 expression and phosphorylation 

in SV- and IMA-SMCs [181]. From here, all the experiments were performed with SV- 

and IMA-SMCs isolated from different patients with their respective control. Results 

from our study showed that 10 ng/ml of PDGF-BB induced the expression of PLK1 

protein at 6 and 10 hrs in SV- and IMA-SMCs (Figure 13). This documented the effect of 

PDGF on the expression of PLK1 in SV- and IMA-SMCs. We were then curious to study 

the effect of PDGF-stimulation on activation of PLK1 in vein and artery. Catalytic 

activation of PLK1 requires phosphorylation of its conserved threonine residue (Thr 210) 

in its T-loop [487]. In SV- and IMA-SMCs, PDGF-stimulated phosphorylation of PLK1 

at 10 hrs (Figure 14). Phosphorylation on Thr 210 is a prerequisite for PLK1 to promote 

mitotic entry; taken together this data suggests – 1) PLK1 and pPLK1 are present in 

VSMC, 2) at basal level, SV-SMCs have greater expression and phosphorylation of 

PLK1 than IMA-SMCs and 3) PDGF-induced expression and phosphorylation of PLK1 

in VSMCs. From these results it is conceivable that PLK1 may play a crucial role in 

excessive proliferation of VSMCs and may contribute in the pathophysiology of vein-

graft disease (Figures 12, 13 and 14). 

 

Since PDGF-induced the expression of PLK1 protein in VSMCs, next we wanted to 

detect PDGF-induced mRNA transcript level. A gene is transcriptionally regulated to 

produce mRNA [488], which then undergoes posttranscriptional [489], posttranslational 

[490] and degradative regulation [491] to finally express proteins at a preferred level. 
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Transcription, translation and degradation are mostly coupled and may often regulate 

each other through feedback loops. It is important to understand such interactions, as they 

are essential to comprehend the level of a protein. Real-time PCR was conducted with SV 

and IMA-SMCs after stimulation with PDGF-BB for 1, 4 and 8 hrs. An increase in PLK1 

mRNA expression in SV-SMCs was observed only at 1 hr, which steadily falls as the 

time of stimulation increases. Similarly, increased PLK1 mRNA expression in IMA-

SMCs was detected at 1 hr followed by return to control level. Taken together PDGF-

induces PLK1 mRNA transcript expression both in SV- and IMA-SMCs (Figure 15).  

 

A growing body of research suggests that higher PLK1 expression and activity in various 

cancer patients correlates with significantly poorer rate of survival [492]. This suggests 

that the level of PLK1 expression or activity serves as a prognostic marker for many 

types of malignancies [237]. Since PLK1 activity is correlated with cell proliferation, we 

wanted to examine the effect of inhibition of PLK1 activity on VSMC proliferation. We 

chose a potent and highly selective ATP-competitive PLK1 inhibitor, BI2536 with a half-

maximal inhibitory concentration (IC50) of 0.83 nM for our next set of experiments 

[330]. A narrow concentration range of 10–100 nM of BI2536 was found to be sufficient 

for PLK1 inhibition, further supports the specificity of this inhibitor [330]. Studies 

confirmed that a concentration of 100 nM of BI 2536 was typically sufficient for 

inducing a complete mitotic arrest in HeLa cells [493]. Currently the effects of BI2536 as 

a monotherapy or combination therapy in cancer patients are been evaluated in clinical 

trials [494]. In line with this notion, we initially extended the usage of 100 nM of BI2536 

to confirm the inhibition of phosphorylation of PLK1 in VSMCs. We observed that 2 hrs 
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treatments with 100nM BI2536 blocked PDGF-induced phosphorylation of PLK1 at 10 

hrs in both SV- and IMA-SMCs (Figure 16). Next, we tested the effect of PLK1 

inactivation on PDGF-induced VSMC proliferation by cell count. We found that PDGF 

induced the proliferation of SMCs in SV and in IMA at 48 hrs. But, BI2536 inhibited the 

effect of PDGF-induced SMC proliferation in SV and IMA [330, 495, 496] (Figure 19). 

Although in this cell count method to quantify PDGF-induced proliferation of SMCs, the 

proliferation upon stimulation with the mitogen in SV and IMA was similar. Therefore, 

mitogens may elicit the activation of PLK1, and anti-mitotic kinase drugs could be useful 

in the treatment of intimal hyperplasia and restenosis following interventional 

procedures. 

 

PLK1 is a multifunctional protein in cancer biology that is involved in various mitotic 

processes across eukaryotic species [497]. In normal cells, PLK1 expression and activity 

is strictly regulated and peaks at G2–M transition, plateaus throughout mitosis, and has a 

sharp reduction by proteosomal degradation upon mitotic exit [498]. We tested the effect 

of PDGF on p-Histone H3 with or without the PLK1 inhibitor and siRNA in SV- and 

IMA-SMCs focusing on the regulatory activity of PLK1 (Figures 18 and 22 C, D). 

Phosphorylation at a highly conserved serine residue (Ser-10) in the histone H3 tail is 

considered to be a crucial event for the onset of mitosis [470-472]. Phosphorylation of 

histone molecules are an absolute requirement for the conversion of relaxed interphase 

chromatin to mitotic condensed chromosomes, which is essential for the subsequent cell 

division [470-472]. Phosphorylation of histone H3 has been characterized as a marker for 

mitotic cells in cell cycle progression [470, 471]. We wanted to study the time at which 
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PDGF-stimulates the SMCs from the vein and artery to undergo mitosis, which could be 

established by increased phosphorylation of histone H3. We demonstrated that treatment 

with 10 ng/ml of PDGF-BB induced phosphorylation of histone H3 at 36 hrs in SV-

SMCs. In case of IMA-SMCs, the same concentration of PDGF induced phosphorylation 

of histone H3 at 36 and 48 hrs (Figure 17). Next, we investigated the effect of PLK1 

inhibitor BI2536 on PDGF-induced phosphorylation of histone H3 in SV- and IMA-

SMCs (Figure 18). We showed that PLK1 inhibitor abolished PDGF-induced 

phosphorylation of histone H3 in SMCs from SV and IMA (Figures 18 A and B). This 

demonstrates that mitotic marker p-Histone H3 is positively regulated by PLK1 and 

inhibition of PLK1 inhibits the phosphorylation of histone thus inhibiting VSMCs from 

undergoing mitosis upon PDGF stimulation. This result co-relates with our cell 

proliferation data and states that inhibition of PLK1 inhibits VSMCs from undergoing 

mitosis or proliferation. 

 

So far for all our experiments, we have used ATP-competitive PLK1 inhibitor, next we 

wanted to interfere with expression of PLK1 protein. In next couple of experiments we 

have used PLK1-specific siRNA and scrambled siRNA. In order to confirm the 

efficiency of PLK1-specific siRNA, we studied the effect of PDGF on PLK1 expression 

in both SMCs treated with PLK1-specific and scrambled siRNA. We found gene 

silencing of PLK1 resulted in the abolition of mitogen-mediated expression of PLK1 

protein in VSMCs (Figure 22 A and B). We then examined the effect of PLK1-gene 

silencing on the mitotic marker p-Histone H3 in VSMCs. SMCs transfected with PLK1-

specific siRNA showed reduced phosphorylation of mitotic marker histone H3 (Figures 
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22 C and D). These findings further confirm potent anti-proliferative effect of clinically 

relevant PLK1 inhibitor, BI2536 in PDGF-induced mitotic progression in VSMCs. These 

observations support the concept that PLK1 is a critical regulator of cell cycle and hence 

widen our understanding of the role of PLK1 in VSMCs.  

 

The process of DNA doubling (S phase) and distribution (mitosis) are separated by G1 

and G2 phases, respectively [499]. Beyond the two R-points (G1 and G2), cells are 

committed to further progress through the cell cycle, independent of extracellular stimuli 

[500-502]. At G1 R-point, p27KIP1, Rb, PTEN proteins are down regulated in mitogen 

stimulated VSMCs increasing the transcription and stabilization of cyclin D that 

contributes to the development of IH [127, 224, 503]. However, the second restriction 

site in the cell cycle, G2 R-point can also prevent proliferation of the cells [225].  In 

excessively proliferating cancer cells, pPLK1 controls the G2/M phase transition activity 

of CDK1/Cyclin B1 complex by phosphorylating and activating CDK1 at Ser198 [228, 

257]. Injection of anti-PLK1 antibodies in HeLa cells mitotically arrested the cells [228-

233]. To further understand the role of PLK1 in regulating mitotic progression in 

VSMCs, we studied the effect of PLK1 inhibition on the regulatory activity of its 

downstream cell-cycle controller and master mitotic kinase CDC2/CDK1 in the 

progression of G2-M phase in VSMCs. First in this study, we established the time at 

which PDGF-BB stimulates phosphorylation of a highly conserved threonine residue of 

CDC2/CDK1 (Figure 20). For promoting mitosis CDK1 needs to be activated by 

undergoing phosphorylation at Ser198, a residue on its T-loop. In excessively 

proliferating cancer cells, PLK1 positively regulates CDK1-activity through direct 
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phosphorylation and inhibition of Wee1, which inactivates CDK1. We observed that 

PDGF stimulated phosphorylation of CDK1 at 20 hrs and 22 hrs, respectively in SV- and 

IMA-SMCs (Figure 20 A and B). We then were curious to know if blocking of PLK1 

would also inhibit phosphorylation of CDK1 at Ser198. We found that in VSMCs, PLK1 

blocker BI2536, completely blocked the phosphorylation of CDK1 at Ser198 when 

stimulated with PDGF (Figure 21 A and B). This suggests that there is a temporally 

increased PDGF-BB-induced activation of the pPLK1-pCDK1 pathway in both venous 

and arterial SMCs (Figure 21 A and B). Therefore, in SMCs, PLK1 positively regulate 

CDK1-activity by directly phosphorylating it at Ser198, which then plays a key role in 

regulating the mitotic progression of VSMCs. It is apparent that pPLK1-pCDK1-phistone 

H3 axis plays an important role in the proliferation of SMCs. Further studies are 

warranted to examine the effect of other inflammatory cytokines on PLK1 mediated 

proliferation. 

 

We are the first to report PLK1 expression and phosphorylation in SV- and IMA-SMCs. 

We are the first to demonstrate the positive regulatory role of PLK1 on phosphorylation 

of CDK at Ser198 in VSMCs. To the best of our knowledge, this is the first report to 

connect PLK1 and highly proliferating SMC in SV- and IMA. Results from this study 

showed clinically relevant ATP-competitive PLK1 inhibitor BI2536 and PLK1-specific 

siRNA attenuated PLK1 phosphorylation and expression in VSMC thus inhibiting cell 

proliferation. In short, we showed that PLK1 positively regulates the phosphorylation of 

CDK1 and histone H3 and that is how it regulates the proliferation of VSMCs. Hence, we 

have established PLK1 may play a critical role in VSMC proliferation. Further studies are 
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warranted to elucidate and dissect cellular and molecular mechanisms underlying 

expression and phosphorylation of PLK1 in SV and IMA. Kinases and phosphatases 

might play a critical role in regulating the expression and phosphorylation of PLK1 in SV 

and IMA. Based on the information derived from this study one could hypothesize that 

inhibition of PLK1 activity could inhibit VSMC mitosis and hence delay neointima 

formation/venous graft failure. Thus the G2-R-point in the cell cycle may provide a 

promising target for therapeutic intervention should the G1-R-point mechanism fail. 

 

Next, we wanted to know if PLK1 is expressed and phosphorylated in a clinically 

relevant model. So we used swine model to study its expression and phosphorylation in 

the injured blood vessels following PTCA and CABG. Swine have similar anatomic and 

physiologic characteristics to humans, which makes swine a suitable model to study 

translational research and surgical procedure. The swine heart is almost identical to 

human [324]. Swine have 90% similarity in the blood supply to the coronary arteries and 

conduction system to that of the humans. All these reasons together make swine model 

widely acceptable as an ideal animal model to study fibroproliferative vascular diseases 

that involves an interventional procedure or surgery [504, 505]. In this part of the study 

we have demonstrated for the first time an increased number of cells showing 

immunopositivity to PLK1 and pPLK1 in SMCs present in the hyperplastic zone in 

vessels exposed to post-therapeutic intervention (Figure 24 and 25). Restenosis after 

percutaneous coronary intervention, and vein graft failure post CABG, are chronic 

pathological conditions that proceed to obstructive vascular lesions with time. Mitogenic 
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stimuli released at the site of the injury elicit different signaling pathways, but all finally 

converge at the cell cycle of the proliferating medial smooth muscle cells.  

 

First, we wanted to know if the swine that underwent surgery or intervention have 

developed intimal thickening. Neointimal thickening was observed in arteries post-PTCA 

and SEV-grafts (Figure 23). We were then curious to know if these cells in the neointima 

of the injured vessels are immunopositive for PLK1 and pPLK1. We performed double 

immunofluorescent staining of the tissue sections for PLK1 or pPLK1 and proliferative-

SMC marker SMemb. We documented an increase in the number of PLK1- positive (+) 

cells in the neointima of restenotic coronary arteries, post balloon angioplasty and in SEV 

grafts post CABG. Many of the SMCs in the neointimal region were positive for PLK1, 

were also immunopositive for SMC synthetic marker SMemb (Figure 24). PLK1 

undergoes phosphorylation at Thr-210 and becomes catalytically active. We showed the 

co-distribution of both pPLK1 and SMemb in the hyperplastic region of coronary arteries 

and SEVs post intervention or surgery (Figure 25). Neointimal-SMCs in the injured 

vessels were immunopositive for pPLK1. Increased expression of SMemb was not only 

noted in the neointima but also in the medial layer of the occluded vessel. These results 

indicate that the proliferative SMCs in the neointima were over expressing PLK1. In the 

post CABG SEV-graft tissue-sections, we found a group of cells in the hyperplastic zone 

that showed immunopositivity for SMemb, PLK1 and pPLK1 (Figures 24 and 25). These 

results reveal a strong association between vascular injury and pro-proliferative mitotic 

kinase PLK1 expression and phosphorylation in post PTCA coronary arteries and SEV-

grafts.  The potential ability of SMCs to replicate under mitogenic stimuli could occur 
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through the loss of negative growth regulators and/or to the overexpression of pro-

proliferative proteins [146].   

 

In the neointimal region, we observed immunopositivity to p-Histone H3 at Ser-10 that 

correlates with the cells undergoing mitosis. Increased in the number of the p-Histone-

positive SMCs were noted in balloon-injured coronaries and SEV grafts. The expression 

of p-Histone was limited only to the neointima and many of these cells also co-expressed 

SMC-synthetic marker SMemb (Figure 26). This may be due to the high proliferative 

nature of the synthetic SMCs. As mentioned above many of these highly proliferative 

cells in the neointima were also positive for PLK1 and pPLK1 (Figures 24 and 25). To 

the best of our knowledge, this is the first study to demonstrate increased 

immunopositivity to PLK1, pPLK1, p-Histone H3 and SMC-synthetic marker SMemb in 

the neointima after vascular injury (Figures 24, 25 and 26). 

 

Next, we wanted to know if these are contractile SMCs expressing the contractile SMC 

marker, α-SMA. Strong immunopositivity to α-SMA was observed in all the vessels, 

injured or uninjured, but cells in the neointima were mostly positive for SMemb and 

expressed less α-SMA. In post PTCA-coronary arteries, many cells in the neointima were 

immunopositive to both, α-SMA and SMemb, however, in the SEV grafts two distinct 

sets of cells were found to be positive to α-SMA and SMemb. The difference in α-SMA 

and SMemb expression in post-PTCA coronary and SEV-graft may be due to the higher 

rate of phenotypic transformation of medial VSMCs in post-CABG venous grafts, than 

the post-PTCA coronary arteries. Venous grafts are more sensitive to shear stress than 
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coronary arteries and this would explain the more pronounced IH in the venous grafts 

than in the post-PTCA coronary arteries (Figure 27). 

 

Increased number of immunopositive cells to IFN-γ and pStat-3 were observed in the 

neointima of both, post-PTCA coronary arteries and SEV-grafts (Figures 28 and 29). 

IFN-γ was expressed along with SMemb in the neointima of the vessels (Figure 28). This 

might indicate that synthetic SMCs are one of the cellular sources of IFN-γ. Many 

phosphorylated Stat-3 positive cells were also immunopositive for PLK1. IFN-γ can 

induce phosphorylation of stat-3 which in-turn can initiate transcription of protein PLK1 

[148, 220, 221, 506, 507] (Figure 29). We found elevated SMemb, p-Histone H3, PLK1, 

pPLK1, IFN-γ and pStat-3 in the neointima of post-PTCA coronary arteries and SEV-

grafts. This suggests that each of these markers/proteins may have played a critical role in 

the formation of the intimal hyperplasia post vascular injury.  

 

Cardiovascular disease is the leading global cause of death, claiming 17.3 million deaths 

per year. Of these, 7.4 million people died of CAD [1, 508]. Existing treatment 

approaches and surgical intervention are still unable to effectively manage this CAD. 

CABG is recommended over medical therapy or PCI for a long-term event free survival 

in obstructive CAD patients [509]. However, the most commonly used venous graft has 

as high as up to 25% failure rate in the first 12 to 18 months. Therefore, efforts are 

ongoing to explore novel targets and strategies for the management of long term venous 

graft patency [510]. An in-depth understanding of the key pathways that may lead to 
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excessive cellular proliferation resulting in the development of intimal hyperplasia may 

provide the basis for novel therapeutic strategies against vein graft failure [146, 511].  

 

With this in mind we teased out PLK1, an established proliferation marker in highly 

proliferating cancer cells, to understand its role in proliferation of VSMCs. In this study 

we showed that targeting PLK1 may have therapeutic potential for the prevention of 

excessive proliferation of VSMCs. Our in vivo data supports our in vitro data and 

suggests that PLK1 may play a critical role in pathogenic remodeling of vein-graft and in 

post-PTCA restenosis. Our in vivo data showed PTCA and CABG injures the vascular 

wall causing VSMC metaplasia. Bypass surgery or angioplasty increases the number of 

SMCs expressing PLK1 and pPLK1. This suggests that CABG or PCI associated injury 

might itself be a stimulus to the upregulation and phosphorylation of PLK1 resulting in 

high proliferation in the grafts or in post-PTCA coronary arteries [465].  

 

Inflammatory response and VSMC proliferation are the two major underlying processes 

in restenosis development. After coronary intervention or grafting, there is an 

inflammatory response in injured vessels associated with increased expression of 

synthetic or proliferative SMC-marker. IFN-γ, an inflammatory cytokine is a key 

regulator of the development of restenosis. IFN-γ was mostly associated with SMemb in 

the neointima of the injured vessels in swine. α-SMA and SMemb were found in the 

injured vessels, confirming that vascular SMCs were the main cellular component of 

neointimal proliferative lesions. However, synthetic SMC-marker SMemb occured only 

in the injured vessels and not in the uninjured counterparts, suggesting a phenotypic shift 
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of SMCs to the synthetic phenotype due to the injury during intervention or surgery 

leading to restenosis development. Immunopositivity to p-Histone H3 in the neointimal 

proliferative lesions in injured vessels confirms that most of the SMCs are in mitotic 

phase of the cell cycle. The cells are also positive for PLK, pPLK and IFN- γ, whereas in 

the uninjured vessels, contractile SMCs showed no immunopositivity to p-Histone H3, 

PLK, pPLK and IFN- γ, suggesting that those SMCs are not proliferating. 

 

In accordance with this in vivo data, in vitro we found that when stimulated with PDGF-

BB, VSMCs have increased phosphorylation of histone H3. Clinically relevant ATP 

competitive inhibitor of PLK1 not only completely blocked its phosphorylation but also 

inhibited the phosphorylation of histone H3 indicating that PLK1 activity may be an 

important pathway for the progression of mitosis in VSMCs. To the best of our 

knowledge, ours is the first study to show that PLK1 plays a critical role in the SMC-

proliferation in the venous graft post CABG and in coronary artery post PTCA [465].  

 

My study showed increased pStat-3 after balloon injury to coronary artery and in venous 

graft post CABG. Other studies found that IFN- γ can mediate phosphorylation of the 

transcription factor Stat-3, which can activate the transcription of PLK1 in cancer cells 

[281, 507]. Hence, increased expression of IFN- γ may also lead to phosphorylation of 

Stat-3 and activate the transcription of PLK1 in VSMCs post injury. My in vitro data in 

VSMCs indicates that inhibition of PLK1 also blocks the phosphorylation of master 

mitotic kinase CDK1 in VSMC stimulated with PDGF-BB. This suggests that PLK1 

activity is important for the onset of mitosis in the model.  
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Based on the information derived from this study one could hypothesize that PLK1 can 

be a new drug target for developing clinical therapies against neointimal hyperplasia 

characterized by VSMCs proliferation. Many PLK1 inhibitors are currently in different 

phases of clinical trials against cancer. A few of them, such as BI2516, BI6727 and 

TKM080301, have reached second phase of the trial and are showing promising 

therapeutic value. These inhibitors can also be used in clinical trials for the management 

of VSMC-mediated IH that restricts the blood flow to the heart. Gene therapy in clinical 

trials is another worthwhile option. Gene therapy aimed at PLK1 or the pharmacological 

inhibitors of PLK1 may be developed for the treatment/management of IH in vein-graft 

disease.  

 

4.1. CONCLUSION 

In summary, early occlusion of the venous graft is a major clinical problem. Venous graft 

has a lower rate of patency than arterial grafts due to intimal hyperplasia. SV-graft when 

exposed to increased hemodynamic stress undergoes arterialization that upregulates the 

expression of growth factors and cytokines resulting in cell cycle progression leading to 

SMC proliferation. Therefore, it is important to understand the pathophysiology of the 

process of intimal hyperplasia and the key molecules involved. In our in vitro study, at 

basal level we demonstrated greater expression and phosphorylation of PLK1 in SV-

SMCs than IMA-SMCs. PDGF induced the PLK1 expression and phosphorylation in SV 

and IMA-SMCs. Inhibition of PLK1 either with BI2536 or siRNA in SV- and IMA-

SMCs blocked the phosphorylation of mitotic marker histone H3 and master mitotic 

kinase CDK1 thus resulting in inhibiting proliferation of VSMCs. Therefore, pPLK1-
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pCDK1-p-Histone H3 could be one of the mechanisms for the development of intimal 

hyperplasia in SV bypass grafts. These results demonstrated PLK1 is a pro-proliferative 

protein, inhibition of which blocks mitotic progression of VSMCs. Again in our in vivo 

study we found an increased number of cells in the neointima showing immunopositivity 

to PLK1 and pPLK1 in coronary artery post-PTCA and in SEV-graft post-CABG. 

Moreover, these cells in the neointima expressed synthetic-SMC marker SMemb. These 

findings suggest that highly proliferative SMCs in the IH express PLK, which is activated 

by phosphorylation. Therefore, we can say that injury caused by therapeutic interventions 

such as PTCA or CABG induces SMCs to proliferate resulting in the development of 

neointima. These highly proliferating SMCs have higher expression of PLK1 and pPLK1. 

In vivo data in swine model supports my in vitro data showing that PLK1 is expressed by 

VSMCs present at the site of hyperplastic intima of the injured vessels. These findings 

suggest that inhibition of PLK1 activity in SV-SMCs might help in reducing restenotic 

lesion development post-CABG. Further in vivo studies are needed to confirm that the 

ability of synthetic SMCs to replicate under mitogenic stimuli is due to the activity of 

PLK1, a positive growth regulator. In our present study, we identified PLK1 as a 

potential contributory factor in VSMC proliferation post-surgery or intervention. 

 

Understanding the underlying molecular mechanism involving the regulatory enzyme 

PLK1 at the second restriction site G2 R-point in the cell cycle may prevent proliferation 

of the cells, which have lost proper G1/S control [225]. Based on the above discussion it 

is conceivable that PLK1 may be a new drug target for developing clinical therapies 

against neointimal hyperplasia characterized by VSMCs proliferation. Gene therapeutic 
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approaches targeting PLK1 or the pharmacological inhibitors of PLK1 may be used for 

the management of VSMCs-mediated early-occlusion of vein-graft. Moreover, inhibition	

of	PLK1	diminishes	the	viability	of	highly	proliferating	cancer	cells	without	affecting	

the	viability	of	normal	cells.	

 

4.2. Future Direction 

To the best of our knowledge, this is the first study to demonstrate the presence of PLK1 

and pPLK1 in VSMCs. This is the first report to connect PLK1 and highly proliferating 

SMCs in vein and artery. This study should pave the way for further in vivo studies 

involving targeting PLK1 to inhibit stenosis in arteries and vein. It will be interesting to 

study the various kinases and phosphatases that regulate the function of PLK1 in VSMCs. 

  

 

 

 

 

 

 

 

 

 

 

 



								 123			
	

 

 

 

 

 

 

 

Chapter 5 

Bibliography 

 

 

 

 

 

 

 

 

 

 



								 124	 		
	

5. BIBLIOGRAPHY 

 References 

1. Laslett LJ, Alagona P, Jr., Clark BA, 3rd, Drozda JP, Jr., Saldivar F, Wilson SR, 

et al. The worldwide environment of cardiovascular disease: prevalence, diagnosis, 

therapy, and policy issues: a report from the American College of Cardiology. Journal of 

the American College of Cardiology. 2012; 60(25 Suppl):S1-49. doi: 

10.1016/j.jacc.2012.11.002. PMID: 23257320. 

2. Mortality GBD, Causes of Death C. Global, regional, and national age-sex 

specific all-cause and cause-specific mortality for 240 causes of death, 1990-2013: a 

systematic analysis for the Global Burden of Disease Study 2013. Lancet. 2015; 

385(9963):117-71. doi: 10.1016/S0140-6736(14)61682-2. PMID: 25530442; PMCID: 

PMC4340604. 

3. Roth GA, Huffman MD, Moran AE, Feigin V, Mensah GA, Naghavi M, et al. 

Global and regional patterns in cardiovascular mortality from 1990 to 2013. Circulation. 

2015; 132(17):1667-78. doi: 10.1161/CIRCULATIONAHA.114.008720. PMID: 

26503749. 

4. Faxon DP, Fuster V, Libby P, Beckman JA, Hiatt WR, Thompson RW, et al. 

Atherosclerotic Vascular Disease Conference: Writing Group III: pathophysiology. 

Circulation. 2004; 109(21):2617-25. doi: 10.1161/01.CIR.0000128520.37674.EF. PMID: 

15173044. 

5. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the 

biology of atherosclerosis. Nature. 2011; 473(7347):317-25. doi: 10.1038/nature10146. 

PMID: 21593864. 



								 125			
	

6. Davies MJ, Woolf N, Rowles PM, Pepper J. Morphology of the endothelium over 

atherosclerotic plaques in human coronary arteries. British heart journal. 1988; 

60(6):459-64. PMID: 3066389; PMCID: PMC1224883. 

7. Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T, et al. Hematopoietic 

stem cells differentiate into vascular cells that participate in the pathogenesis of 

atherosclerosis. Nature medicine. 2002; 8(4):403-9. doi: 10.1038/nm0402-403. PMID: 

11927948. 

8. Kockx MM, De Meyer GR, Muhring J, Jacob W, Bult H, Herman AG. Apoptosis 

and related proteins in different stages of human atherosclerotic plaques. Circulation. 

1998; 97(23):2307-15. PMID: 9639374. 

9. Kitta Y, Obata JE, Nakamura T, Hirano M, Kodama Y, Fujioka D, et al. 

Persistent impairment of endothelial vasomotor function has a negative impact on 

outcome in patients with coronary artery disease. Journal of the American College of 

Cardiology. 2009; 53(4):323-30. doi: 10.1016/j.jacc.2008.08.074. PMID: 19161880. 

10. Young JL, Libby P, Schonbeck U. Cytokines in the pathogenesis of 

atherosclerosis. Thrombosis and haemostasis. 2002; 88(4):554-67. doi: 

10.1267/th02100554. PMID: 12362224. 

11. Alderman EL, Kip KE, Whitlow PL, Bashore T, Fortin D, Bourassa MG, et al. 

Native coronary disease progression exceeds failed revascularization as cause of angina 

after five years in the Bypass Angioplasty Revascularization Investigation (BARI). 

Journal of the American College of Cardiology. 2004; 44(4):766-74. doi: 

10.1016/j.jacc.2004.05.041. PMID: 15312856. 



								 126	 		
	

12. Yusuf S, Zucker D, Peduzzi P, Fisher LD, Takaro T, Kennedy JW, et al. Effect of 

coronary artery bypass graft surgery on survival: overview of 10-year results from 

randomised trials by the Coronary Artery Bypass Graft Surgery Trialists Collaboration. 

Lancet. 1994; 344(8922):563-70. PMID: 7914958. 

13. Eleven-year survival in the Veterans Administration randomized trial of coronary 

bypass surgery for stable angina. The Veterans Administration Coronary Artery Bypass 

Surgery Cooperative Study Group. The New England journal of medicine. 1984; 

311(21):1333-9. doi: 10.1056/NEJM198411223112102. PMID: 6333636. 

14. Myers WO, Schaff HV, Gersh BJ, Fisher LD, Kosinski AS, Mock MB, et al. 

Improved survival of surgically treated patients with triple vessel coronary artery disease 

and severe angina pectoris. A report from the Coronary Artery Surgery Study (CASS) 

registry. The Journal of thoracic and cardiovascular surgery. 1989; 97(4):487-95. PMID: 

2648078. 

15. Passamani E, Davis KB, Gillespie MJ, Killip T. A randomized trial of coronary 

artery bypass surgery. Survival of patients with a low ejection fraction. The New England 

journal of medicine. 1985; 312(26):1665-71. doi: 10.1056/NEJM198506273122603. 

PMID: 3873614. 

16. Alderman EL, Bourassa MG, Cohen LS, Davis KB, Kaiser GG, Killip T, et al. 

Ten-year follow-up of survival and myocardial infarction in the randomized Coronary 

Artery Surgery Study. Circulation. 1990; 82(5):1629-46. PMID: 2225367. 

17. Hillis LD, Smith PK, Anderson JL, Bittl JA, Bridges CR, Byrne JG, et al. 2011 

ACCF/AHA Guideline for Coronary Artery Bypass Graft Surgery: executive summary: a 

report of the American College of Cardiology Foundation/American Heart Association 



								 127			
	

Task Force on Practice Guidelines. Circulation. 2011; 124(23):2610-42. doi: 

10.1161/CIR.0b013e31823b5fee. PMID: 22064600. 

18. Higgins TL, Estafanous FG, Loop FD, Beck GJ, Blum JM, Paranandi L. 

Stratification of morbidity and mortality outcome by preoperative risk factors in coronary 

artery bypass patients. A clinical severity score. Jama. 1992; 267(17):2344-8. PMID: 

1564774. 

19. Barzilay JI, Kronmal RA, Bittner V, Eaker E, Evans C, Foster ED. Coronary 

artery disease and coronary artery bypass grafting in diabetic patients aged > or = 65 

years (report from the Coronary Artery Surgery Study [CASS] Registry). The American 

journal of cardiology. 1994; 74(4):334-9. PMID: 8059694. 

20. Hammoud T, Tanguay JF, Bourassa MG. Management of coronary artery disease: 

therapeutic options in patients with diabetes. Journal of the American College of 

Cardiology. 2000; 36(2):355-65. PMID: 10933343. 

21. Eagle KA, Guyton RA, Davidoff R, Ewy GA, Fonger J, Gardner TJ, et al. 

ACC/AHA guidelines for coronary artery bypass graft surgery: executive summary and 

recommendations : A report of the American College of Cardiology/American Heart 

Association Task Force on Practice Guidelines (Committee to revise the 1991 guidelines 

for coronary artery bypass graft surgery). Circulation. 1999; 100(13):1464-80. PMID: 

10500052. 

22. Yau TM, Fedak PW, Weisel RD, Teng C, Ivanov J. Predictors of operative risk 

for coronary bypass operations in patients with left ventricular dysfunction. The Journal 

of thoracic and cardiovascular surgery. 1999; 118(6):1006-13. doi: 10.1016/S0022-

5223(99)70094-2. PMID: 10595971. 



								 128	 		
	

23. Hillis LD, Smith PK, Anderson JL, Bittl JA, Bridges CR, Byrne JG, et al. 2011 

ACCF/AHA guideline for coronary artery bypass graft surgery: executive summary: a 

report of the American College of Cardiology Foundation/American Heart Association 

Task Force on Practice Guidelines. The Journal of thoracic and cardiovascular surgery. 

2012; 143(1):4-34. doi: 10.1016/j.jtcvs.2011.10.015. PMID: 22172748. 

24. Zapolanski A, Rosenblum J, Myler RK, Shaw RE, Stertzer SH, Millhouse FG, et 

al. Emergency coronary artery bypass surgery following failed balloon angioplasty: role 

of the internal mammary artery graft. Journal of cardiac surgery. 1991; 6(4):439-48. 

PMID: 1815767. 

25. Craver JM, Weintraub WS, Jones EL, Guyton RA, Hatcher CR, Jr. Emergency 

coronary artery bypass surgery for failed percutaneous coronary angioplasty. A 10-year 

experience. Annals of surgery. 1992; 215(5):425-33; discussion 33-4. PMID: 1616379; 

PMCID: PMC1242467. 

26. Buffet P, Danchin N, Villemot JP, Amrein D, Ethevenot G, Juilliere Y, et al. 

Early and long-term outcome after emergency coronary artery bypass surgery after failed 

coronary angioplasty. Circulation. 1991; 84(5 Suppl):III254-9. PMID: 1934417. 

27. Carrel A. VIII. On the Experimental Surgery of the Thoracic Aorta and Heart. 

Annals of surgery. 1910; 52(1):83-95. PMID: 17862563; PMCID: PMC1406028. 

28. Bello SO, Peng EW, Sarkar PK. Conduits for coronary artery bypass surgery: the 

quest for second best. Journal of cardiovascular medicine. 2011; 12(6):411-21. doi: 

10.2459/JCM.0b013e328345a20d. PMID: 21430545. 



								 129			
	

29. Lee MS, Park SJ, Kandzari DE, Kirtane AJ, Fearon WF, Brilakis ES, et al. 

Saphenous vein graft intervention. JACC Cardiovascular interventions. 2011; 4(8):831-

43. doi: 10.1016/j.jcin.2011.05.014. PMID: 21851895. 

30. Stefanov G, Cheshmedzhiev M, Andreev A, Denchev B, Bachvarov C, Yordanov 

M, et al. Arterialized cephalic vein as a femoropopliteal bypass graft: A case report. The 

International journal of angiology : official publication of the International College of 

Angiology, Inc. 2007; 16(4):146-8. PMID: 22477332; PMCID: PMC2733030. 

31. Chemla ES, Morsy MA. Is basilic vein transposition a real alternative to an 

arteriovenous bypass graft? A prospective study. Seminars in dialysis. 2008; 21(4):352-6. 

doi: 10.1111/j.1525-139X.2008.00449.x. PMID: 18564966. 

32. Cameron A, Davis KB, Green GE, Myers WO, Pettinger M. Clinical implications 

of internal mammary artery bypass grafts: the Coronary Artery Surgery Study experience. 

Circulation. 1988; 77(4):815-9. PMID: 3280159. 

33. Suma H. Gastroepiploic artery graft in coronary artery bypass grafting. Annals of 

cardiothoracic surgery. 2013; 2(4):493-8. doi: 10.3978/j.issn.2225-319X.2013.06.04. 

PMID: 23977628; PMCID: PMC3741874. 

34. Odabasi M, Eris C, Yildiz MK, Abuoglu H, Akbulut S, Saglam A. Splenic artery 

transposition graft usage for the supply of the right hepatic artery: a case report. 

International surgery. 2013; 98(3):277-81. doi: 10.9738/INTSURG-D-13-00006.1. 

PMID: 23971784; PMCID: PMC3756853. 

35. Mailis A, Umana M, Feindel CM. Anterior intercostal nerve damage after 

coronary artery bypass graft surgery with use of internal thoracic artery graft. The Annals 

of thoracic surgery. 2000; 69(5):1455-8. PMID: 10881822. 



								 130	 		
	

36. Desai M, Seifalian AM, Hamilton G. Role of prosthetic conduits in coronary 

artery bypass grafting. European journal of cardio-thoracic surgery : official journal of 

the European Association for Cardio-thoracic Surgery. 2011; 40(2):394-8. doi: 

10.1016/j.ejcts.2010.11.050. PMID: 21216613. 

37. Deja MA, Wos S, Golba KS, Zurek P, Domaradzki W, Bachowski R, et al. 

Intraoperative and laboratory evaluation of skeletonized versus pedicled internal thoracic 

artery. The Annals of thoracic surgery. 1999; 68(6):2164-8. PMID: 10616995. 

38. Boodhwani M, Lam BK, Nathan HJ, Mesana TG, Ruel M, Zeng W, et al. 

Skeletonized internal thoracic artery harvest reduces pain and dysesthesia and improves 

sternal perfusion after coronary artery bypass surgery: a randomized, double-blind, 

within-patient comparison. Circulation. 2006; 114(8):766-73. doi: 

10.1161/CIRCULATIONAHA.106.615427. PMID: 16908767. 

39. Kamiya H, Akhyari P, Martens A, Karck M, Haverich A, Lichtenberg A. Sternal 

microcirculation after skeletonized versus pedicled harvesting of the internal thoracic 

artery: a randomized study. The Journal of thoracic and cardiovascular surgery. 2008; 

135(1):32-7. doi: 10.1016/j.jtcvs.2007.09.004. PMID: 18179915. 

40. Tector AJ, Amundsen S, Schmahl TM, Kress DC, Peter M. Total 

revascularization with T grafts. The Annals of thoracic surgery. 1994; 57(1):33-8; 

discussion 9. PMID: 7904146. 

41. Glineur D, Hanet C. Competitive flow in coronary bypass surgery: is it a 

problem? Current opinion in cardiology. 2012; 27(6):620-8. doi: 

10.1097/HCO.0b013e3283583000. PMID: 23075821. 



								 131			
	

42. Weiss AJ, Zhao S, Tian DH, Taggart DP, Yan TD. A meta-analysis comparing 

bilateral internal mammary artery with left internal mammary artery for coronary artery 

bypass grafting. Annals of cardiothoracic surgery. 2013; 2(4):390-400. doi: 

10.3978/j.issn.2225-319X.2013.07.16. PMID: 23977614; PMCID: PMC3741881. 

43. Gaudino M, Farina P, Toesca A, Bonalumi G, Tsiopoulos V, Bruno P, et al. The 

use of internal thoracic artery grafts in patients with aortic coarctation. European journal 

of cardio-thoracic surgery : official journal of the European Association for Cardio-

thoracic Surgery. 2013; 44(3):415-8. doi: 10.1093/ejcts/ezt085. PMID: 23435522. 

44. Elian D, Gerniak A, Guetta V, Jonas M, Agranat O, Har-Zahav Y, et al. 

Subclavian coronary steal syndrome: an obligatory common fate between subclavian 

artery, internal mammary graft and coronary circulation. Cardiology. 2002; 97(4):175-9. 

PMID: 12145470. 

45. Loop FD, Lytle BW, Cosgrove DM, Mahfood S, McHenry MC, Goormastic M, et 

al. J. Maxwell Chamberlain memorial paper. Sternal wound complications after isolated 

coronary artery bypass grafting: early and late mortality, morbidity, and cost of care. The 

Annals of thoracic surgery. 1990; 49(2):179-86; discussion 86-7. PMID: 2306138. 

46. Lytle BW, Blackstone EH, Loop FD, Houghtaling PL, Arnold JH, Akhrass R, et 

al. Two internal thoracic artery grafts are better than one. The Journal of thoracic and 

cardiovascular surgery. 1999; 117(5):855-72. doi: 10.1016/S0022-5223(99)70365-X. 

PMID: 10220677. 

47. Ottino G, De Paulis R, Pansini S, Rocca G, Tallone MV, Comoglio C, et al. Major 

sternal wound infection after open-heart surgery: a multivariate analysis of risk factors in 



								 132	 		
	

2,579 consecutive operative procedures. The Annals of thoracic surgery. 1987; 

44(2):173-9. PMID: 3619541. 

48. Kouchoukos NT, Wareing TH, Murphy SF, Pelate C, Marshall WG, Jr. Risks of 

bilateral internal mammary artery bypass grafting. The Annals of thoracic surgery. 1990; 

49(2):210-7; discussion 7-9. PMID: 2306142. 

49. Tatoulis J, Buxton BF, Fuller JA. Patencies of 2127 arterial to coronary conduits 

over 15 years. The Annals of thoracic surgery. 2004; 77(1):93-101. PMID: 14726042. 

50. Berger PB, Alderman EL, Nadel A, Schaff HV. Frequency of early occlusion and 

stenosis in a left internal mammary artery to left anterior descending artery bypass graft 

after surgery through a median sternotomy on conventional bypass: benchmark for 

minimally invasive direct coronary artery bypass. Circulation. 1999; 100(23):2353-8. 

PMID: 10587340. 

51. Bonacchi M, Battaglia F, Prifti E, Leacche M, Nathan NS, Sani G, et al. Early and 

late outcome of skeletonised bilateral internal mammary arteries anastomosed to the left 

coronary system. Heart. 2005; 91(2):195-202. doi: 10.1136/hrt.2003.024091. PMID: 

15657231; PMCID: PMC1768684. 

52. Bourassa MG. Editorial: The role of bypass surgery in isolated left anterior 

descending artery stenosis or occlusion. Circulation. 1980; 61(5):875-6. PMID: 6965899. 

53. Loop FD, Lytle BW, Cosgrove DM, Stewart RW, Goormastic M, Williams GW, 

et al. Influence of the internal-mammary-artery graft on 10-year survival and other 

cardiac events. The New England journal of medicine. 1986; 314(1):1-6. doi: 

10.1056/NEJM198601023140101. PMID: 3484393. 



								 133			
	

54. Cameron AA, Green GE, Brogno DA, Thornton J. Internal thoracic artery grafts: 

20-year clinical follow-up. Journal of the American College of Cardiology. 1995; 

25(1):188-92. PMID: 7798499. 

55. Cameron A, Davis KB, Green G, Schaff HV. Coronary bypass surgery with 

internal-thoracic-artery grafts--effects on survival over a 15-year period. The New 

England journal of medicine. 1996; 334(4):216-9. doi: 10.1056/NEJM199601253340402. 

PMID: 8531997. 

56. Shah PJ, Durairaj M, Gordon I, Fuller J, Rosalion A, Seevanayagam S, et al. 

Factors affecting patency of internal thoracic artery graft: clinical and angiographic study 

in 1434 symptomatic patients operated between 1982 and 2002. European journal of 

cardio-thoracic surgery : official journal of the European Association for Cardio-thoracic 

Surgery. 2004; 26(1):118-24. doi: 10.1016/j.ejcts.2004.02.037. PMID: 15200989. 

57. Natarajan A, Samadian S, Clark S. Coronary artery bypass surgery in elderly 

people. Postgraduate medical journal. 2007; 83(977):154-8. doi: 

10.1136/pgmj.2006.049742. PMID: 17344568; PMCID: PMC2599978. 

58. Motwani JG, Topol EJ. Aortocoronary saphenous vein graft disease: 

pathogenesis, predisposition, and prevention. Circulation. 1998; 97(9):916-31. PMID: 

9521341. 

59. Dreifaldt M, Souza DS, Loesch A, Muddle JR, Karlsson MG, Filbey D, et al. The 

"no-touch" harvesting technique for vein grafts in coronary artery bypass surgery 

preserves an intact vasa vasorum. The Journal of thoracic and cardiovascular surgery. 

2011; 141(1):145-50. doi: 10.1016/j.jtcvs.2010.02.005. PMID: 20381817. 



								 134	 		
	

60. Cooper GJ, Underwood MJ, Deverall PB. Arterial and venous conduits for 

coronary artery bypass. A current review. European journal of cardio-thoracic surgery : 

official journal of the European Association for Cardio-thoracic Surgery. 1996; 

10(2):129-40. PMID: 8664004. 

61. Loop FD. Coronary artery surgery. The Annals of thoracic surgery. 2005; 

79(6):S2221-7. doi: 10.1016/j.athoracsur.2005.02.080. PMID: 15919256. 

62. Weisel RD, Johnston KW, Baird RJ, Drezner AD, Oates TK, Lipton IH. 

Comparison of conduits for leg revascularization. Surgery. 1981; 89(1):8-15. PMID: 

7466615. 

63. Lehoux S, Tedgui A. Cellular mechanics and gene expression in blood vessels. 

Journal of biomechanics. 2003; 36(5):631-43. PMID: 12694993. 

64. Lemarie CA, Tharaux PL, Lehoux S. Extracellular matrix alterations in 

hypertensive vascular remodeling. Journal of molecular and cellular cardiology. 2010; 

48(3):433-9. doi: 10.1016/j.yjmcc.2009.09.018. PMID: 19837080. 

65. Alrawi SJ, Balaya F, Raju R, Cunningham JN, Jr., Acinapura AJ. A comparative 

study of endothelial cell injury during open and endoscopic saphenectomy: an electron 

microscopic evaluation. The heart surgery forum. 2001; 4(2):120-7. PMID: 11544622. 

66. Thatte HS, Khuri SF. The coronary artery bypass conduit: I. Intraoperative 

endothelial injury and its implication on graft patency. The Annals of thoracic surgery. 

2001; 72(6):S2245-52; discussion S67-70. PMID: 11789848. 

67. Cameron AA, Davis KB, Rogers WJ. Recurrence of angina after coronary artery 

bypass surgery: predictors and prognosis (CASS Registry). Coronary Artery Surgery 



								 135			
	

Study. Journal of the American College of Cardiology. 1995; 26(4):895-9. PMID: 

7560614. 

68. Lie JT, Lawrie GM, Morris GC, Jr. Aortocoronary bypass saphenous vein graft 

atherosclerosis. Anatomic study of 99 vein grafts from normal and hyperlipoproteinemic 

patients up to 75 months postoperatively. The American journal of cardiology. 1977; 

40(6):906-14. PMID: 303864. 

69. Roth JA, Cukingnan RA, Brown BG, Gocka E, Carey JS. Factors influencing 

patency of saphenous vein grafts. The Annals of thoracic surgery. 1979; 28(2):176-83. 

PMID: 314277. 

70. Campeau L, Enjalbert M, Lesperance J, Bourassa MG, Kwiterovich P, Jr., 

Wacholder S, et al. The relation of risk factors to the development of atherosclerosis in 

saphenous-vein bypass grafts and the progression of disease in the native circulation. A 

study 10 years after aortocoronary bypass surgery. The New England journal of 

medicine. 1984; 311(21):1329-32. doi: 10.1056/NEJM198411223112101. PMID: 

6333635. 

71. Atkinson JB, Forman MB, Vaughn WK, Robinowitz M, McAllister HA, Virmani 

R. Morphologic changes in long-term saphenous vein bypass grafts. Chest. 1985; 

88(3):341-8. PMID: 3875453. 

72. Neitzel GF, Barboriak JJ, Pintar K, Qureshi I. Atherosclerosis in aortocoronary 

bypass grafts. Morphologic study and risk factor analysis 6 to 12 years after surgery. 

Arteriosclerosis. 1986; 6(6):594-600. PMID: 3490843. 



								 136	 		
	

73. FitzGibbon GM, Leach AJ, Kafka HP. Atherosclerosis of coronary artery bypass 

grafts and smoking. CMAJ : Canadian Medical Association journal = journal de 

l'Association medicale canadienne. 1987; 136(1):45-7. PMID: 3491666. 

74. Cox JL, Chiasson DA, Gotlieb AI. Stranger in a strange land: the pathogenesis of 

saphenous vein graft stenosis with emphasis on structural and functional differences 

between veins and arteries. Progress in cardiovascular diseases. 1991; 34(1):45-68. 

PMID: 2063013. 

75. Jacob S, Kallikourdis A, El-Shafei H, Dunning J. What is the patency of the short 

saphenous vein when used for coronary artery bypass grafting? Interactive cardiovascular 

and thoracic surgery. 2007; 6(6):783-5. doi: 10.1510/icvts.2007.163956. PMID: 

17693438. 

76. Sabik JF, 3rd. Understanding saphenous vein graft patency. Circulation. 2011; 

124(3):273-5. doi: 10.1161/CIRCULATIONAHA.111.039842. PMID: 21768550. 

77. Dauerman HL, Cutlip DE, Sellke FW. Intracoronary thrombolysis in the 

treatment of graft closure immediately after CABG. The Annals of thoracic surgery. 

1996; 62(1):280-3. PMID: 8678663. 

78. Mills JL, Fujitani RM, Taylor SM. The characteristics and anatomic distribution 

of lesions that cause reversed vein graft failure: a five-year prospective study. J Vasc 

Surg. 1993; 17(1):195-204; discussion -6. PMID: 8421336. 

79. Canham PB, Finlay HM, Boughner DR. Contrasting structure of the saphenous 

vein and internal mammary artery used as coronary bypass vessels. Cardiovascular 

research. 1997; 34(3):557-67. PMID: 9231039. 



								 137			
	

80. Shekhonin BV, Domogatsky SP, Muzykantov VR, Idelson GL, Rukosuev VS. 

Distribution of type I, III, IV and V collagen in normal and atherosclerotic human arterial 

wall: immunomorphological characteristics. Collagen and related research. 1985; 

5(4):355-68. PMID: 3902343. 

81. Galili O, Herrmann J, Woodrum J, Sattler KJ, Lerman LO, Lerman A. Adventitial 

vasa vasorum heterogeneity among different vascular beds. J Vasc Surg. 2004; 

40(3):529-35. PMID: 15337884. 

82. Otsuka F, Yahagi K, Sakakura K, Virmani R. Why is the mammary artery so 

special and what protects it from atherosclerosis? Annals of cardiothoracic surgery. 2013; 

2(4):519-26. doi: 10.3978/j.issn.2225-319X.2013.07.06. PMID: 23977631; PMCID: 

PMC3741888. 

83. Cheanvechai C, Effler DB, Hooper JR, Eschenbruch EM, Sheldon WC, Sones 

FM, Jr., et al. The structural study of the saphenous vein. The Annals of thoracic surgery. 

1975; 20(6):636-45. PMID: 1082317. 

84. Waller BF, Roberts WC. Remnant saphenous veins after aortocoronary bypass 

grafting: analysis of 3,394 centimeters of unused vein from 402 patients. Am J Cardiol. 

1985; 55(1):65-71. PMID: 3871302. 

85. Galili O, Sattler KJ, Herrmann J, Woodrum J, Olson M, Lerman LO, et al. 

Experimental hypercholesterolemia differentially affects adventitial vasa vasorum and 

vessel structure of the left internal thoracic and coronary arteries. J Thorac Cardiovasc 

Surg. 2005; 129(4):767-72. PMID: 15821642. 



								 138	 		
	

86. Otsuka F, Yahagi K, Sakakura K, Virmani R. Why is the mammary artery so 

special and what protects it from atherosclerosis? Annals of cardiothoracic surgery.  

2(4):519-26. PMID: 23977631. 

87. Hindnavis V, Cho SH, Goldberg S. Saphenous vein graft intervention: a review. 

The Journal of invasive cardiology. 2012; 24(2):64-71. PMID: 22294536. 

88. Adcock OT, Jr., Adcock GL, Wheeler JR, Gregory RT, Snyder SO, Jr., Gayle 

RG. Optimal techniques for harvesting and preparation of reversed autogenous vein 

grafts for use as arterial substitutes: a review. Surgery. 1984; 96(5):886-94. PMID: 

6387991. 

89. Al-Sabti HA, Al Kindi A, Al-Rasadi K, Banerjee Y, Al-Hashmi K, Al-Hinai A. 

Saphenous vein graft vs. radial artery graft searching for the best second coronary artery 

bypass graft. Journal of the Saudi Heart Association. 2013; 25(4):247-54. doi: 

10.1016/j.jsha.2013.06.001. PMID: 24198449; PMCID: PMC3818632. 

90. Stark VK, Hoch JR, Warner TF, Hullett DA. Monocyte chemotactic protein-1 

expression is associated with the development of vein graft intimal hyperplasia. 

Arteriosclerosis, thrombosis, and vascular biology. 1997; 17(8):1614-21. PMID: 

9301643. 

91. Danenberg HD, Golomb G, Groothuis A, Gao J, Epstein H, Swaminathan RV, et 

al. Liposomal alendronate inhibits systemic innate immunity and reduces in-stent 

neointimal hyperplasia in rabbits. Circulation. 2003; 108(22):2798-804. doi: 

10.1161/01.CIR.0000097002.69209.CD. PMID: 14610008. 



								 139			
	

92. Souza DS, Gomes WJ. The future of saphenous vein graft for coronary artery. 

Revista brasileira de cirurgia cardiovascular : orgao oficial da Sociedade Brasileira de 

Cirurgia Cardiovascular. 2008; 23(3):III-VII. PMID: 19082314. 

93. Shi Y, O'Brien JE, Jr., Mannion JD, Morrison RC, Chung W, Fard A, et al. 

Remodeling of autologous saphenous vein grafts. The role of perivascular 

myofibroblasts. Circulation. 1997; 95(12):2684-93. PMID: 9193438. 

94. Yang Z, Oemar BS, Carrel T, Kipfer B, Julmy F, Luscher TF. Different 

proliferative properties of smooth muscle cells of human arterial and venous bypass 

vessels: role of PDGF receptors, mitogen-activated protein kinase, and cyclin-dependent 

kinase inhibitors. Circulation. 1998; 97(2):181-7. PMID: 9445171. 

95. Chello M, Mastroroberto P, Perticone F, Celi V, Colonna A. Nitric oxide 

modulation of neutrophil-endothelium interaction: difference between arterial and venous 

coronary bypass grafts. Journal of the American College of Cardiology. 1998; 31(4):823-

6. PMID: 9525554. 

96. Luscher TF, Diederich D, Siebenmann R, Lehmann K, Stulz P, von Segesser L, et 

al. Difference between endothelium-dependent relaxation in arterial and in venous 

coronary bypass grafts. The New England journal of medicine. 1988; 319(8):462-7. doi: 

10.1056/NEJM198808253190802. PMID: 3136329. 

97. Kauhanen P, Siren V, Carpen O, Vaheri A, Lepantalo M, Lassila R. Plasminogen 

activator inhibitor-1 in neointima of vein grafts: its role in reduced fibrinolytic potential 

and graft failure. Circulation. 1997; 96(6):1783-9. PMID: 9323062. 

98. Kockx MM, De Meyer GR, Bortier H, de Meyere N, Muhring J, Bakker A, et al. 

Luminal foam cell accumulation is associated with smooth muscle cell death in the 



								 140	 		
	

intimal thickening of human saphenous vein grafts. Circulation. 1996; 94(6):1255-62. 

PMID: 8822977. 

99. Yang Z, Ruschitzka F, Rabelink TJ, Noll G, Julmy F, Joch H, et al. Different 

effects of thrombin receptor activation on endothelium and smooth muscle cells of human 

coronary bypass vessels. Implications for venous bypass graft failure. Circulation. 1997; 

95(7):1870-6. PMID: 9107175. 

100. Goldman S, Zadina K, Moritz T, Ovitt T, Sethi G, Copeland JG, et al. Long-term 

patency of saphenous vein and left internal mammary artery grafts after coronary artery 

bypass surgery: results from a Department of Veterans Affairs Cooperative Study. 

Journal of the American College of Cardiology. 2004; 44(11):2149-56. doi: 

10.1016/j.jacc.2004.08.064. PMID: 15582312. 

101. Goldman S, Zadina K, Krasnicka B, Moritz T, Sethi G, Copeland J, et al. 

Predictors of graft patency 3 years after coronary artery bypass graft surgery. Department 

of Veterans Affairs Cooperative Study Group No. 297. Journal of the American College 

of Cardiology. 1997; 29(7):1563-8. PMID: 9180120. 

102. Domanski MJ, Borkowf CB, Campeau L, Knatterud GL, White C, Hoogwerf B, 

et al. Prognostic factors for atherosclerosis progression in saphenous vein grafts: the 

postcoronary artery bypass graft (Post-CABG) trial. Post-CABG Trial Investigators. 

Journal of the American College of Cardiology. 2000; 36(6):1877-83. PMID: 11092659. 

103. Suma H, Isomura T, Horii T, Sato T. Late angiographic result of using the right 

gastroepiploic artery as a graft. The Journal of thoracic and cardiovascular surgery. 2000; 

120(3):496-8. doi: 10.1067/mtc.2000.108690. PMID: 10962410. 



								 141			
	

104. Thiene G, Miazzi P, Valsecchi M, Valente M, Bortolotti U, Casarotto D, et al. 

Histological survey of the saphenous vein before its use as autologous aortocoronary 

bypass graft. Thorax. 1980; 35(7):519-22. PMID: 6968992. 

105. Dilley RJ, McGeachie JK, Tennant M. Vein to artery grafts: a morphological and 

histochemical study of the histogenesis of intimal hyperplasia. The Australian and New 

Zealand journal of surgery. 1992; 62(4):297-303. PMID: 1550522. 

106. Allaire E, Clowes AW. Endothelial cell injury in cardiovascular surgery: the 

intimal hyperplastic response. The Annals of thoracic surgery. 1997; 63(2):582-91. 

PMID: 9033355. 

107. Bourassa MG. Fate of venous grafts: the past, the present and the future. J Am 

Coll Cardiol. 1991; 17(5):1081-3. PMID: 2007707. 

108. Alderman EL, Corley SD, Fisher LD, Chaitman BR, Faxon DP, Foster ED, et al. 

Five-year angiographic follow-up of factors associated with progression of coronary 

artery disease in the Coronary Artery Surgery Study (CASS). CASS Participating 

Investigators and Staff. J Am Coll Cardiol. 1993; 22(4):1141-54. PMID: 8409054. 

109. Fitzgibbon GM, Kafka HP, Leach AJ, Keon WJ, Hooper GD, Burton JR. 

Coronary bypass graft fate and patient outcome: angiographic follow-up of 5,065 grafts 

related to survival and reoperation in 1,388 patients during 25 years. J Am Coll Cardiol. 

1996; 28(3):616-26. PMID: 8772748. 

110. Roubos N, Rosenfeldt FL, Richards SM, Conyers RA, Davis BB. Improved 

preservation of saphenous vein grafts by the use of glyceryl trinitrate-verapamil solution 

during harvesting. Circulation. 1995; 92(9 Suppl):II31-6. PMID: 7586430. 



								 142	 		
	

111. Caro C, Jeremy J, Watkins N, Bulbulia R, Angelini G, Smith F, et al. The 

geometry of unstented and stented pig common carotid artery bypass grafts. Biorheology. 

2002; 39(3-4):507-12. PMID: 12122273. 

112. Verrier ED, Boyle EM, Jr. Endothelial cell injury in cardiovascular surgery. The 

Annals of thoracic surgery. 1996; 62(3):915-22. PMID: 8784042. 

113. Angelini GD, Christie MI, Bryan AJ, Lewis MJ. Surgical preparation impairs 

release of endothelium-derived relaxing factor from human saphenous vein. The Annals 

of thoracic surgery. 1989; 48(3):417-20. PMID: 2789023. 

114. Nachman RL, Silverstein R. Hypercoagulable states. Annals of internal medicine. 

1993; 119(8):819-27. PMID: 8379603. 

115. Moor E, Hamsten A, Blomback M, Herzfeld I, Wiman B, Ryden L. Haemostatic 

factors and inhibitors and coronary artery bypass grafting: preoperative alterations and 

relations to graft occlusion. Thrombosis and haemostasis. 1994; 72(3):335-42. PMID: 

7531874. 

116. Mannucci L, Gerometta PS, Mussoni L, Antona C, Parolari A, Salvi L, et al. One 

month follow-up of haemostatic variables in patients undergoing aortocoronary bypass 

surgery. Effect of aprotinin. Thrombosis and haemostasis. 1995; 73(3):356-61. PMID: 

7545317. 

117. Cook JM, Cook CD, Marlar R, Solis MM, Fink L, Eidt JF. Thrombomodulin 

activity on human saphenous vein grafts prepared for coronary artery bypass. J Vasc 

Surg. 1991; 14(2):147-51. PMID: 1650405. 



								 143			
	

118. Dilley RJ, McGeachie JK, Tennant M. Vein to artery grafts: a morphological and 

histochemical study of the histogenesis of intimal hyperplasia. Aust N Z J Surg. 1992; 

62(4):297-303. PMID: 1550522. 

119. Ishiwata S, Tukada T, Nakanishi S, Nishiyama S, Seki A. Postangioplasty 

restenosis: platelet activation and the coagulation-fibrinolysis system as possible factors 

in the pathogenesis of restenosis. American heart journal. 1997; 133(4):387-92. PMID: 

9124158. 

120. Serruys PW, Luijten HE, Beatt KJ, Geuskens R, de Feyter PJ, van den Brand M, 

et al. Incidence of restenosis after successful coronary angioplasty: a time-related 

phenomenon. A quantitative angiographic study in 342 consecutive patients at 1, 2, 3, 

and 4 months. Circulation. 1988; 77(2):361-71. PMID: 2962786. 

121. Jeremy JY, Dashwood MR, Timm M, Izzat MB, Mehta D, Bryan AJ, et al. Nitric 

oxide synthase and adenylyl and guanylyl cyclase activity in porcine interposition vein 

grafts. The Annals of thoracic surgery. 1997; 63(2):470-6. PMID: 9033322. 

122. Harrison DG. Cellular and molecular mechanisms of endothelial cell dysfunction. 

The Journal of clinical investigation. 1997; 100(9):2153-7. doi: 10.1172/JCI119751. 

PMID: 9410891; PMCID: PMC508409. 

123. Rao GN, Berk BC. Active oxygen species stimulate vascular smooth muscle cell 

growth and proto-oncogene expression. Circulation research. 1992; 70(3):593-9. PMID: 

1371430. 

124. Lin SL, Kisseleva T, Brenner DA, Duffield JS. Pericytes and perivascular 

fibroblasts are the primary source of collagen-producing cells in obstructive fibrosis of 



								 144	 		
	

the kidney. The American journal of pathology. 2008; 173(6):1617-27. doi: 

10.2353/ajpath.2008.080433. PMID: 19008372; PMCID: PMC2626374. 

125. Nguyen HC, Grossi EA, LeBoutillier M, 3rd, Steinberg BM, Rifkin DB, 

Baumann FG, et al. Mammary artery versus saphenous vein grafts: assessment of basic 

fibroblast growth factor receptors. The Annals of thoracic surgery. 1994; 58(2):308-10; 

discussion 10-1. PMID: 8067825. 

126. Sterpetti AV, Lepidi S, Borrelli V, Di Marzo L, Sapienza P, Cucina A, et al. 

Growth factors and experimental arterial grafts. Journal of vascular surgery. 2015. doi: 

10.1016/j.jvs.2015.07.091. PMID: 26432280. 

127. Mitra AK, Jia G, Gangahar DM, Agrawal DK. Temporal PTEN inactivation 

causes proliferation of saphenous vein smooth muscle cells of human CABG conduits. J 

Cell Mol Med. 2009; 13(1):177-87. PMID: 18363844. 

128. Misra S, Fu AA, Puggioni A, Karimi KM, Mandrekar JN, Glockner JF, et al. 

Increased shear stress with upregulation of VEGF-A and its receptors and MMP-2, 

MMP-9, and TIMP-1 in venous stenosis of hemodialysis grafts. American journal of 

physiology Heart and circulatory physiology. 2008; 294(5):H2219-30. doi: 

10.1152/ajpheart.00650.2007. PMID: 18326810; PMCID: PMC3992704. 

129. Shi Y, Patel S, Davenpeck KL, Niculescu R, Rodriguez E, Magno MG, et al. 

Oxidative stress and lipid retention in vascular grafts: comparison between venous and 

arterial conduits. Circulation. 2001; 103(19):2408-13. PMID: 11352892. 

130. Jeremy JY, Shukla N, Angelini GD, Wan S. Endothelin-1 (ET-1) and vein graft 

failure and the therapeutic potential of ET-1 receptor antagonists. Pharmacological 

research. 2011; 63(6):483-9. doi: 10.1016/j.phrs.2010.10.018. PMID: 21056670. 



								 145			
	

131. Viswanathan M, Stromberg C, Seltzer A, Saavedra JM. Balloon angioplasty 

enhances the expression of angiotensin II AT1 receptors in neointima of rat aorta. J Clin 

Invest. 1992; 90(5):1707-12. PMID: 1331171. 

132. Kodama A, Itoh T, Komori K. Possible roles of 5-HT in vein graft failure due to 

intimal hyperplasia 5-HT, nitric oxide and vein graft. Surgery today. 2014; 44(2):213-8. 

doi: 10.1007/s00595-013-0555-z. PMID: 23532320. 

133. Jiang Z, Tao M, Omalley KA, Wang D, Ozaki CK, Berceli SA. Established 

neointimal hyperplasia in vein grafts expands via TGF-beta-mediated progressive 

fibrosis. American journal of physiology Heart and circulatory physiology. 2009; 

297(4):H1200-7. doi: 10.1152/ajpheart.00268.2009. PMID: 19617405; PMCID: 

PMC2770754. 

134. Chen L, Theroux P, Lesperance J, Shabani F, Thibault B, De Guise P. 

Angiographic features of vein grafts versus ungrafted coronary arteries in patients with 

unstable angina and previous bypass surgery. J Am Coll Cardiol. 1996; 28(6):1493-9. 

PMID: 8917263. 

135. Garratt KN, Edwards WD, Kaufmann UP, Vlietstra RE, Holmes DR, Jr. 

Differential histopathology of primary atherosclerotic and restenotic lesions in coronary 

arteries and saphenous vein bypass grafts: analysis of tissue obtained from 73 patients by 

directional atherectomy. Journal of the American College of Cardiology. 1991; 

17(2):442-8. PMID: 1991902. 

136. Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis. 

Circulation. 2004; 109(23 Suppl 1):III27-32. doi: 10.1161/01.CIR.0000131515.03336.f8. 

PMID: 15198963. 



								 146	 		
	

137. Newby AC, George SJ. Proliferation, migration, matrix turnover, and death of 

smooth muscle cells in native coronary and vein graft atherosclerosis. Current opinion in 

cardiology. 1996; 11(6):574-82. PMID: 8968671. 

138. Lie JT, Lawrie GM, Morris GC, Jr. Aortocoronary bypass saphenous vein graft 

atherosclerosis. Anatomic study of 99 vein grafts from normal and hyperlipoproteinemic 

patients up to 75 months postoperatively. Am J Cardiol. 1977; 40(6):906-14. PMID: 

303864. 

139. Ratliff NB, Myles JL. Rapidly progressive atherosclerosis in aortocoronary 

saphenous vein grafts. Possible immune-mediated disease. Archives of pathology & 

laboratory medicine. 1989; 113(7):772-6. PMID: 2787148. 

140. Kalan JM, Roberts WC. Morphologic findings in saphenous veins used as 

coronary arterial bypass conduits for longer than 1 year: necropsy analysis of 53 patients, 

123 saphenous veins, and 1865 five-millimeter segments of veins. Am Heart J. 1990; 

119(5):1164-84. PMID: 2330873. 

141. Boyle EM, Jr., Lille ST, Allaire E, Clowes AW, Verrier ED. Endothelial cell 

injury in cardiovascular surgery: atherosclerosis. The Annals of thoracic surgery. 1997; 

63(3):885-94. PMID: 9066432. 

142. Chester AH, Morrison KJ, Yacoub MH. Expression of vascular adhesion 

molecules in saphenous vein coronary bypass grafts. The Annals of thoracic surgery. 

1998; 65(6):1685-9. PMID: 9647082. 

143. Alrawi SJ, Samee M, Raju R, Shirazian D, Acinapura AJ, Cunningham JN. 

Intercellular and vascular cell adhesion molecule levels in endoscopic and open 



								 147			
	

saphenous vein harvesting for coronary artery bypass surgery. The heart surgery forum. 

2000; 3(3):241-5. PMID: 11074980. 

144. Ray JG, Rosendaal FR. The role of dyslipidemia and statins in venous 

thromboembolism. Current controlled trials in cardiovascular medicine. 2001; 2(4):165-

70. PMID: 11806791. 

145. Sarjeant JM, Rabinovitch M. Understanding and treating vein graft 

atherosclerosis. Cardiovascular pathology : the official journal of the Society for 

Cardiovascular Pathology. 2002; 11(5):263-71. PMID: 12361836. 

146. Sur S, Sugimoto JT, Agrawal DK. Coronary artery bypass graft: why is the 

saphenous vein prone to intimal hyperplasia? Canadian journal of physiology and 

pharmacology. 2014; 92(7):531-45. doi: 10.1139/cjpp-2013-0445. PMID: 24933515. 

147. Deng DX, Spin JM, Tsalenko A, Vailaya A, Ben-Dor A, Yakhini Z, et al. 

Molecular signatures determining coronary artery and saphenous vein smooth muscle cell 

phenotypes: distinct responses to stimuli. Arteriosclerosis, thrombosis, and vascular 

biology. 2006; 26(5):1058-65. doi: 10.1161/01.ATV.0000208185.16371.97. PMID: 

16456091. 

148. Beamish JA, He P, Kottke-Marchant K, Marchant RE. Molecular regulation of 

contractile smooth muscle cell phenotype: implications for vascular tissue engineering. 

Tissue engineering Part B, Reviews. 2010; 16(5):467-91. doi: 

10.1089/ten.TEB.2009.0630. PMID: 20334504; PMCID: PMC2943591. 

149. Sluiter I, van der Horst I, van der Voorn P, Boerema-de Munck A, Buscop-van 

Kempen M, de Krijger R, et al. Premature differentiation of vascular smooth muscle cells 



								 148	 		
	

in human congenital diaphragmatic hernia. Experimental and molecular pathology. 2013; 

94(1):195-202. doi: 10.1016/j.yexmp.2012.09.010. PMID: 23018129. 

150. Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of 

vascular smooth muscle cell phenotypic diversity. Netherlands heart journal : monthly 

journal of the Netherlands Society of Cardiology and the Netherlands Heart Foundation. 

2007; 15(3):100-8. PMID: 17612668; PMCID: PMC1847757. 

151. Muto A, Fitzgerald TN, Pimiento JM, Maloney SP, Teso D, Paszkowiak JJ, et al. 

Smooth muscle cell signal transduction: implications of vascular biology for vascular 

surgeons. J Vasc Surg. 2007; 45 Suppl A:A15-24. PMID: 17544020. 

152. Small TW, Bolender Z, Bueno C, O'Neil C, Nong Z, Rushlow W, et al. Wilms' 

tumor 1-associating protein regulates the proliferation of vascular smooth muscle cells. 

Circulation research. 2006; 99(12):1338-46. doi: 10.1161/01.RES.0000252289.79841.d3. 

PMID: 17095724. 

153. Mack CP. Signaling mechanisms that regulate smooth muscle cell differentiation. 

Arteriosclerosis, thrombosis, and vascular biology. 2011; 31(7):1495-505. doi: 

10.1161/ATVBAHA.110.221135. PMID: 21677292; PMCID: PMC3141215. 

154. Hao H, Gabbiani G, Bochaton-Piallat ML. Arterial smooth muscle cell 

heterogeneity: implications for atherosclerosis and restenosis development. 

Arteriosclerosis, thrombosis, and vascular biology. 2003; 23(9):1510-20. PMID: 

12907463. 

155. Rzucidlo EM, Martin KA, Powell RJ. Regulation of vascular smooth muscle cell 

differentiation. J Vasc Surg. 2007; 45 Suppl A:A25-32. PMID: 17544021. 



								 149			
	

156. Wong AP, Nili N, Strauss BH. In vitro differences between venous and arterial-

derived smooth muscle cells: potential modulatory role of decorin. Cardiovascular 

research. 2005; 65(3):702-10. PMID: 15664397. 

157. Gomez D, Owens GK. Smooth muscle cell phenotypic switching in 

atherosclerosis. Cardiovascular research.  95(2):156-64. PMID: 22406749. 

158. Chen PY, Friesel R. FGFR1 forms an FRS2-dependent complex with mTOR to 

regulate smooth muscle marker gene expression. Biochemical and biophysical research 

communications. 2009; 382(2):424-9. PMID: 19285959. 

159. Xie C, Guo Y, Zhu T, Zhang J, Ma PX, Chen YE. Yap1 protein regulates vascular 

smooth muscle cell phenotypic switch by interaction with myocardin. J Biol Chem.  

287(18):14598-605. PMID: 22411986. 

160. Kawai-Kowase K, Owens GK. Multiple repressor pathways contribute to 

phenotypic switching of vascular smooth muscle cells. American journal of physiology. 

2007; 292(1):C59-69. PMID: 16956962. 

161. Owens GK. Molecular control of vascular smooth muscle cell differentiation and 

phenotypic plasticity. Novartis Foundation symposium. 2007; 283:174-91; discussion 91-

3, 238-41. PMID: 18300422. 

162. Spin JM, Maegdefessel L, Tsao PS. Vascular smooth muscle cell phenotypic 

plasticity: focus on chromatin remodelling. Cardiovascular research.  95(2):147-55. 

PMID: 22362814. 

163. House SJ, Potier M, Bisaillon J, Singer HA, Trebak M. The non-excitable smooth 

muscle: calcium signaling and phenotypic switching during vascular disease. Pflugers 

Arch. 2008; 456(5):769-85. PMID: 18365243. 



								 150	 		
	

164. Singer HA. Ca2+/calmodulin-dependent protein kinase II function in vascular 

remodelling. The Journal of physiology.  590(Pt 6):1349-56. PMID: 22124148. 

165. Davis-Dusenbery BN, Wu C, Hata A. Micromanaging vascular smooth muscle 

cell differentiation and phenotypic modulation. Arteriosclerosis, thrombosis, and vascular 

biology.  31(11):2370-7. PMID: 22011749. 

166. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors in 

physiology and medicine. Genes & development. 2008; 22(10):1276-312. doi: 

10.1101/gad.1653708. PMID: 18483217; PMCID: PMC2732412. 

167. Fredriksson L, Li H, Eriksson U. The PDGF family: four gene products form five 

dimeric isoforms. Cytokine & growth factor reviews. 2004; 15(4):197-204. doi: 

10.1016/j.cytogfr.2004.03.007. PMID: 15207811. 

168. Reigstad LJ, Varhaug JE, Lillehaug JR. Structural and functional specificities of 

PDGF-C and PDGF-D, the novel members of the platelet-derived growth factors family. 

The FEBS journal. 2005; 272(22):5723-41. doi: 10.1111/j.1742-4658.2005.04989.x. 

PMID: 16279938. 

169. Uutela M, Lauren J, Bergsten E, Li X, Horelli-Kuitunen N, Eriksson U, et al. 

Chromosomal location, exon structure, and vascular expression patterns of the human 

PDGFC and PDGFD genes. Circulation. 2001; 103(18):2242-7. PMID: 11342471. 

170. Itoh M, Yoshida Y, Nishida K, Narimatsu M, Hibi M, Hirano T. Role of Gab1 in 

heart, placenta, and skin development and growth factor- and cytokine-induced 

extracellular signal-regulated kinase mitogen-activated protein kinase activation. 

Molecular and cellular biology. 2000; 20(10):3695-704. PMID: 10779359; PMCID: 

PMC85666. 



								 151			
	

171. Shim AH, Liu H, Focia PJ, Chen X, Lin PC, He X. Structures of a platelet-

derived growth factor/propeptide complex and a platelet-derived growth factor/receptor 

complex. Proceedings of the National Academy of Sciences of the United States of 

America. 2010; 107(25):11307-12. doi: 10.1073/pnas.1000806107. PMID: 20534510; 

PMCID: PMC2895058. 

172. van Dijk F, Olinga P, Poelstra K, Beljaars L. Targeted Therapies in Liver 

Fibrosis: Combining the Best Parts of Platelet-Derived Growth Factor BB and Interferon 

Gamma. Frontiers in medicine. 2015; 2:72. doi: 10.3389/fmed.2015.00072. PMID: 

26501061; PMCID: PMC4594310. 

173. Heldin CH, Westermark B. Mechanism of action and in vivo role of platelet-

derived growth factor. Physiological reviews. 1999; 79(4):1283-316. PMID: 10508235. 

174. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, et al. PDGF-D is a 

specific, protease-activated ligand for the PDGF beta-receptor. Nature cell biology. 2001; 

3(5):512-6. doi: 10.1038/35074588. PMID: 11331881. 

175. Li X, Ponten A, Aase K, Karlsson L, Abramsson A, Uutela M, et al. PDGF-C is a 

new protease-activated ligand for the PDGF alpha-receptor. Nature cell biology. 2000; 

2(5):302-9. doi: 10.1038/35010579. PMID: 10806482. 

176. Nair DG, Miller KG, Lourenssen SR, Blennerhassett MG. Inflammatory 

cytokines promote growth of intestinal smooth muscle cells by induced expression of 

PDGF-Rbeta. Journal of cellular and molecular medicine. 2014; 18(3):444-54. doi: 

10.1111/jcmm.12193. PMID: 24417820; PMCID: PMC3955151. 



								 152	 		
	

177. Yokote K, Mori S, Hansen K, McGlade J, Pawson T, Heldin CH, et al. Direct 

interaction between Shc and the platelet-derived growth factor beta-receptor. The Journal 

of biological chemistry. 1994; 269(21):15337-43. PMID: 8195171. 

178. Klint P, Kanda S, Claesson-Welsh L. Shc and a novel 89-kDa component couple 

to the Grb2-Sos complex in fibroblast growth factor-2-stimulated cells. The Journal of 

biological chemistry. 1995; 270(40):23337-44. PMID: 7559490. 

179. Zhang H, Bajraszewski N, Wu E, Wang H, Moseman AP, Dabora SL, et al. 

PDGFRs are critical for PI3K/Akt activation and negatively regulated by mTOR. The 

Journal of clinical investigation. 2007; 117(3):730-8. doi: 10.1172/JCI28984. PMID: 

17290308; PMCID: PMC1784000. 

180. Zemskov EA, Loukinova E, Mikhailenko I, Coleman RA, Strickland DK, Belkin 

AM. Regulation of platelet-derived growth factor receptor function by integrin-associated 

cell surface transglutaminase. The Journal of biological chemistry. 2009; 284(24):16693-

703. doi: 10.1074/jbc.M109.010769. PMID: 19386600; PMCID: PMC2713562. 

181. Hu Y, Bock G, Wick G, Xu Q. Activation of PDGF receptor alpha in vascular 

smooth muscle cells by mechanical stress. FASEB journal : official publication of the 

Federation of American Societies for Experimental Biology. 1998; 12(12):1135-42. 

PMID: 9737716. 

182. Castro C, Diez-Juan A, Cortes MJ, Andres V. Distinct regulation of mitogen-

activated protein kinases and p27Kip1 in smooth muscle cells from different vascular 

beds. A potential role in establishing regional phenotypic variance. The Journal of 

biological chemistry. 2003; 278(7):4482-90. doi: 10.1074/jbc.M204716200. PMID: 

12477734. 



								 153			
	

183. Huang B, Dreyer T, Heidt M, Yu JC, Philipp M, Hehrlein FW, et al. Insulin and 

local growth factor PDGF induce intimal hyperplasia in bypass graft culture models of 

saphenous vein and internal mammary artery. Eur J Cardiothorac Surg. 2002; 

21(6):1002-8. PMID: 12048077. 

184. Min SK, Kenagy RD, Clowes AW. Induction of vascular atrophy as a novel 

approach to treating restenosis. A review. Journal of vascular surgery. 2008; 47(3):662-

70. doi: 10.1016/j.jvs.2007.07.056. PMID: 17950562; PMCID: PMC2268652. 

185. Thompson D, Pepys MB, Wood SP. The physiological structure of human C-

reactive protein and its complex with phosphocholine. Structure. 1999; 7(2):169-77. doi: 

10.1016/S0969-2126(99)80023-9. PMID: 10368284. 

186. Owens CD, Ridker PM, Belkin M, Hamdan AD, Pomposelli F, Logerfo F, et al. 

Elevated C-reactive protein levels are associated with postoperative events in patients 

undergoing lower extremity vein bypass surgery. Journal of vascular surgery. 2007; 

45(1):2-9; discussion doi: 10.1016/j.jvs.2006.08.048. PMID: 17123769; PMCID: 

PMC3488442. 

187. Ho KJ, Owens CD, Longo T, Sui XX, Ifantides C, Conte MS. C-reactive protein 

and vein graft disease: evidence for a direct effect on smooth muscle cell phenotype via 

modulation of PDGF receptor-beta. American journal of physiology Heart and 

circulatory physiology. 2008; 295(3):H1132-H40. doi: 10.1152/ajpheart.00079.2008. 

PMID: 18621860; PMCID: PMC2544486. 

188. Gaudino M, Toesca A, Maggiano N, Pragliola C, Possati G. Localization of nitric 

oxide synthase type III in the internal thoracic and radial arteries and the great saphenous 



								 154	 		
	

vein: a comparative immunohistochemical study. J Thorac Cardiovasc Surg. 2003; 

125(6):1510-5. PMID: 12830073. 

189. Margaritis M, Channon KM, Antoniades C. Statins and vein graft failure in 

coronary bypass surgery. Current opinion in pharmacology. 2012; 12(2):172-80. doi: 

10.1016/j.coph.2012.01.009. PMID: 22326889; PMCID: PMC3378631. 

190. Liu ZG, Ge ZD, He GW. Difference in endothelium-derived hyperpolarizing 

factor-mediated hyperpolarization and nitric oxide release between human internal 

mammary artery and saphenous vein. Circulation. 2000; 102(19 Suppl 3):III296-301. 

PMID: 11082404. 

191. Liu ZG, Liu XC, He GW. [Differences in nitric oxide release and endothelium-

derived hyperpolarizing factor-mediated hyperpolarization between human radial artery 

and saphenous vein]. Zhonghua wai ke za zhi [Chinese journal of surgery]. 2011; 

49(12):1128-31. PMID: 22333457. 

192. Preston RA, Materson BJ, Reda DJ, Williams DW, Hamburger RJ, Cushman WC, 

et al. Age-race subgroup compared with renin profile as predictors of blood pressure 

response to antihypertensive therapy. Department of Veterans Affairs Cooperative Study 

Group on Antihypertensive Agents. Jama. 1998; 280(13):1168-72. PMID: 9777817. 

193. Sweitzer NK. Cardiology patient page. What is an angiotensin converting enzyme 

inhibitor? Circulation. 2003; 108(3):e16-8. doi: 10.1161/01.CIR.0000075957.16003.07. 

PMID: 12876137. 

194. Rakugi H, Kim DK, Krieger JE, Wang DS, Dzau VJ, Pratt RE. Induction of 

angiotensin converting enzyme in the neointima after vascular injury. Possible role in 

restenosis. J Clin Invest. 1994; 93(1):339-46. PMID: 8282805. 



								 155			
	

195. Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II 

mediates stretch-induced hypertrophy of cardiac myocytes in vitro. Cell. 1993; 

75(5):977-84. PMID: 8252633. 

196. Funakoshi Y, Ichiki T, Ito K, Takeshita A. Induction of interleukin-6 expression 

by angiotensin II in rat vascular smooth muscle cells. Hypertension. 1999; 34(1):118-25. 

PMID: 10406834. 

197. Mervaala EM, Muller DN, Park JK, Schmidt F, Lohn M, Breu V, et al. Monocyte 

infiltration and adhesion molecules in a rat model of high human renin hypertension. 

Hypertension. 1999; 33(1 Pt 2):389-95. PMID: 9931135. 

198. Tummala PE, Chen XL, Sundell CL, Laursen JB, Hammes CP, Alexander RW, et 

al. Angiotensin II induces vascular cell adhesion molecule-1 expression in rat 

vasculature: A potential link between the renin-angiotensin system and atherosclerosis. 

Circulation. 1999; 100(11):1223-9. PMID: 10484544. 

199. Pueyo ME, Gonzalez W, Nicoletti A, Savoie F, Arnal JF, Michel JB. Angiotensin 

II stimulates endothelial vascular cell adhesion molecule-1 via nuclear factor-kappaB 

activation induced by intracellular oxidative stress. Arteriosclerosis, thrombosis, and 

vascular biology. 2000; 20(3):645-51. PMID: 10712386. 

200. Werner C, Baumhakel M, Teo KK, Schmieder R, Mann J, Unger T, et al. RAS 

blockade with ARB and ACE inhibitors: current perspective on rationale and patient 

selection. Clin Res Cardiol. 2008; 97(7):418-31. PMID: 18454336. 

201. Darago A, Fagyas M, Siket IM, Facsko A, Megyesi Z, Kalasz J, et al. Differences 

in angiotensin convertase enzyme (ACE) activity and expression may contribute to 

shorter event free period after coronary artery bypass graft surgery. Cardiovascular 



								 156	 		
	

therapeutics. 2012; 30(3):136-44. doi: 10.1111/j.1755-5922.2010.00252.x. PMID: 

21106034. 

202. Berry C, Hamilton CA, Brosnan MJ, Magill FG, Berg GA, McMurray JJ, et al. 

Investigation into the sources of superoxide in human blood vessels: angiotensin II 

increases superoxide production in human internal mammary arteries. Circulation. 2000; 

101(18):2206-12. PMID: 10801763. 

203. Chose O, Sansilvestri-Morel P, Badier-Commander C, Bernhardt F, Fabiani JN, 

Rupin A, et al. Distinct role of nox1, nox2, and p47phox in unstimulated versus 

angiotensin II-induced NADPH oxidase activity in human venous smooth muscle cells. 

Journal of cardiovascular pharmacology. 2008; 51(2):131-9. PMID: 18287880. 

204. Hitomi H, Fukui T, Moriwaki K, Matsubara K, Sun GP, Rahman M, et al. 

Synergistic effect of mechanical stretch and angiotensin II on superoxide production via 

NADPH oxidase in vascular smooth muscle cells. Journal of hypertension. 2006; 

24(6):1089-95. PMID: 16685209. 

205. Ruan LM, Cai W, Chen JZ, Duan JF. Effects of Losartan on expression of 

connexins at the early stage of atherosclerosis in rabbits. International journal of medical 

sciences. 2010; 7(2):82-9. PMID: 20479953; PMCID: PMC2869452. 

206. Jia G, Mitra AK, Cheng G, Gangahar DM, Agrawal DK. Angiotensin II and IGF-

1 regulate connexin43 expression via ERK and p38 signaling pathways in vascular 

smooth muscle cells of coronary artery bypass conduits. J Surg Res. 2007; 142(1):137-

42. PMID: 17624368. 



								 157			
	

207. Wang HZ, Day N, Valcic M, Hsieh K, Serels S, Brink PR, et al. Intercellular 

communication in cultured human vascular smooth muscle cells. American journal of 

physiology. 2001; 281(1):C75-88. PMID: 11401829. 

208. Yau JW, Teoh H, Verma S. Endothelial cell control of thrombosis. BMC 

cardiovascular disorders. 2015; 15:130. doi: 10.1186/s12872-015-0124-z. PMID: 

26481314; PMCID: PMC4617895. 

209. Smiljanic K, Dobutovic B, Obradovic M, Nikolic D, Marche P, Isenovic ER. 

Involvement of the ADAM 12 in thrombin-induced rat's VSMCs proliferation. Current 

medicinal chemistry. 2011; 18(22):3382-6. PMID: 21728962. 

210. Hsieh HL, Tung WH, Wu CY, Wang HH, Lin CC, Wang TS, et al. Thrombin 

induces EGF receptor expression and cell proliferation via a PKC(delta)/c-Src-dependent 

pathway in vascular smooth muscle cells. Arteriosclerosis, thrombosis, and vascular 

biology. 2009; 29(10):1594-601. doi: 10.1161/ATVBAHA.109.185801. PMID: 

19628787. 

211. Tokunou T, Ichiki T, Takeda K, Funakoshi Y, Iino N, Shimokawa H, et al. 

Thrombin induces interleukin-6 expression through the cAMP response element in 

vascular smooth muscle cells. Arteriosclerosis, thrombosis, and vascular biology. 2001; 

21(11):1759-63. PMID: 11701462. 

212. Payeli SK, Latini R, Gebhard C, Patrignani A, Wagner U, Luscher TF, et al. 

Prothrombotic gene expression profile in vascular smooth muscle cells of human 

saphenous vein, but not internal mammary artery. Arteriosclerosis, thrombosis, and 

vascular biology. 2008; 28(4):705-10. PMID: 18258816. 



								 158	 		
	

213. Salame MY, Samani NJ, Masood I, deBono DP. Expression of the plasminogen 

activator system in the human vascular wall. Atherosclerosis. 2000; 152(1):19-28. PMID: 

10996335. 

214. Bishop-Bailey D, Pepper JR, Larkin SW, Mitchell JA. Differential induction of 

cyclooxygenase-2 in human arterial and venous smooth muscle: role of endogenous 

prostanoids. Arteriosclerosis, thrombosis, and vascular biology. 1998; 18(10):1655-61. 

PMID: 9763540. 

215. Gan AM, Pirvulescu MM, Stan D, Simion V, Calin M, Manduteanu I, et al. 

Monocytes and smooth muscle cells cross-talk activates STAT3 and induces resistin and 

reactive oxygen species production [corrected]. Journal of cellular biochemistry. 2013; 

114(10):2273-83. doi: 10.1002/jcb.24571. PMID: 23606279. 

216. Cooper JP, Newby AC. Monocyte adhesion to human saphenous vein in vitro. 

Atherosclerosis. 1991; 91(1-2):85-95. PMID: 1811557. 

217. Lerner RG, Moggio RA, Reed GE. Endothelial loss due to leukocytes in canine 

experimental vein-to-artery grafts. Blood vessels. 1986; 23(4-5):173-82. PMID: 3779107. 

218. Allen SP, Chester AH, Dashwood MR, Tadjkarimi S, Piper PJ, Yacoub MH. 

Preferential vasoconstriction to cysteinyl leukotrienes in the human saphenous vein 

compared with the internal mammary artery. Implications for graft performance. 

Circulation. 1994; 90(1):515-24. PMID: 8026041. 

219. Holtrich U, Wolf G, Bräuninger A, Karn T, Böhme B, Rübsamen-Waigmann H, 

et al. Induction and down-regulation of PLK, a human serine/threonine kinase expressed 

in proliferating cells and tumors. Proceedings of the National Academy of Sciences of the 

United States of America. 1994; 91(5):1736-40. PMID: PMC43238. 



								 159			
	

220. Wang Y, Bai Y, Qin L, Zhang P, Yi T, Teesdale SA, et al. Interferon-gamma 

induces human vascular smooth muscle cell proliferation and intimal expansion by 

phosphatidylinositol 3-kinase dependent mammalian target of rapamycin raptor complex 

1 activation. Circulation research. 2007; 101(6):560-9. doi: 

10.1161/CIRCRESAHA.107.151068. PMID: 17656678. 

221. Rose ML. Interferon-gamma and intimal hyperplasia. Circulation research. 2007; 

101(6):542-4. doi: 10.1161/CIRCRESAHA.107.160911. PMID: 17872472. 

222. Peter M, Herskowitz I. Joining the complex: cyclin-dependent kinase inhibitory 

proteins and the cell cycle. Cell. 1994; 79(2):181-4. PMID: 7954786. 

223. Foijer F, Te Riele H. Restriction beyond the restriction point: mitogen 

requirement for G2 passage. Cell division. 2006; 1:8. doi: 10.1186/1747-1028-1-8. 

PMID: 16759363; PMCID: PMC1481568. 

224. Jia G, Mitra AK, Gangahar DM, Agrawal DK. Regulation of cell cycle entry by 

PTEN in smooth muscle cell proliferation of human coronary artery bypass conduits. 

Journal of cellular and molecular medicine. 2009; 13(3):547-54. doi: 10.1111/j.1582-

4934.2008.00384.x. PMID: 18544045; PMCID: PMC2782893. 

225. Foijer F, te Riele H. Restriction beyond the restriction point: mitogen requirement 

for G2 passage. Cell division. 2006; 1(1):1-5. doi: 10.1186/1747-1028-1-8. 

226. Porter LA, Donoghue DJ. Cyclin B1 and CDK1: nuclear localization and 

upstream regulators. Progress in cell cycle research. 2003; 5:335-47. PMID: 14593728. 

227. Sha W, Moore J, Chen K, Lassaletta AD, Yi CS, Tyson JJ, et al. Hysteresis drives 

cell-cycle transitions in Xenopus laevis egg extracts. Proceedings of the National 



								 160	 		
	

Academy of Sciences of the United States of America. 2003; 100(3):975-80. doi: 

10.1073/pnas.0235349100. PMID: 12509509; PMCID: PMC298711. 

228. Liu X, Erikson RL. Activation of Cdc2/cyclin B and inhibition of centrosome 

amplification in cells depleted of Plk1 by siRNA. Proceedings of the National Academy 

of Sciences of the United States of America. 2002; 99(13):8672-6. doi: 

10.1073/pnas.132269599. PMID: 12077309; PMCID: PMC124355. 

229. Kneisel L, Strebhardt K, Bernd A, Wolter M, Binder A, Kaufmann R. Expression 

of polo-like kinase (PLK1) in thin melanomas: a novel marker of metastatic disease. 

Journal of cutaneous pathology. 2002; 29(6):354-8. PMID: 12135466. 

230. Spankuch-Schmitt B, Wolf G, Solbach C, Loibl S, Knecht R, Stegmuller M, et al. 

Downregulation of human polo-like kinase activity by antisense oligonucleotides induces 

growth inhibition in cancer cells. Oncogene. 2002; 21(20):3162-71. doi: 

10.1038/sj.onc.1205412. PMID: 12082631. 

231. Donaldson MM, Tavares AA, Hagan IM, Nigg EA, Glover DM. The mitotic roles 

of Polo-like kinase. Journal of cell science. 2001; 114(Pt 13):2357-8. PMID: 11559744. 

232. Toyoshima-Morimoto F, Taniguchi E, Shinya N, Iwamatsu A, Nishida E. Polo-

like kinase 1 phosphorylates cyclin B1 and targets it to the nucleus during prophase. 

Nature. 2001; 410(6825):215-20. doi: 10.1038/35065617. PMID: 11242082. 

233. Yuan J, Horlin A, Hock B, Stutte HJ, Rubsamen-Waigmann H, Strebhardt K. 

Polo-like kinase, a novel marker for cellular proliferation. The American journal of 

pathology. 1997; 150(4):1165-72. PMID: 9094972; PMCID: PMC1858156. 

234. Wolf G, Hildenbrand R, Schwar C, Grobholz R, Kaufmann M, Stutte HJ, et al. 

Polo-like kinase: a novel marker of proliferation: correlation with estrogen-receptor 



								 161			
	

expression in human breast cancer. Pathology, research and practice. 2000; 196(11):753-

9. doi: 10.1016/S0344-0338(00)80107-7. PMID: 11186170. 

235. Takai N, Miyazaki T, Fujisawa K, Nasu K, Hamanaka R, Miyakawa I. Polo-like 

kinase (PLK) expression in endometrial carcinoma. Cancer letters. 2001; 169(1):41-9. 

PMID: 11410324. 

236. Takai N, Miyazaki T, Fujisawa K, Nasu K, Hamanaka R, Miyakawa I. Expression 

of polo-like kinase in ovarian cancer is associated with histological grade and clinical 

stage. Cancer letters. 2001; 164(1):41-9. PMID: 11166914. 

237. Weichert W, Schmidt M, Gekeler V, Denkert C, Stephan C, Jung K, et al. Polo-

like kinase 1 is overexpressed in prostate cancer and linked to higher tumor grades. The 

Prostate. 2004; 60(3):240-5. doi: 10.1002/pros.20050. PMID: 15176053. 

238. Macmillan JC, Hudson JW, Bull S, Dennis JW, Swallow CJ. Comparative 

expression of the mitotic regulators SAK and PLK in colorectal cancer. Annals of 

surgical oncology. 2001; 8(9):729-40. PMID: 11597015. 

239. Shan W, Akinfenwa PY, Savannah KB, Kolomeyevskaya N, Laucirica R, 

Thomas DG, et al. A small-molecule inhibitor targeting the mitotic spindle checkpoint 

impairs the growth of uterine leiomyosarcoma. Clinical cancer research : an official 

journal of the American Association for Cancer Research. 2012; 18(12):3352-65. doi: 

10.1158/1078-0432.CCR-11-3058. PMID: 22535157. 

240. Berg A, Berg T. Inhibitors of the Polo-Box Domain of Polo-Like Kinase 1. 

Chembiochem : a European journal of chemical biology. 2016; 17(8):650-6. doi: 

10.1002/cbic.201500580. PMID: 26662918. 



								 162	 		
	

241. Ellinger-Ziegelbauer H, Karasuyama H, Yamada E, Tsujikawa K, Todokoro K, 

Nishida E. Ste20-like kinase (SLK), a regulatory kinase for polo-like kinase (Plk) during 

the G2/M transition in somatic cells. Genes to cells : devoted to molecular & cellular 

mechanisms. 2000; 5(6):491-8. PMID: 10886374. 

242. Macurek L, Lindqvist A, Lim D, Lampson MA, Klompmaker R, Freire R, et al. 

Polo-like kinase-1 is activated by aurora A to promote checkpoint recovery. Nature. 

2008; 455(7209):119-23. doi: 10.1038/nature07185. PMID: 18615013. 

243. Tan J, Li Z, Lee PL, Guan P, Aau MY, Lee ST, et al. PDK1 signaling toward 

PLK1-MYC activation confers oncogenic transformation, tumor-initiating cell activation, 

and resistance to mTOR-targeted therapy. Cancer discovery. 2013; 3(10):1156-71. doi: 

10.1158/2159-8290.CD-12-0595. PMID: 23887393. 

244. Kasahara K, Goto H, Izawa I, Kiyono T, Watanabe N, Elowe S, et al. PI 3-kinase-

dependent phosphorylation of Plk1-Ser99 promotes association with 14-3-3gamma and is 

required for metaphase-anaphase transition. Nature communications. 2013; 4:1882. doi: 

10.1038/ncomms2879. PMID: 23695676; PMCID: PMC3675326. 

245. Jang YJ, Ma S, Terada Y, Erikson RL. Phosphorylation of threonine 210 and the 

role of serine 137 in the regulation of mammalian polo-like kinase. The Journal of 

biological chemistry. 2002; 277(46):44115-20. doi: 10.1074/jbc.M202172200. PMID: 

12207013. 

246. Xu J, Shen C, Wang T, Quan J. Structural basis for the inhibition of Polo-like 

kinase 1. Nature structural & molecular biology. 2013; 20(9):1047-53. doi: 

10.1038/nsmb.2623. PMID: 23893132. 



								 163			
	

247. Zitouni S, Nabais C, Jana SC, Guerrero A, Bettencourt-Dias M. Polo-like kinases: 

structural variations lead to multiple functions. Nature reviews Molecular cell biology. 

2014; 15(7):433-52. doi: 10.1038/nrm3819. PMID: 24954208. 

248. Luo J, Liu X. Polo-like kinase 1, on the rise from cell cycle regulation to prostate 

cancer development. Protein & cell. 2012; 3(3):182-97. doi: 10.1007/s13238-012-2020-y. 

PMID: 22447658. 

249. Skaar JR, Pagan JK, Pagano M. Mechanisms and function of substrate 

recruitment by F-box proteins. Nature reviews Molecular cell biology. 2013; 14(6):369-

81. doi: 10.1038/nrm3582. PMID: 23657496; PMCID: PMC3827686. 

250. Sillibourne JE, Bornens M. Polo-like kinase 4: the odd one out of the family. Cell 

division. 2010; 5:25. doi: 10.1186/1747-1028-5-25. PMID: 20920249; PMCID: 

PMC2955731. 

251. Lowery DM, Lim D, Yaffe MB. Structure and function of Polo-like kinases. 

Oncogene. 2005; 24(2):248-59. 

252. Barr FA, Sillje HH, Nigg EA. Polo-like kinases and the orchestration of cell 

division. Nature reviews Molecular cell biology. 2004; 5(6):429-40. doi: 

10.1038/nrm1401. PMID: 15173822. 

253. Lee KS, Oh DY, Kang YH, Park JE. Self-regulated mechanism of Plk1 

localization to kinetochores: lessons from the Plk1-PBIP1 interaction. Cell division. 

2008; 3:4. doi: 10.1186/1747-1028-3-4. PMID: 18215321; PMCID: PMC2263035. 

254. Qi W, Tang Z, Yu H. Phosphorylation- and polo-box-dependent binding of Plk1 

to Bub1 is required for the kinetochore localization of Plk1. Molecular biology of the 



								 164	 		
	

cell. 2006; 17(8):3705-16. doi: 10.1091/mbc.E06-03-0240. PMID: 16760428; PMCID: 

PMC1525235. 

255. Archambault V, Glover DM. Polo-like kinases: conservation and divergence in 

their functions and regulation. Nature reviews Molecular cell biology. 2009; 10(4):265-

75. doi: 10.1038/nrm2653. PMID: 19305416. 

256. Zhang J, Wan L, Dai X, Sun Y, Wei W. Functional characterization of Anaphase 

Promoting Complex/Cyclosome (APC/C) E3 ubiquitin ligases in tumorigenesis. 

Biochimica et biophysica acta. 2014; 1845(2):277-93. doi: 10.1016/j.bbcan.2014.02.001. 

PMID: 24569229; PMCID: PMC3995847. 

257. Tavernier N, Noatynska A, Panbianco C, Martino L, Van Hove L, Schwager F, et 

al. Cdk1 phosphorylates SPAT-1/Bora to trigger PLK-1 activation and drive mitotic entry 

in C. elegans embryos. The Journal of cell biology. 2015; 208(6):661-9. doi: 

10.1083/jcb.201408064. PMID: 25753036; PMCID: PMC4362466. 

258. Chalhoub N, Zhu G, Zhu X, Baker SJ. Cell type specificity of PI3K signaling in 

Pdk1- and Pten-deficient brains. Genes & development. 2009; 23(14):1619-24. doi: 

10.1101/gad.1799609. PMID: 19605683; PMCID: PMC2714713. 

259. Johnson TM, Antrobus R, Johnson LN. Plk1 activation by Ste20-like kinase (Slk) 

phosphorylation and polo-box phosphopeptide binding assayed with the substrate 

translationally controlled tumor protein (TCTP). Biochemistry. 2008; 47(12):3688-96. 

doi: 10.1021/bi702134c. PMID: 18298087. 

260. Padmanabhan A, Li X, Bieberich CJ. Protein kinase A regulates MYC protein 

through transcriptional and post-translational mechanisms in a catalytic subunit isoform-



								 165			
	

specific manner. The Journal of biological chemistry. 2013; 288(20):14158-69. doi: 

10.1074/jbc.M112.432377. PMID: 23504319; PMCID: PMC3656272. 

261. von Schubert C, Cubizolles F, Bracher Jasmine M, Sliedrecht T, Kops Geert JPL, 

Nigg Erich A. Plk1 and Mps1 Cooperatively Regulate the Spindle Assembly Checkpoint 

in Human Cells. Cell Reports.  12(1):66-78. doi: 10.1016/j.celrep.2015.06.007. 

262. Maroto B, Ye MB, von Lohneysen K, Schnelzer A, Knaus UG. P21-activated 

kinase is required for mitotic progression and regulates Plk1. Oncogene. 2008; 

27(36):4900-8. doi: 

http://www.nature.com/onc/journal/v27/n36/suppinfo/onc2008131s1.html. 

263. Jang YJ, Ji JH, Choi YC, Ryu CJ, Ko SY. Regulation of Polo-like kinase 1 by 

DNA damage in mitosis. Inhibition of mitotic PLK-1 by protein phosphatase 2A. The 

Journal of biological chemistry. 2007; 282(4):2473-82. doi: 10.1074/jbc.M605480200. 

PMID: 17121863. 

264. Liu XS, Song B, Elzey BD, Ratliff TL, Konieczny SF, Cheng L, et al. Polo-like 

kinase 1 facilitates loss of Pten tumor suppressor-induced prostate cancer formation. The 

Journal of biological chemistry. 2011; 286(41):35795-800. doi: 

10.1074/jbc.C111.269050. PMID: 21890624; PMCID: PMC3195584. 

265. Li Z, Li J, Bi P, Lu Y, Burcham G, Elzey BD, et al. Plk1 phosphorylation of 

PTEN causes a tumor-promoting metabolic state. Molecular and cellular biology. 2014; 

34(19):3642-61. doi: 10.1128/MCB.00814-14. PMID: 25047839; PMCID: 

PMC4187734. 



								 166	 		
	

266. Howitt J, Low LH, Putz U, Doan A, Lackovic J, Goh CP, et al. Ndfip1 represses 

cell proliferation by controlling Pten localization and signaling specificity. Journal of 

molecular cell biology. 2015; 7(2):119-31. doi: 10.1093/jmcb/mjv020. PMID: 25801959. 

267. Ando K, Ozaki T, Yamamoto H, Furuya K, Hosoda M, Hayashi S, et al. Polo-like 

kinase 1 (Plk1) inhibits p53 function by physical interaction and phosphorylation. The 

Journal of biological chemistry. 2004; 279(24):25549-61. doi: 10.1074/jbc.M314182200. 

PMID: 15024021. 

268. Dias SS, Hogan C, Ochocka AM, Meek DW. Polo-like kinase-1 phosphorylates 

MDM2 at Ser260 and stimulates MDM2-mediated p53 turnover. FEBS letters. 2009; 

583(22):3543-8. doi: 10.1016/j.febslet.2009.09.057. PMID: 19833129. 

269. Yang X, Li H, Zhou Z, Wang WH, Deng A, Andrisani O, et al. Plk1-mediated 

phosphorylation of Topors regulates p53 stability. The Journal of biological chemistry. 

2009; 284(28):18588-92. doi: 10.1074/jbc.C109.001560. PMID: 19473992; PMCID: 

PMC2707202. 

270. Liu XS, Li H, Song B, Liu X. Polo-like kinase 1 phosphorylation of G2 and S-

phase-expressed 1 protein is essential for p53 inactivation during G2 checkpoint 

recovery. EMBO reports. 2010; 11(8):626-32. doi: 10.1038/embor.2010.90. PMID: 

20577264; PMCID: PMC2920445. 

271. Strebhardt K. Multifaceted polo-like kinases: drug targets and antitargets for 

cancer therapy. Nature reviews Drug discovery. 2010; 9(8):643-60. doi: 

10.1038/nrd3184. PMID: 20671765. 



								 167			
	

272. Feng Z, Zhang C, Wu R, Hu W. Tumor suppressor p53 meets microRNAs. 

Journal of molecular cell biology. 2011; 3(1):44-50. doi: 10.1093/jmcb/mjq040. PMID: 

21278451; PMCID: PMC3030969. 

273. Ugras S, Brill E, Jacobsen A, Hafner M, Socci ND, Decarolis PL, et al. Small 

RNA sequencing and functional characterization reveals MicroRNA-143 tumor 

suppressor activity in liposarcoma. Cancer research. 2011; 71(17):5659-69. doi: 

10.1158/0008-5472.CAN-11-0890. PMID: 21693658; PMCID: PMC3165140. 

274. Louwen F, Yuan J. Battle of the eternal rivals: restoring functional p53 and 

inhibiting Polo-like kinase 1 as cancer therapy. Oncotarget. 2013; 4(7):958-71. doi: 

10.18632/oncotarget.1096. PMID: 23948487; PMCID: PMC3759674. 

275. Cholewa BD, Liu X, Ahmad N. The role of polo-like kinase 1 in carcinogenesis: 

cause or consequence? Cancer research. 2013; 73(23):6848-55. doi: 10.1158/0008-

5472.CAN-13-2197. PMID: 24265276; PMCID: PMC3849226. 

276. Wang L, Guo Q, Fisher LA, Liu D, Peng A. Regulation of polo-like kinase 1 by 

DNA damage and PP2A/B55alpha. Cell cycle. 2015; 14(1):157-66. doi: 

10.4161/15384101.2014.986392. PMID: 25483054; PMCID: PMC4615057. 

277. Wurzenberger C, Gerlich DW. Phosphatases: providing safe passage through 

mitotic exit. Nature reviews Molecular cell biology. 2011; 12(8):469-82. doi: 

10.1038/nrm3149. PMID: 21750572. 

278. Archambault V, Chen F, Glover DM. A bitter PP1 fights the sweet polo. 

Molecular cell. 2008; 30(5):541-2. doi: 10.1016/j.molcel.2008.05.012. PMID: 18538650. 

279. Kachaner D, Filipe J, Laplantine E, Bauch A, Bennett KL, Superti-Furga G, et al. 

Plk1-dependent phosphorylation of optineurin provides a negative feedback mechanism 



								 168	 		
	

for mitotic progression. Molecular cell. 2012; 45(4):553-66. doi: 

10.1016/j.molcel.2011.12.030. PMID: 22365832. 

280. Tategu M, Nakagawa H, Sasaki K, Yamauchi R, Sekimachi S, Suita Y, et al. 

Transcriptional regulation of human polo-like kinases and early mitotic inhibitor. Journal 

of genetics and genomics = Yi chuan xue bao. 2008; 35(4):215-24. doi: 10.1016/S1673-

8527(08)60030-2. PMID: 18439978. 

281. Zhang Y, Du XL, Wang CJ, Lin DC, Ruan X, Feng YB, et al. Reciprocal 

activation between PLK1 and Stat3 contributes to survival and proliferation of 

esophageal cancer cells. Gastroenterology. 2012; 142(3):521-30 e3. doi: 

10.1053/j.gastro.2011.11.023. PMID: 22108192. 

282. Ledoux AC, Sellier H, Gillies K, Iannetti A, James J, Perkins ND. NFkappaB 

regulates expression of Polo-like kinase 4. Cell cycle. 2013; 12(18):3052-62. doi: 

10.4161/cc.26086. PMID: 23974100; PMCID: PMC3875679. 

283. Pan H, Yin C, Dyson NJ, Harlow E, Yamasaki L, Van Dyke T. Key roles for 

E2F1 in signaling p53-dependent apoptosis and in cell division within developing tumors. 

Molecular cell. 1998; 2(3):283-92. PMID: 9774967. 

284. McKenzie L, King S, Marcar L, Nicol S, Dias SS, Schumm K, et al. p53-

dependent repression of polo-like kinase-1 (PLK1). Cell cycle. 2010; 9(20):4200-12. 

PMID: 20962589; PMCID: PMC3055203. 

285. Zhou Z, Cao JX, Li SY, An GS, Ni JH, Jia HT. p53 Suppresses E2F1-dependent 

PLK1 expression upon DNA damage by forming p53-E2F1-DNA complex. Experimental 

cell research. 2013; 319(20):3104-15. doi: 10.1016/j.yexcr.2013.09.012. PMID: 

24076372. 



								 169			
	

286. Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and its 

regulation. Cold Spring Harbor perspectives in biology. 2009; 1(4):a000034. doi: 

10.1101/cshperspect.a000034. PMID: 20066092; PMCID: PMC2773619. 

287. Lee K, Rhee K. PLK1 phosphorylation of pericentrin initiates centrosome 

maturation at the onset of mitosis. The Journal of cell biology. 2011; 195(7):1093-101. 

doi: 10.1083/jcb.201106093. PMID: 22184200; PMCID: PMC3246884. 

288. Joukov V, Walter JC, De Nicolo A. The Cep192-organized aurora A-Plk1 cascade 

is essential for centrosome cycle and bipolar spindle assembly. Molecular cell. 2014; 

55(4):578-91. doi: 10.1016/j.molcel.2014.06.016. PMID: 25042804; PMCID: 

PMC4245277. 

289. Park CH, Park JE, Kim TS, Kang YH, Soung NK, Zhou M, et al. Mammalian 

Polo-like kinase 1 (Plk1) promotes proper chromosome segregation by phosphorylating 

and delocalizing the PBIP1.CENP-Q complex from kinetochores. The Journal of 

biological chemistry. 2015; 290(13):8569-81. doi: 10.1074/jbc.M114.623546. PMID: 

25670858; PMCID: PMC4375506. 

290. Baran V, Brzakova A, Rehak P, Kovarikova V, Solc P. PLK1 regulates spindle 

formation kinetics and APC/C activation in mouse zygote. Zygote. 2016; 24(3):338-45. 

doi: 10.1017/S0967199415000246. PMID: 26174739. 

291. Barr FA, Gruneberg U. Cytokinesis: placing and making the final cut. Cell. 2007; 

131(5):847-60. doi: 10.1016/j.cell.2007.11.011. PMID: 18045532. 

292. Glover DM, Hagan IM, Tavares AA. Polo-like kinases: a team that plays 

throughout mitosis. Genes & development. 1998; 12(24):3777-87. PMID: 9869630. 



								 170	 		
	

293. Petronczki M, Lenart P, Peters JM. Polo on the Rise-from Mitotic Entry to 

Cytokinesis with Plk1. Developmental cell. 2008; 14(5):646-59. doi: 

10.1016/j.devcel.2008.04.014. PMID: 18477449. 

294. Takaki T, Trenz K, Costanzo V, Petronczki M. Polo-like kinase 1 reaches beyond 

mitosis--cytokinesis, DNA damage response, and development. Current opinion in cell 

biology. 2008; 20(6):650-60. doi: 10.1016/j.ceb.2008.10.005. PMID: 19000759. 

295. Song B, Liu XS, Davis K, Liu X. Plk1 phosphorylation of Orc2 promotes DNA 

replication under conditions of stress. Molecular and cellular biology. 2011; 31(23):4844-

56. doi: 10.1128/MCB.06110-11. PMID: 21947279; PMCID: PMC3232917. 

296. Hyun SY, Hwang HI, Jang YJ. Polo-like kinase-1 in DNA damage response. 

BMB reports. 2014; 47(5):249-55. PMID: 24667170; PMCID: PMC4163859. 

297. van Vugt MA, Medema RH. Getting in and out of mitosis with Polo-like kinase-1. 

Oncogene. 2005; 24(17):2844-59. doi: 10.1038/sj.onc.1208617. PMID: 15838519. 

298. van de Weerdt BC, Littler DR, Klompmaker R, Huseinovic A, Fish A, Perrakis A, 

et al. Polo-box domains confer target specificity to the Polo-like kinase family. 

Biochimica et biophysica acta. 2008; 1783(6):1015-22. doi: 

10.1016/j.bbamcr.2008.02.019. PMID: 18359294. 

299. Casenghi M, Meraldi P, Weinhart U, Duncan PI, Korner R, Nigg EA. Polo-like 

kinase 1 regulates Nlp, a centrosome protein involved in microtubule nucleation. 

Developmental cell. 2003; 5(1):113-25. PMID: 12852856. 

300. Oshimori N, Ohsugi M, Yamamoto T. The Plk1 target Kizuna stabilizes mitotic 

centrosomes to ensure spindle bipolarity. Nature cell biology. 2006; 8(10):1095-101. doi: 

10.1038/ncb1474. PMID: 16980960. 



								 171			
	

301. Eckerdt F, Strebhardt K. Polo-like kinase 1: target and regulator of anaphase-

promoting complex/cyclosome-dependent proteolysis. Cancer research. 2006; 

66(14):6895-8. doi: 10.1158/0008-5472.CAN-06-0358. PMID: 16849530. 

302. Seki A, Coppinger JA, Jang CY, Yates JR, Fang G. Bora and the kinase Aurora a 

cooperatively activate the kinase Plk1 and control mitotic entry. Science. 2008; 

320(5883):1655-8. doi: 10.1126/science.1157425. PMID: 18566290; PMCID: 

PMC2834883. 

303. Goto H, Kiyono T, Tomono Y, Kawajiri A, Urano T, Furukawa K, et al. Complex 

formation of Plk1 and INCENP required for metaphase-anaphase transition. Nature cell 

biology. 2006; 8(2):180-7. doi: 10.1038/ncb1350. PMID: 16378098. 

304. Elowe S, Hummer S, Uldschmid A, Li X, Nigg EA. Tension-sensitive Plk1 

phosphorylation on BubR1 regulates the stability of kinetochore microtubule interactions. 

Genes & development. 2007; 21(17):2205-19. doi: 10.1101/gad.436007. PMID: 

17785528; PMCID: PMC1950859. 

305. Zhou T, Aumais JP, Liu X, Yu-Lee LY, Erikson RL. A role for Plk1 

phosphorylation of NudC in cytokinesis. Developmental cell. 2003; 5(1):127-38. PMID: 

12852857. 

306. Hansen DV, Loktev AV, Ban KH, Jackson PK. Plk1 regulates activation of the 

anaphase promoting complex by phosphorylating and triggering SCFbetaTrCP-dependent 

destruction of the APC Inhibitor Emi1. Molecular biology of the cell. 2004; 15(12):5623-

34. doi: 10.1091/mbc.E04-07-0598. PMID: 15469984; PMCID: PMC532041. 



								 172	 		
	

307. von Schubert C, Cubizolles F, Bracher JM, Sliedrecht T, Kops GJ, Nigg EA. Plk1 

and Mps1 Cooperatively Regulate the Spindle Assembly Checkpoint in Human Cells. 

Cell Rep. 2015; 12(1):66-78. doi: 10.1016/j.celrep.2015.06.007. PMID: 26119734. 

308. Hu CK, Ozlu N, Coughlin M, Steen JJ, Mitchison TJ. Plk1 negatively regulates 

PRC1 to prevent premature midzone formation before cytokinesis. Molecular biology of 

the cell. 2012; 23(14):2702-11. doi: 10.1091/mbc.E12-01-0058. PMID: 22621898; 

PMCID: PMC3395659. 

309. Burkard ME, Maciejowski J, Rodriguez-Bravo V, Repka M, Lowery DM, Clauser 

KR, et al. Plk1 self-organization and priming phosphorylation of HsCYK-4 at the spindle 

midzone regulate the onset of division in human cells. PLoS biology. 2009; 

7(5):e1000111. doi: 10.1371/journal.pbio.1000111. PMID: 19468302; PMCID: 

PMC2680336. 

310. Niiya F, Tatsumoto T, Lee KS, Miki T. Phosphorylation of the cytokinesis 

regulator ECT2 at G2/M phase stimulates association of the mitotic kinase Plk1 and 

accumulation of GTP-bound RhoA. Oncogene. 2006; 25(6):827-37. doi: 

10.1038/sj.onc.1209124. PMID: 16247472. 

311. Neef R, Preisinger C, Sutcliffe J, Kopajtich R, Nigg EA, Mayer TU, et al. 

Phosphorylation of mitotic kinesin-like protein 2 by polo-like kinase 1 is required for 

cytokinesis. The Journal of cell biology. 2003; 162(5):863-75. doi: 

10.1083/jcb.200306009. PMID: 12939256; PMCID: PMC2172827. 

312. Mandal R, Strebhardt K. Plk1: unexpected roles in DNA replication. Cell 

research. 2013; 23(11):1251-3. doi: 10.1038/cr.2013.130. PMID: 24042259; PMCID: 

PMC3817549. 



								 173			
	

313. Wu ZQ, Liu X. Role for Plk1 phosphorylation of Hbo1 in regulation of 

replication licensing. Proceedings of the National Academy of Sciences of the United 

States of America. 2008; 105(6):1919-24. doi: 10.1073/pnas.0712063105. PMID: 

18250300; PMCID: PMC2538859. 

314. Lu LY, Wood JL, Minter-Dykhouse K, Ye L, Saunders TL, Yu X, et al. Polo-like 

kinase 1 is essential for early embryonic development and tumor suppression. Molecular 

and cellular biology. 2008; 28(22):6870-6. doi: 10.1128/MCB.00392-08. PMID: 

18794363; PMCID: PMC2573299. 

315. Bruinsma W, Macůrek L, Freire R, Lindqvist A, Medema RH. Bora and Aurora-

A continue to activate Plk1 in mitosis. Journal of cell science. 2014; 127(4):801-11. doi: 

10.1242/jcs.137216. 

316. Sing CF, Stengard JH, Kardia SL. Genes, environment, and cardiovascular 

disease. Arteriosclerosis, thrombosis, and vascular biology. 2003; 23(7):1190-6. doi: 

10.1161/01.ATV.0000075081.51227.86. PMID: 12730090. 

317. Zaragoza C, Gomez-Guerrero C, Martin-Ventura JL, Blanco-Colio L, Lavin B, 

Mallavia B, et al. Animal models of cardiovascular diseases. Journal of biomedicine & 

biotechnology. 2011; 2011:497841. doi: 10.1155/2011/497841. PMID: 21403831; 

PMCID: PMC3042667. 

318. Swindle MM, Horneffer PJ, Gardner TJ, Gott VL, Hall TS, Stuart RS, et al. 

Anatomic and anesthetic considerations in experimental cardiopulmonary surgery in 

swine. Laboratory animal science. 1986; 36(4):357-61. PMID: 3534438. 

319. Min RJ, Almeida JI, McLean DJ, Madsen M, Raabe R. Novel vein closure 

procedure using a proprietary cyanoacrylate adhesive: 30-day swine model results. 



								 174	 		
	

Phlebology / Venous Forum of the Royal Society of Medicine. 2012; 27(8):398-403. doi: 

10.1258/phleb.2011.011084. PMID: 22262871. 

320. Rojas-Pena A, Koch KL, Heitner HD, Hall CM, Bergin IL, Cook KE. 

Quantification of thermal spread and burst pressure after endoscopic vessel harvesting: a 

comparison of 2 commercially available devices. The Journal of thoracic and 

cardiovascular surgery. 2011; 142(1):203-8. doi: 10.1016/j.jtcvs.2010.09.055. PMID: 

21130472. 

321. Fuster V, Badimon L, Badimon JJ, Ip JH, Chesebro JH. The porcine model for the 

understanding of thrombogenesis and atherogenesis. Mayo Clinic proceedings. 1991; 

66(8):818-31. PMID: 1861555. 

322. Skold BH, Getty R, Ramsey FK. Spontaneous atherosclerosis in the arterial 

system of aging swine. American journal of veterinary research. 1966; 27(116):257-73. 

PMID: 4161799. 

323. Vilahur G, Padro T, Badimon L. Atherosclerosis and thrombosis: insights from 

large animal models. Journal of biomedicine & biotechnology. 2011; 2011:907575. doi: 

10.1155/2011/907575. PMID: 21274431; PMCID: PMC3022266. 

324. Swindle MM, Makin A, Herron AJ, Clubb FJ, Jr., Frazier KS. Swine as models in 

biomedical research and toxicology testing. Veterinary pathology. 2012; 49(2):344-56. 

doi: 10.1177/0300985811402846. PMID: 21441112. 

325. Gupta GK, Agrawal T, Del Core MG, Hunter WJ, 3rd, Agrawal DK. Decreased 

expression of vitamin D receptors in neointimal lesions following coronary artery 

angioplasty in atherosclerotic swine. PloS one. 2012; 7(8):e42789. doi: 

10.1371/journal.pone.0042789. PMID: 22880111; PMCID: PMC3412822. 



								 175			
	

326. King SI, Purdie CA, Bray SE, Quinlan PR, Jordan LB, Thompson AM, et al. 

Immunohistochemical detection of Polo-like kinase-1 (PLK1) in primary breast cancer is 

associated with TP53 mutation and poor clinical outcom. Breast cancer research : BCR. 

2012; 14(2):R40. doi: 10.1186/bcr3136. PMID: 22405092; PMCID: PMC3446374. 

327. Toyoshima-Morimoto F, Taniguchi E, Nishida E. Plk1 promotes nuclear 

translocation of human Cdc25C during prophase. EMBO reports. 2002; 3(4):341-8. doi: 

10.1093/embo-reports/kvf069. PMID: 11897663; PMCID: PMC1084057. 

328. Yamaguchi T, Goto H, Yokoyama T, Sillje H, Hanisch A, Uldschmid A, et al. 

Phosphorylation by Cdk1 induces Plk1-mediated vimentin phosphorylation during 

mitosis. The Journal of cell biology. 2005; 171(3):431-6. doi: 10.1083/jcb.200504091. 

PMID: 16260496; PMCID: PMC2171270. 

329. Kumar S, Kim J. PLK-1 Targeted Inhibitors and Their Potential against 

Tumorigenesis. BioMed research international. 2015; 2015:705745. doi: 

10.1155/2015/705745. PMID: 26557691; PMCID: PMC4628734. 

330. Steegmaier M, Hoffmann M, Baum A, Lenart P, Petronczki M, Krssak M, et al. 

BI 2536, a potent and selective inhibitor of polo-like kinase 1, inhibits tumor growth in 

vivo. Current biology : CB. 2007; 17(4):316-22. doi: 10.1016/j.cub.2006.12.037. PMID: 

17291758. 

331. Rudolph D, Steegmaier M, Hoffmann M, Grauert M, Baum A, Quant J, et al. BI 

6727, a Polo-like kinase inhibitor with improved pharmacokinetic profile and broad 

antitumor activity. Clinical cancer research : an official journal of the American 

Association for Cancer Research. 2009; 15(9):3094-102. doi: 10.1158/1078-0432.CCR-

08-2445. PMID: 19383823. 



								 176	 		
	

332. Loscalzo J. Vascular matrix and vein graft failure. Is the message in the medium? 

Circulation. 2000; 101(3):221-3. PMID: 10645913. 

333. Zhang X, Zhuang J, Wu H, Chen Z, Su J, Chen S, et al. Inhibitory effects of 

calcitonin gene-related peptides on experimental vein graft disease. The Annals of 

thoracic surgery. 2010; 90(1):117-23. doi: 10.1016/j.athoracsur.2010.03.063. PMID: 

20609760. 

334. Lee S, Lee RT. Mechanical stretch and intimal hyperplasia: the missing link? 

Arteriosclerosis, thrombosis, and vascular biology. 2010; 30(3):459-60. doi: 

10.1161/ATVBAHA.109.201509. PMID: 20167664; PMCID: PMC2844800. 

335. Johnson JL, van Eys GJ, Angelini GD, George SJ. Injury induces 

dedifferentiation of smooth muscle cells and increased matrix-degrading 

metalloproteinase activity in human saphenous vein. Arteriosclerosis, thrombosis, and 

vascular biology. 2001; 21(7):1146-51. PMID: 11451743. 

336. Turner NA, Hall KT, Ball SG, Porter KE. Selective gene silencing of either 

MMP-2 or MMP-9 inhibits invasion of human saphenous vein smooth muscle cells. 

Atherosclerosis. 2007; 193(1):36-43. doi: 10.1016/j.atherosclerosis.2006.08.017. PMID: 

16979647. 

337. Massova I, Kotra LP, Fridman R, Mobashery S. Matrix metalloproteinases: 

structures, evolution, and diversification. FASEB journal : official publication of the 

Federation of American Societies for Experimental Biology. 1998; 12(12):1075-95. 

PMID: 9737711. 



								 177			
	

338. Raffetto JD, Khalil RA. Matrix metalloproteinases and their inhibitors in vascular 

remodeling and vascular disease. Biochemical pharmacology. 2008; 75(2):346-59. doi: 

10.1016/j.bcp.2007.07.004. PMID: 17678629; PMCID: PMC2254136. 

339. Perek B, Malinska A, Misterski M, Ostalska-Nowicka D, Zabel M, Perek A, et al. 

Preexisting high expression of matrix metalloproteinase-2 in tunica media of saphenous 

vein conduits is associated with unfavorable long-term outcomes after coronary artery 

bypass grafting. BioMed research international. 2013; 2013:730721. doi: 

10.1155/2013/730721. PMID: 24151618; PMCID: PMC3787554. 

340. Li R, Lan B, Zhu T, Yang Y, Wang M, Ma C, et al. Establishment of an animal 

model of vascular restenosis with bilateral carotid artery grafting. Medical science 

monitor : international medical journal of experimental and clinical research. 2014; 

20:2846-54. doi: 10.12659/MSM.891303. PMID: 25549796; PMCID: PMC4286978. 

341. Southerland KW, Frazier SB, Bowles DE, Milano CA, Kontos CD. Gene therapy 

for the prevention of vein graft disease. Translational research : the journal of laboratory 

and clinical medicine. 2013; 161(4):321-38. doi: 10.1016/j.trsl.2012.12.003. PMID: 

23274305; PMCID: PMC3602161. 

342. Vandamme TF. Use of rodents as models of human diseases. Journal of pharmacy 

& bioallied sciences. 2014; 6(1):2-9. doi: 10.4103/0975-7406.124301. PMID: 24459397; 

PMCID: PMC3895289. 

343. Workman P, Aboagye EO, Balkwill F, Balmain A, Bruder G, Chaplin DJ, et al. 

Guidelines for the welfare and use of animals in cancer research. British journal of 

cancer. 2010; 102(11):1555-77. doi: 10.1038/sj.bjc.6605642. PMID: 20502460; PMCID: 

PMC2883160. 



								 178	 		
	

344. Williams H, Johnson JL, Carson KG, Jackson CL. Characteristics of intact and 

ruptured atherosclerotic plaques in brachiocephalic arteries of apolipoprotein E knockout 

mice. Arteriosclerosis, thrombosis, and vascular biology. 2002; 22(5):788-92. PMID: 

12006391. 

345. Virmani R, Burke AP, Kolodgie FD, Farb A. Pathology of the thin-cap 

fibroatheroma: a type of vulnerable plaque. Journal of interventional cardiology. 2003; 

16(3):267-72. PMID: 12800406. 

346. Jeremy JY, Thomas AC. Animal models for studying neointima formation. 

Current vascular pharmacology. 2010; 8(2):198-219. PMID: 19485916. 

347. Thomas AC. Animal models for studying vein graft failure and therapeutic 

interventions. Current opinion in pharmacology. 2012; 12(2):121-6. doi: 

10.1016/j.coph.2012.01.002. PMID: 22281067. 

348. Badimon JJ, Ortiz AF, Meyer B, Mailhac A, Fallon JT, Falk E, et al. Different 

response to balloon angioplasty of carotid and coronary arteries: effects on acute platelet 

deposition and intimal thickening. Atherosclerosis. 1998; 140(2):307-14. PMID: 

9862273. 

349. Lincoff AM, Topol EJ, Ellis SG. Local drug delivery for the prevention of 

restenosis. Fact, fancy, and future. Circulation. 1994; 90(4):2070-84. PMID: 7923695. 

350. Bauters C, Meurice T, Hamon M, McFadden E, Lablanche JM, Bertrand ME. 

Mechanisms and prevention of restenosis: from experimental models to clinical practice. 

Cardiovascular research. 1996; 31(6):835-46. PMID: 8759238. 



								 179			
	

351. Maisel WH, Laskey WK. Cardiology patient page. Drug-eluting stents. 

Circulation. 2007; 115(17):e426-7. doi: 10.1161/CIRCULATIONAHA.107.688176. 

PMID: 17470700. 

352. DiTizio V, Karlgard C, Lilge L, Khoury AE, Mittelman MW, DiCosmo F. 

Localized drug delivery using crosslinked gelatin gels containing liposomes: factors 

influencing liposome stability and drug release. Journal of biomedical materials research. 

2000; 51(1):96-106. PMID: 10813750. 

353. Kelly B, Melhem M, Zhang J, Kasting G, Li J, Krishnamoorthy M, et al. 

Perivascular paclitaxel wraps block arteriovenous graft stenosis in a pig model. 

Nephrology, dialysis, transplantation : official publication of the European Dialysis and 

Transplant Association - European Renal Association. 2006; 21(9):2425-31. doi: 

10.1093/ndt/gfl250. PMID: 16822794. 

354. Durante W. Targeting heme oxygenase-1 in vascular disease. Current drug 

targets. 2010; 11(12):1504-16. PMID: 20704550; PMCID: PMC2978667. 

355. Shi X, Chen G, Guo LW, Si Y, Zhu M, Pilla S, et al. Periadventitial application of 

rapamycin-loaded nanoparticles produces sustained inhibition of vascular restenosis. 

PloS one. 2014; 9(2):e89227. doi: 10.1371/journal.pone.0089227. PMID: 24586612; 

PMCID: PMC3931710. 

356. Thomas AC. Targeted Treatments for Restenosis and Vein Graft Disease. ISRN 

Vascular Medicine. 2012; 2012:23. doi: 10.5402/2012/710765. 

357. Ahn YK, Jeong MH, Kim JW, Kim SH, Cho JH, Cho JG, et al. Preventive effects 

of the heparin-coated stent on restenosis in the porcine model. Catheterization and 



								 180	 		
	

cardiovascular interventions : official journal of the Society for Cardiac Angiography & 

Interventions. 1999; 48(3):324-30. PMID: 10525239. 

358. Cox DA, Anderson PG, Roubin GS, Chou C-Y, Agrawal SK, Cavender JB. Effect 

of local delivery of heparin and methotrexate on neointimal proliferation in stented 

porcine coronary arteries. Coronary Artery Disease. 1992; 3(3):237-48. PMID: 

00019501-199203000-00011. 

359. Faxon DP, Spiro TE, Minor S, Cote G, Douglas J, Gottlieb R, et al. Low 

molecular weight heparin in prevention of restenosis after angioplasty. Results of 

Enoxaparin Restenosis (ERA) Trial. Circulation. 1994; 90(2):908-14. PMID: 8044962. 

360. Brack MJ, Ray S, Chauhan A, Fox J, Hubner PJ, Schofield P, et al. The 

Subcutaneous Heparin and Angioplasty Restenosis Prevention (SHARP) trial. Results of 

a multicenter randomized trial investigating the effects of high dose unfractionated 

heparin on angiographic restenosis and clinical outcome. Journal of the American 

College of Cardiology. 1995; 26(4):947-54. PMID: 7560622. 

361. Ellis SG, Roubin GS, Wilentz J, Douglas JS, Jr., King SB, 3rd. Effect of 18- to 

24-hour heparin administration for prevention of restenosis after uncomplicated coronary 

angioplasty. American heart journal. 1989; 117(4):777-82. PMID: 2522716. 

362. Stavenow L, Lindblad B, Xu CB. Unfractionated heparin and low molecular 

weight heparin do not inhibit the growth of proliferating human arterial smooth muscle 

cells in culture. European journal of vascular and endovascular surgery : the official 

journal of the European Society for Vascular Surgery. 1995; 10(2):215-9. PMID: 

7655975. 



								 181			
	

363. Qi Y, Zhao G, Liu D, Shriver Z, Sundaram M, Sengupta S, et al. Delivery of 

therapeutic levels of heparin and low-molecular-weight heparin through a pulmonary 

route. Proceedings of the National Academy of Sciences of the United States of America. 

2004; 101(26):9867-72. doi: 10.1073/pnas.0402891101. PMID: 15226520; PMCID: 

PMC470765. 

364. Edelman ER, Karnovsky MJ. Contrasting effects of the intermittent and 

continuous administration of heparin in experimental restenosis. Circulation. 1994; 

89(2):770-6. PMID: 8313565. 

365. Collins MJ, Li X, Lv W, Yang C, Protack CD, Muto A, et al. Therapeutic 

strategies to combat neointimal hyperplasia in vascular grafts. Expert review of 

cardiovascular therapy. 2012; 10(5):635-47. doi: 10.1586/erc.12.33. PMID: 22651839; 

PMCID: PMC3401520. 

366. Alt E, Haehnel I, Beilharz C, Prietzel K, Preter D, Stemberger A, et al. Inhibition 

of neointima formation after experimental coronary artery stenting: a new biodegradable 

stent coating releasing hirudin and the prostacyclin analogue iloprost. Circulation. 2000; 

101(12):1453-8. PMID: 10736292. 

367. McKenna CJ, Holmes DR, Schwartz RS. Novel stents for the prevention of 

restenosis. Trends in cardiovascular medicine. 1997; 7(7):245-9. doi: 10.1016/S1050-

1738(97)00066-2. PMID: 21235892. 

368. Thomas AC, Wyatt MJ, Newby AC. Reduction of early vein graft thrombosis by 

tissue plasminogen activator gene transfer. Thrombosis and haemostasis. 2009; 

102(1):145-52. doi: 10.1160/TH08-11-0772. PMID: 19572079. 



								 182	 		
	

369. Schneider DJ. Anti-platelet therapy: glycoprotein IIb-IIIa antagonists. British 

journal of clinical pharmacology. 2011; 72(4):672-82. doi: 10.1111/j.1365-

2125.2010.03879.x. PMID: 21906121; PMCID: PMC3195742. 

370. Topol EJ, Byzova TV, Plow EF. Platelet GPIIb-IIIa blockers. Lancet. 1999; 

353(9148):227-31. doi: 10.1016/S0140-6736(98)11086-3. PMID: 9923894. 

371. Mousa SA, Kapil R, Mu DX. Intravenous and oral antithrombotic efficacy of the 

novel platelet GPIIb/IIIa antagonist roxifiban (DMP754) and its free acid form, XV459. 

Arteriosclerosis, thrombosis, and vascular biology. 1999; 19(10):2535-41. PMID: 

10521384. 

372. Hong YJ, Jeong MH, Lee SR, Hong SN, Kim KH, Park HW, et al. Anti-

inflammatory effect of abciximab-coated stent in a porcine coronary restenosis model. 

Journal of Korean medical science. 2007; 22(5):802-9. doi: 10.3346/jkms.2007.22.5.802. 

PMID: 17982226; PMCID: PMC2693844. 

373. Schainfeld RM. Potential emerging therapeutic strategies to prevent restenosis in 

the peripheral vasculature. Catheterization and cardiovascular interventions : official 

journal of the Society for Cardiac Angiography & Interventions. 2002; 56(3):421-31. doi: 

10.1002/ccd.10211. PMID: 12112901. 

374. Tsuchikane E, Suzuki T, Katoh O, Suzuki T. Examination of anti-intima 

hyperplastic effect on cilostazol-eluting stent in a porcine model. The Journal of invasive 

cardiology. 2007; 19(3):109-12. PMID: 17341777. 

375. Bennett MR. In-stent stenosis: pathology and implications for the development of 

drug eluting stents. Heart. 2003; 89(2):218-24. PMID: 12527687; PMCID: 

PMC1767562. 



								 183			
	

376. Suzuki T, Kopia G, Hayashi S, Bailey LR, Llanos G, Wilensky R, et al. Stent-

based delivery of sirolimus reduces neointimal formation in a porcine coronary model. 

Circulation. 2001; 104(10):1188-93. PMID: 11535578. 

377. Konig A, Leibig M, Rieber J, Schiele TM, Theisen K, Siebert U, et al. 

Randomized comparison of dexamethasone-eluting stents with bare metal stent 

implantation in patients with acute coronary syndrome: serial angiographic and 

sonographic analysis. American heart journal. 2007; 153(6):979 e1-8. doi: 

10.1016/j.ahj.2007.03.032. PMID: 17540198. 

378. Steffel J, Eberli FR, Luscher TF, Tanner FC. Drug-eluting stents - what should be 

improved? Annals of medicine. 2008; 40(4):242-52. doi: 10.1080/07853890801964948. 

PMID: 18428018. 

379. Sousa JE, Costa MA, Abizaid AC, Rensing BJ, Abizaid AS, Tanajura LF, et al. 

Sustained suppression of neointimal proliferation by sirolimus-eluting stents: one-year 

angiographic and intravascular ultrasound follow-up. Circulation. 2001; 104(17):2007-

11. PMID: 11673337. 

380. Brieger D, Topol E. Local drug delivery systems and prevention of restenosis. 

Cardiovascular research. 1997; 35(3):405-13. PMID: 9415284. 

381. Berk BC, Gordon JB, Alexander RW. Pharmacologic roles of heparin and 

glucocorticoids to prevent restenosis after coronary angioplasty. Journal of the American 

College of Cardiology. 1991; 17(6 Suppl B):111B-7B. PMID: 2016469. 

382. Weinberg MS. The hidden effects of antihypertensive and lipid-lowering agents 

on the prevention and regression of atherogenesis: new management strategies. Rhode 

Island medicine. 1995; 78(3):78-81. PMID: 7734758. 



								 184	 		
	

383. Hamon M, Lecluse E, Monassier JP, Grollier G, Potier JC. Pharmacological 

approaches to the prevention of restenosis after coronary angioplasty. Drugs & aging. 

1998; 13(4):291-301. PMID: 9805210. 

384. Casterella PJ, Teirstein PS. Prevention of coronary restenosis. Cardiology in 

review. 1999; 7(4):219-31. PMID: 10423674. 

385. Chan AW, Chew DP, Lincoff AM. Update on Pharmacology for Restenosis. 

Current interventional cardiology reports. 2001; 3(2):149-55. PMID: 11322918. 

386. Muller DW, Ellis SG, Topol EJ. Colchicine and antineoplastic therapy for the 

prevention of restenosis after percutaneous coronary interventions. Journal of the 

American College of Cardiology. 1991; 17(6 Suppl B):126B-31B. PMID: 2016470. 

387. Murphy GJ, Johnson TW, Chamberlain MH, Rizvi SI, Wyatt M, George SJ, et al. 

Short- and long-term effects of cytochalasin D, paclitaxel and rapamycin on wall 

thickening in experimental porcine vein grafts. Cardiovascular research. 2007; 73(3):607-

17. doi: 10.1016/j.cardiores.2006.11.015. PMID: 17187765. 

388. Braunersreuther V, Mach F, Montecucco F. Statins and stent thrombosis. Swiss 

medical weekly. 2012; 142:w13525. doi: 10.4414/smw.2012.13525. PMID: 22344522. 

389. Miyauchi K, Kasai T, Yokayama T, Aihara K, Kurata T, Kajimoto K, et al. 

Effectiveness of statin-eluting stent on early inflammatory response and neointimal 

thickness in a porcine coronary model. Circulation journal : official journal of the 

Japanese Circulation Society. 2008; 72(5):832-8. PMID: 18441467. 

390. Torsney E, Mayr U, Zou Y, Thompson WD, Hu Y, Xu Q. Thrombosis and 

neointima formation in vein grafts are inhibited by locally applied aspirin through 



								 185			
	

endothelial protection. Circulation research. 2004; 94(11):1466-73. doi: 

10.1161/01.RES.0000129570.06647.00. PMID: 15117816. 

391. Brasen JH, Leppanen O, Inkala M, Heikura T, Levin M, Ahrens F, et al. 

Extracellular superoxide dismutase accelerates endothelial recovery and inhibits in-stent 

restenosis in stented atherosclerotic Watanabe heritable hyperlipidemic rabbit aorta. 

Journal of the American College of Cardiology. 2007; 50(23):2249-53. doi: 

10.1016/j.jacc.2007.08.038. PMID: 18061074. 

392. Conte MS, Bandyk DF, Clowes AW, Moneta GL, Seely L, Lorenz TJ, et al. 

Results of PREVENT III: a multicenter, randomized trial of edifoligide for the prevention 

of vein graft failure in lower extremity bypass surgery. Journal of vascular surgery. 2006; 

43(4):742-51; discussion 51. doi: 10.1016/j.jvs.2005.12.058. PMID: 16616230. 

393. Attwooll C, Lazzerini Denchi E, Helin K. The E2F family: specific functions and 

overlapping interests. The EMBO journal. 2004; 23(24):4709-16. doi: 

10.1038/sj.emboj.7600481. PMID: 15538380; PMCID: PMC535093. 

394. Morishita R, Gibbons GH, Horiuchi M, Ellison KE, Nakama M, Zhang L, et al. A 

gene therapy strategy using a transcription factor decoy of the E2F binding site inhibits 

smooth muscle proliferation in vivo. Proceedings of the National Academy of Sciences of 

the United States of America. 1995; 92(13):5855-9. PMID: 7597041; PMCID: 

PMC41600. 

395. Ehsan A, Mann MJ, Dell'Acqua G, Dzau VJ. Long-term stabilization of vein graft 

wall architecture and prolonged resistance to experimental atherosclerosis after E2F 

decoy oligonucleotide gene therapy. The Journal of thoracic and cardiovascular surgery. 

2001; 121(4):714-22. doi: 10.1067/mtc.2001.111204. PMID: 11279413. 



								 186	 		
	

396. Chong JL, Wenzel PL, Saenz-Robles MT, Nair V, Ferrey A, Hagan JP, et al. 

E2f1-3 switch from activators in progenitor cells to repressors in differentiating cells. 

Nature. 2009; 462(7275):930-4. doi: 10.1038/nature08677. PMID: 20016602; PMCID: 

PMC2806193. 

397. Yu W, Wright JR, Jr., Appoo JJ. Venous intimal hyperplasia with occlusion of the 

anastomosis between saphenous vein graft and carbo-seal dacron tube after a modified 

Bentall procedure. The Journal of heart valve disease. 2013; 22(6):867-71. PMID: 

24597412. 

398. Sepehripour AH, Jarral OA, Shipolini AR, McCormack DJ. Does a 'no-touch' 

technique result in better vein patency? Interactive cardiovascular and thoracic surgery. 

2011; 13(6):626-30. doi: 10.1510/icvts.2011.281998. PMID: 21908888. 

399. Irie T, Oonuki T, Kei J, Sone Y, Nitta S. [Peri- and postoperative courses in 

patients undergoing concomitant cardiac and pulmonary operations]. [Zasshi] [Journal] 

Nihon Kyobu Geka Gakkai. 1996; 44(6):747-54. PMID: 8753081. 

400. Parang P, Arora R. Coronary vein graft disease: pathogenesis and prevention. The 

Canadian journal of cardiology. 2009; 25(2):e57-62. PMID: 19214303; PMCID: 

PMC2691920. 

401. Blaas I, Heinz K, Wurtinger P, Turkcan A, Tepekoylu C, Grimm M, et al. Vein 

graft thrombi, a niche for smooth muscle cell colonization - a hypothesis to explain the 

asymmetry of intimal hyperplasia. Journal of thrombosis and haemostasis : JTH. 2016; 

14(5):1095-104. doi: 10.1111/jth.13295. PMID: 26875593. 



								 187			
	

402. Davies MG, Klyachkin ML, Dalen H, Massey MF, Svendsen E, Hagen PO. The 

integrity of experimental vein graft endothelium--implications on the etiology of early 

graft failure. European journal of vascular surgery. 1993; 7(2):156-65. PMID: 8462704. 

403. Cheng J, Du J. Mechanical stretch simulates proliferation of venous smooth 

muscle cells through activation of the insulin-like growth factor-1 receptor. 

Arteriosclerosis, thrombosis, and vascular biology. 2007; 27(8):1744-51. doi: 

10.1161/ATVBAHA.107.147371. PMID: 17541019. 

404. Springer TA. Traffic signals for lymphocyte recirculation and leukocyte 

emigration: the multistep paradigm. Cell. 1994; 76(2):301-14. PMID: 7507411. 

405. Lee MS, David EM, Makkar RR, Wilentz JR. Molecular and cellular basis of 

restenosis after percutaneous coronary intervention: the intertwining roles of platelets, 

leukocytes, and the coagulation-fibrinolysis system. The Journal of pathology. 2004; 

203(4):861-70. doi: 10.1002/path.1598. PMID: 15258987. 

406. Huynh TT, Davies MG, Thompson MA, Ezekowitz MD, Hagen P, Annex BH. 

Local treatment with recombinant tissue factor pathway inhibitor reduces the 

development of intimal hyperplasia in experimental vein grafts. Journal of vascular 

surgery. 2001; 33(2):400-7. PMID: 11174796. 

407. Mitra AK, Gangahar DM, Agrawal DK. Cellular, molecular and immunological 

mechanisms in the pathophysiology of vein graft intimal hyperplasia. Immunology and 

cell biology. 2006; 84(2):115-24. doi: 10.1111/j.1440-1711.2005.01407.x. PMID: 

16519729. 



								 188	 		
	

408. Lardenoye JH, de Vries MR, Lowik CW, Xu Q, Dhore CR, Cleutjens JP, et al. 

Accelerated atherosclerosis and calcification in vein grafts: a study in APOE*3 Leiden 

transgenic mice. Circulation research. 2002; 91(7):577-84. PMID: 12364385. 

409. Edelman ER, Adams DH, Karnovsky MJ. Effect of controlled adventitial heparin 

delivery on smooth muscle cell proliferation following endothelial injury. Proceedings of 

the National Academy of Sciences of the United States of America. 1990; 87(10):3773-7. 

PMID: 2339120; PMCID: PMC53985. 

410. Voisard R, Seitzer U, Baur R, Dartsch PC, Osterhues H, Hoher M, et al. A 

prescreening system for potential antiproliferative agents: implications for local treatment 

strategies of postangioplasty restenosis. International journal of cardiology. 1995; 

51(1):15-28. PMID: 8522393. 

411. Heras M, Chesebro JH, Penny WJ, Bailey KR, Badimon L, Fuster V. Effects of 

thrombin inhibition on the development of acute platelet-thrombus deposition during 

angioplasty in pigs. Heparin versus recombinant hirudin, a specific thrombin inhibitor. 

Circulation. 1989; 79(3):657-65. PMID: 2521818. 

412. Timmermans C, Vrolix M, Vanhaecke J, Stammen F, Piessens J, Vercammen E, 

et al. Ridogrel in the setting of percutaneous transluminal coronary angioplasty. The 

American journal of cardiology. 1991; 68(5):463-6. PMID: 1872272. 

413. Hattori R, Kodama K, Takatsu F, Yui Y, Kawai C. Randomized trial of a 

selective inhibitor of thromboxane A2 synthetase, (E)-7-phenyl-7-(3-pyridyl)-6-heptenoic 

acid (CV-4151), for prevention of restenosis after coronary angioplasty. Japanese 

circulation journal. 1991; 55(4):324-9. PMID: 2046138. 



								 189			
	

414. Take S, Matsutani M, Ueda H, Hamaguchi H, Konishi H, Baba Y, et al. Effect of 

cilostazol in preventing restenosis after percutaneous transluminal coronary angioplasty. 

The American journal of cardiology. 1997; 79(8):1097-9. PMID: 9114771. 

415. Higgs GA, Mugridge KG, Moncada S, Vane JR. Inhibition of tissue damage by 

the arachidonate lipoxygenase inhibitor BW755C. Proceedings of the National Academy 

of Sciences of the United States of America. 1984; 81(9):2890-2. PMID: 6326150; 

PMCID: PMC345178. 

416. De Meyer I, Martinet W, Schrijvers DM, Timmermans JP, Bult H, De Meyer GR. 

Toll-like receptor 7 stimulation by imiquimod induces macrophage autophagy and 

inflammation in atherosclerotic plaques. Basic research in cardiology. 2012; 107(3):269. 

doi: 10.1007/s00395-012-0269-1. PMID: 22543675. 

417. Danenberg HD, Fishbein I, Gao J, Monkkonen J, Reich R, Gati I, et al. 

Macrophage depletion by clodronate-containing liposomes reduces neointimal formation 

after balloon injury in rats and rabbits. Circulation. 2002; 106(5):599-605. PMID: 

12147543. 

418. Kusama H, Kikuchi S, Tazawa S, Katsuno K, Baba Y, Zhai YL, et al. Tranilast 

inhibits the proliferation of human coronary smooth muscle cell through the activation of 

p21waf1. Atherosclerosis. 1999; 143(2):307-13. PMID: 10217359. 

419. Ward MR, Agrotis A, Kanellakis P, Hall J, Jennings G, Bobik A. Tranilast 

prevents activation of transforming growth factor-beta system, leukocyte accumulation, 

and neointimal growth in porcine coronary arteries after stenting. Arteriosclerosis, 

thrombosis, and vascular biology. 2002; 22(6):940-8. PMID: 12067902. 



								 190	 		
	

420. Matsuno H, Stassen JM, Hoylaerts MF, Vermylen J, Deckmyn H. Fast and 

reproducible vascular neointima formation in the hamster carotid artery: effects of 

trapidil and captopril. Thrombosis and haemostasis. 1995; 74(6):1591-6. PMID: 

8772242. 

421. Stringa E, Knauper V, Murphy G, Gavrilovic J. Collagen degradation and 

platelet-derived growth factor stimulate the migration of vascular smooth muscle cells. 

Journal of cell science. 2000; 113 ( Pt 11):2055-64. PMID: 10806116. 

422. Santoian ED, Schneider JE, Gravanis MB, Foegh M, Tarazona N, Cipolla GD, et 

al. Angiopeptin inhibits intimal hyperplasia after angioplasty in porcine coronary arteries. 

Circulation. 1993; 88(1):11-4. PMID: 8100489. 

423. Herdeg C, Oberhoff M, Karsch KR. Antiproliferative stent coatings: Taxol and 

related compounds. Seminars in interventional cardiology : SIIC. 1998; 3(3-4):197-9. 

PMID: 10406693. 

424. Silber S, Colombo A, Banning AP, Hauptmann K, Drzewiecki J, Grube E, et al. 

Final 5-year results of the TAXUS II trial: a randomized study to assess the effectiveness 

of slow- and moderate-release polymer-based paclitaxel-eluting stents for de novo 

coronary artery lesions. Circulation. 2009; 120(15):1498-504. doi: 

10.1161/CIRCULATIONAHA.109.849877. PMID: 19786634. 

425. Lee KJ, Hinek A, Chaturvedi RR, Almeida CL, Honjo O, Koren G, et al. 

Rapamycin-eluting stents in the arterial duct: experimental observations in the pig model. 

Circulation. 2009; 119(15):2078-85. doi: 10.1161/CIRCULATIONAHA.107.737734. 

PMID: 19349326. 



								 191			
	

426. Sehgal SN. Rapamune (RAPA, rapamycin, sirolimus): mechanism of action 

immunosuppressive effect results from blockade of signal transduction and inhibition of 

cell cycle progression. Clinical biochemistry. 1998; 31(5):335-40. PMID: 9721431. 

427. Diaz MN, Frei B, Vita JA, Keaney JF, Jr. Antioxidants and atherosclerotic heart 

disease. The New England journal of medicine. 1997; 337(6):408-16. doi: 

10.1056/NEJM199708073370607. PMID: 9241131. 

428. Heart Protection Study Collaborative G. MRC/BHF Heart Protection Study of 

antioxidant vitamin supplementation in 20,536 high-risk individuals: a randomised 

placebo-controlled trial. Lancet. 2002; 360(9326):23-33. doi: 10.1016/S0140-

6736(02)09328-5. PMID: 12114037. 

429. Edelman ER. Vessel size, antioxidants, and restenosis: never too small, not too 

little, but often too late. Circulation. 1998; 97(5):416-20. PMID: 9490233. 

430. Kleinedler JJ, Foley JD, Orchard EA, Dugas TR. Novel nanocomposite stent 

coating releasing resveratrol and quercetin reduces neointimal hyperplasia and promotes 

re-endothelialization. Journal of controlled release : official journal of the Controlled 

Release Society. 2012; 159(1):27-33. doi: 10.1016/j.jconrel.2012.01.008. PMID: 

22269665. 

431. Rabbani R, Topol EJ. Strategies to achieve coronary arterial plaque stabilization. 

Cardiovascular research. 1999; 41(2):402-17. PMID: 10341840. 

432. Luan Z, Chase AJ, Newby AC. Statins inhibit secretion of metalloproteinases-1, -

2, -3, and -9 from vascular smooth muscle cells and macrophages. Arteriosclerosis, 

thrombosis, and vascular biology. 2003; 23(5):769-75. doi: 

10.1161/01.ATV.0000068646.76823.AE. PMID: 12663370. 



								 192	 		
	

433. Libby P, Aikawa M. Effects of statins in reducing thrombotic risk and modulating 

plaque vulnerability. Clinical cardiology. 2003; 26(1 Suppl 1):I11-4. PMID: 12539817. 

434. Cable DG, O'Brien T, Kullo IJ, Schwartz RS, Schaff HV, Pompili VJ. Expression 

and function of a recombinant endothelial nitric oxide synthase gene in porcine coronary 

arteries. Cardiovascular research. 1997; 35(3):553-9. PMID: 9415301. 

435. Eichstaedt HC, Liu Q, Chen Z, Bobustuc GC, Terry T, Willerson JT, et al. Gene 

transfer of COX-1 improves lumen size and blood flow in carotid bypass grafts. The 

Journal of surgical research. 2010; 161(1):162-7. doi: 10.1016/j.jss.2008.12.012. PMID: 

19361808. 

436. Schmalfuss CM, Chen LY, Bott JN, Staples ED, Mehta JL. Superoxide Anion 

Generation, Superoxide Dismutase Activity, and Nitric Oxide Release in Human Internal 

Mammary Artery and Saphenous Vein Segments. Journal of cardiovascular 

pharmacology and therapeutics. 1999; 4(4):249-57. doi: 10.1054/jcpt.1999.0249. PMID: 

10684546. 

437. Cable DG, Caccitolo JA, Caplice N, O'Brien T, Simari RD, Daly RC, et al. The 

role of gene therapy for intimal hyperplasia of bypass grafts. Circulation. 1999; 100(19 

Suppl):II392-6. PMID: 10567335. 

438. Matsumoto T, Komori K, Yonemitsu Y, Morishita R, Sueishi K, Kaneda Y, et al. 

Hemagglutinating virus of Japan-liposome-mediated gene transfer of endothelial cell 

nitric oxide synthase inhibits intimal hyperplasia of canine vein grafts under conditions of 

poor runoff. Journal of vascular surgery. 1998; 27(1):135-44. PMID: 9474091. 

439. Ohta S, Komori K, Yonemitsu Y, Onohara T, Matsumoto T, Sugimachi K. 

Intraluminal gene transfer of endothelial cell-nitric oxide synthase suppresses intimal 



								 193			
	

hyperplasia of vein grafts in cholesterol-fed rabbit: a limited biological effect as a result 

of the loss of medial smooth muscle cells. Surgery. 2002; 131(6):644-53. PMID: 

12075177. 

440. Zoldhelyi P, McNatt J, Xu XM, Loose-Mitchell D, Meidell RS, Clubb FJ, Jr., et 

al. Prevention of arterial thrombosis by adenovirus-mediated transfer of cyclooxygenase 

gene. Circulation. 1996; 93(1):10-7. PMID: 8616915. 

441. Hamilton CA, Berg G, McIntyre M, McPhaden AR, Reid JL, Dominiczak AF. 

Effects of nitric oxide and superoxide on relaxation in human artery and vein. 

Atherosclerosis. 1997; 133(1):77-86. PMID: 9258410. 

442. Huynh TT, Davies MG, Trovato MJ, Barber L, Safi HJ, Hagen PO. Reduction of 

lipid peroxidation with intraoperative superoxide dismutase treatment decreases intimal 

hyperplasia in experimental vein grafts. The Journal of surgical research. 1999; 

84(2):223-32. doi: 10.1006/jsre.1999.5647. PMID: 10357924. 

443. Kim AY, Walinsky PL, Kolodgie FD, Bian C, Sperry JL, Deming CB, et al. Early 

loss of thrombomodulin expression impairs vein graft thromboresistance: implications for 

vein graft failure. Circulation research. 2002; 90(2):205-12. PMID: 11834714. 

444. Tabuchi N, Shichiri M, Shibamiya A, Koyama T, Nakazawa F, Chung J, et al. 

Non-viral in vivo thrombomodulin gene transfer prevents early loss of thromboresistance 

of grafted veins. European journal of cardio-thoracic surgery : official journal of the 

European Association for Cardio-thoracic Surgery. 2004; 26(5):995-1001. doi: 

10.1016/j.ejcts.2004.07.028. PMID: 15519195. 

445. Turunen P, Puhakka HL, Heikura T, Romppanen E, Inkala M, Leppanen O, et al. 

Extracellular superoxide dismutase with vaccinia virus anti-inflammatory protein 35K or 



								 194	 		
	

tissue inhibitor of metalloproteinase-1: Combination gene therapy in the treatment of vein 

graft stenosis in rabbits. Human gene therapy. 2006; 17(4):405-14. doi: 

10.1089/hum.2006.17.405. PMID: 16610928. 

446. Puhakka HL, Turunen P, Gruchala M, Bursill C, Heikura T, Vajanto I, et al. 

Effects of vaccinia virus anti-inflammatory protein 35K and TIMP-1 gene transfers on 

vein graft stenosis in rabbits. In vivo. 2005; 19(3):515-21. PMID: 15875770. 

447. George SJ, Wan S, Hu J, MacDonald R, Johnson JL, Baker AH. Sustained 

reduction of vein graft neointima formation by ex vivo TIMP-3 gene therapy. Circulation. 

2011; 124(11 Suppl):S135-42. doi: 10.1161/CIRCULATIONAHA.110.012732. PMID: 

21911803. 

448. George SJ, Lloyd CT, Angelini GD, Newby AC, Baker AH. Inhibition of late 

vein graft neointima formation in human and porcine models by adenovirus-mediated 

overexpression of tissue inhibitor of metalloproteinase-3. Circulation. 2000; 101(3):296-

304. PMID: 10645926. 

449. Hata JA, Petrofski JA, Schroder JN, Williams ML, Timberlake SH, Pippen A, et 

al. Modulation of phosphatidylinositol 3-kinase signaling reduces intimal hyperplasia in 

aortocoronary saphenous vein grafts. The Journal of thoracic and cardiovascular surgery. 

2005; 129(6):1405-13. doi: 10.1016/j.jtcvs.2004.11.048. PMID: 15942585. 

450. Huang J, Niu XL, Pippen AM, Annex BH, Kontos CD. Adenovirus-mediated 

intraarterial delivery of PTEN inhibits neointimal hyperplasia. Arteriosclerosis, 

thrombosis, and vascular biology. 2005; 25(2):354-8. doi: 

10.1161/01.ATV.0000151619.54108.a5. PMID: 15569824. 



								 195			
	

451. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1, dephosphorylates 

the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. The Journal of 

biological chemistry. 1998; 273(22):13375-8. PMID: 9593664. 

452. Mann MJ, Gibbons GH, Kernoff RS, Diet FP, Tsao PS, Cooke JP, et al. Genetic 

engineering of vein grafts resistant to atherosclerosis. Proceedings of the National 

Academy of Sciences of the United States of America. 1995; 92(10):4502-6. PMID: 

7753833; PMCID: PMC41972. 

453. Pober JS, Tellides G. Participation of blood vessel cells in human adaptive 

immune responses. Trends in immunology. 2012; 33(1):49-57. doi: 

10.1016/j.it.2011.09.006. PMID: 22030237; PMCID: PMC3253953. 

454. Vestweber D. Adhesion and signaling molecules controlling the transmigration of 

leukocytes through endothelium. Immunological reviews. 2007; 218:178-96. doi: 

10.1111/j.1600-065X.2007.00533.x. PMID: 17624953. 

455. Williams MR, Azcutia V, Newton G, Alcaide P, Luscinskas FW. Emerging 

mechanisms of neutrophil recruitment across endothelium. Trends in immunology. 2011; 

32(10):461-9. doi: 10.1016/j.it.2011.06.009. PMID: 21839681; PMCID: PMC3185121. 

456. Schepers A, Eefting D, Bonta PI, Grimbergen JM, de Vries MR, van Weel V, et 

al. Anti-MCP-1 gene therapy inhibits vascular smooth muscle cells proliferation and 

attenuates vein graft thickening both in vitro and in vivo. Arteriosclerosis, thrombosis, 

and vascular biology. 2006; 26(9):2063-9. doi: 10.1161/01.ATV.0000235694.69719.e2. 

PMID: 16825596. 

457. Tatewaki H, Egashira K, Kimura S, Nishida T, Morita S, Tominaga R. Blockade 

of monocyte chemoattractant protein-1 by adenoviral gene transfer inhibits experimental 



								 196	 		
	

vein graft neointimal formation. Journal of vascular surgery. 2007; 45(6):1236-43. doi: 

10.1016/j.jvs.2007.01.066. PMID: 17543688. 

458. Petrofski JA, Hata JA, Williams ML, Parsa CJ, Thompson RB, Hanish SI, et al. A 

Gbetagamma inhibitor reduces intimal hyperplasia in aortocoronary saphenous vein 

grafts. The Journal of thoracic and cardiovascular surgery. 2005; 130(6):1683-90. doi: 

10.1016/j.jtcvs.2005.01.024. PMID: 16308016. 

459. Hilfiker PR, Waugh JM, Li-Hawkins JJ, Kuo MD, Yuksel E, Geske RS, et al. 

Enhancement of neointima formation with tissue-type plasminogen activator. Journal of 

vascular surgery. 2001; 33(4):821-8. doi: 10.1067/mva.2001.112323. PMID: 11296338. 

460. de Vries MR, Simons KH, Jukema JW, Braun J, Quax PH. Vein graft failure: 

from pathophysiology to clinical outcomes. Nature reviews Cardiology. 2016. doi: 

10.1038/nrcardio.2016.76. PMID: 27194091. 

461. Guibert EE, Petrenko AY, Balaban CL, Somov AY, Rodriguez JV, Fuller BJ. 

Organ Preservation: Current Concepts and New Strategies for the Next Decade. 

Transfusion medicine and hemotherapy : offizielles Organ der Deutschen Gesellschaft fur 

Transfusionsmedizin und Immunhamatologie. 2011; 38(2):125-42. doi: 

10.1159/000327033. PMID: 21566713; PMCID: PMC3088735. 

462. Hallback M, Weiss L. Mechanisms of spontaneous hypertension in rats. The 

Medical clinics of North America. 1977; 61(3):593-609. PMID: 323600. 

463. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402-8. 

doi: 10.1006/meth.2001.1262. PMID: 11846609. 



								 197			
	

464. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, 

et al. Measurement of protein using bicinchoninic acid. Analytical biochemistry. 1985; 

150(1):76-85. PMID: 3843705. 

465. Sur S, Swier VJ, Radwan MM, Agrawal DK. Increased Expression of 

Phosphorylated Polo-Like Kinase 1 and Histone in Bypass Vein Graft and Coronary 

Arteries following Angioplasty. PloS one. 2016; 11(1):e0147937. doi: 

10.1371/journal.pone.0147937. PMID: 26820885; PMCID: PMC4731576. 

466. Swier VJ, Tang L, Radwan MM, Hunter WJ, 3rd, Agrawal DK. The role of high 

cholesterol-high fructose diet on coronary arteriosclerosis. Histology and histopathology. 

2015:11652. doi: 10.14670/HH-11-652. PMID: 26260796. 

467. Yin K, You Y, Swier V, Tang L, Radwan MM, Pandya AN, et al. Vitamin D 

Protects Against Atherosclerosis via Regulation of Cholesterol Efflux and Macrophage 

Polarization in Hypercholesterolemic Swine. Arteriosclerosis, thrombosis, and vascular 

biology. 2015; 35(11):2432-42. doi: 10.1161/ATVBAHA.115.306132. PMID: 26381871; 

PMCID: PMC4618721. 

468. Swier VJ, Tang L, Krueger KD, Radwan MM, Del Core MG, Agrawal DK. 

Coronary Injury Score Correlates with Proliferating Cells and Alpha-Smooth Muscle 

Actin Expression in Stented Porcine Coronary Arteries. PloS one. 2015; 10(9):e0138539. 

doi: 10.1371/journal.pone.0138539. PMID: 26382957; PMCID: PMC4575201. 

469. Jin L. The actin associated protein palladin in smooth muscle and in the 

development of diseases of the cardiovasculature and in cancer. Journal of muscle 

research and cell motility. 2011; 32(1):7-17. doi: 10.1007/s10974-011-9246-9. PMID: 

21455759; PMCID: PMC3143271. 



								 198	 		
	

470. Crosio C, Fimia GM, Loury R, Kimura M, Okano Y, Zhou H, et al. Mitotic 

phosphorylation of histone H3: spatio-temporal regulation by mammalian Aurora 

kinases. Molecular and cellular biology. 2002; 22(3):874-85. PMID: 11784863; PMCID: 

PMC133550. 

471. Prigent C, Dimitrov S. Phosphorylation of serine 10 in histone H3, what for? 

Journal of cell science. 2003; 116(Pt 18):3677-85. doi: 10.1242/jcs.00735. PMID: 

12917355. 

472. Li DW, Yang Q, Chen JT, Zhou H, Liu RM, Huang XT. Dynamic distribution of 

Ser-10 phosphorylated histone H3 in cytoplasm of MCF-7 and CHO cells during mitosis. 

Cell research. 2005; 15(2):120-6. doi: 10.1038/sj.cr.7290276. PMID: 15740641. 

473. Qian J, Beullens M, Huang J, De Munter S, Lesage B, Bollen M. Cdk1 orders 

mitotic events through coordination of a chromosome-associated phosphatase switch. 

Nature communications. 2015; 6:10215. doi: 10.1038/ncomms10215. PMID: 26674376; 

PMCID: PMC4703885. 

474. Coulonval K, Kooken H, Roger PP. Coupling of T161 and T14 phosphorylations 

protects cyclin B-CDK1 from premature activation. Molecular biology of the cell. 2011; 

22(21):3971-85. doi: 10.1091/mbc.E11-02-0136. PMID: 21900495; PMCID: 

PMC3204060. 

475. Chow JP, Poon RY, Ma HT. Inhibitory phosphorylation of cyclin-dependent 

kinase 1 as a compensatory mechanism for mitosis exit. Molecular and cellular biology. 

2011; 31(7):1478-91. doi: 10.1128/MCB.00891-10. PMID: 21262764; PMCID: 

PMC3135293. 



								 199			
	

476. Parolari A, Poggio P, Myasoedova V, Songia P, Bonalumi G, Pilozzi A, et al. 

Biomarkers in Coronary Artery Bypass Surgery: Ready for Prime Time and Outcome 

Prediction? Frontiers in cardiovascular medicine. 2015; 2:39. doi: 

10.3389/fcvm.2015.00039. PMID: 26779491; PMCID: PMC4700141. 

477. Olearchyk AS. Vasilii I. Kolesov. A pioneer of coronary revascularization by 

internal mammary-coronary artery grafting. The Journal of thoracic and cardiovascular 

surgery. 1988; 96(1):13-8. PMID: 2898559. 

478. Garrett HE, Dennis EW, DeBakey ME. Aortocoronary bypass with saphenous 

vein graft. Seven-year follow-up. 1973. Jama. 1996; 276(18):1517, 9-20. PMID: 

8903266. 

479. Hawkes AL, Nowak M, Bidstrup B, Speare R. Outcomes of coronary artery 

bypass graft surgery. Vascular health and risk management. 2006; 2(4):477-84. PMID: 

17323602; PMCID: PMC1994021. 

480. Arima M, Kanoh T, Suzuki T, Kuremoto K, Tanimoto K, Oigawa T, et al. Serial 

angiographic follow-up beyond 10 years after coronary artery bypass grafting. 

Circulation journal : official journal of the Japanese Circulation Society. 2005; 69(8):896-

902. PMID: 16041156. 

481. National Heart, Lung, and Blood Institute Coronary Artery Surgery Study. A 

multicenter comparison of the effects of randomized medical and surgical treatment of 

mildly symptomatic patients with coronary artery disease, and a registry of consecutive 

patients undergoing coronary angiography. Circulation. 1981; 63(6 Pt 2):I1-81. PMID: 

7011591. 



								 200	 		
	

482. Rogers WJ, Coggin CJ, Gersh BJ, Fisher LD, Myers WO, Oberman A, et al. Ten-

year follow-up of quality of life in patients randomized to receive medical therapy or 

coronary artery bypass graft surgery. The Coronary Artery Surgery Study (CASS). 

Circulation. 1990; 82(5):1647-58. PMID: 1977531. 

483. Faxon DP, Detre KM, McCabe CH, Fisher L, Holmes DR, Cowley MJ, et al. Role 

of percutaneous transluminal coronary angioplasty in the treatment of unstable angina. 

Report from the National Heart, Lung, and Blood Institute Percutaneous Transluminal 

Coronary Angioplasty and Coronary Artery Surgery Study Registries. The American 

journal of cardiology. 1984; 53(12):131C-5C. PMID: 6233877. 

484. Edmunds LH, Jr. Inflammatory response to cardiopulmonary bypass. The Annals 

of thoracic surgery. 1998; 66(5 Suppl):S12-6; discussion S25-8. PMID: 9869435. 

485. Biglioli P, Cannata A, Alamanni F, Naliato M, Porqueddu M, Zanobini M, et al. 

Biological effects of off-pump vs. on-pump coronary artery surgery: focus on 

inflammation, hemostasis and oxidative stress. European journal of cardio-thoracic 

surgery : official journal of the European Association for Cardio-thoracic Surgery. 2003; 

24(2):260-9. PMID: 12895618. 

486. Sprague AH, Khalil RA. Inflammatory cytokines in vascular dysfunction and 

vascular disease. Biochemical pharmacology. 2009; 78(6):539-52. doi: 

10.1016/j.bcp.2009.04.029. PMID: 19413999; PMCID: PMC2730638. 

487. Paschal CR, Maciejowski J, Jallepalli PV. A stringent requirement for Plk1 T210 

phosphorylation during K-fiber assembly and chromosome congression. Chromosoma. 

2012; 121(6):565-72. doi: 10.1007/s00412-012-0375-8. PMID: 22566210; PMCID: 

PMC3519967. 



								 201			
	

488. Jacob F, Monod J. Genetic regulatory mechanisms in the synthesis of proteins. 

Journal of molecular biology. 1961; 3:318-56. PMID: 13718526. 

489. Machnicka MA, Milanowska K, Osman Oglou O, Purta E, Kurkowska M, 

Olchowik A, et al. MODOMICS: a database of RNA modification pathways--2013 

update. Nucleic acids research. 2013; 41(Database issue):D262-7. doi: 

10.1093/nar/gks1007. PMID: 23118484; PMCID: PMC3531130. 

490. Khoury GA, Baliban RC, Floudas CA. Proteome-wide post-translational 

modification statistics: frequency analysis and curation of the swiss-prot database. 

Scientific reports. 2011; 1. doi: 10.1038/srep00090. PMID: 22034591; PMCID: 

PMC3201773. 

491. Callis J. Regulation of Protein Degradation. The Plant cell. 1995; 7(7):845-57. 

doi: 10.1105/tpc.7.7.845. PMID: 12242390; PMCID: PMC160875. 

492. Feng YB, Lin DC, Shi ZZ, Wang XC, Shen XM, Zhang Y, et al. Overexpression 

of PLK1 is associated with poor survival by inhibiting apoptosis via enhancement of 

survivin level in esophageal squamous cell carcinoma. International journal of cancer. 

2009; 124(3):578-88. doi: 10.1002/ijc.23990. PMID: 19004025. 

493. Lenart P, Petronczki M, Steegmaier M, Di Fiore B, Lipp JJ, Hoffmann M, et al. 

The small-molecule inhibitor BI 2536 reveals novel insights into mitotic roles of polo-

like kinase 1. Current biology : CB. 2007; 17(4):304-15. doi: 10.1016/j.cub.2006.12.046. 

PMID: 17291761. 

494. Medema RH, Lin CC, Yang JC. Polo-like kinase 1 inhibitors and their potential 

role in anticancer therapy, with a focus on NSCLC. Clinical cancer research : an official 



								 202	 		
	

journal of the American Association for Cancer Research. 2011; 17(20):6459-66. doi: 

10.1158/1078-0432.CCR-11-0541. PMID: 22003073. 

495. Frost A, Mross K, Steinbild S, Hedbom S, Unger C, Kaiser R, et al. Phase i study 

of the Plk1 inhibitor BI 2536 administered intravenously on three consecutive days in 

advanced solid tumours. Current oncology. 2012; 19(1):e28-35. doi: 10.3747/co.19.866. 

PMID: 22328845; PMCID: PMC3267594. 

496. Mross K, Dittrich C, Aulitzky WE, Strumberg D, Schutte J, Schmid RM, et al. A 

randomised phase II trial of the Polo-like kinase inhibitor BI 2536 in chemo-naive 

patients with unresectable exocrine adenocarcinoma of the pancreas - a study within the 

Central European Society Anticancer Drug Research (CESAR) collaborative network. 

British journal of cancer. 2012; 107(2):280-6. doi: 10.1038/bjc.2012.257. PMID: 

22699824; PMCID: PMC3394983. 

497. Lu LY, Yu X. The balance of Polo-like kinase 1 in tumorigenesis. Cell division. 

2009; 4:4. doi: 10.1186/1747-1028-4-4. PMID: 19161615; PMCID: PMC2642809. 

498. Lindon C, Pines J. Ordered proteolysis in anaphase inactivates Plk1 to contribute 

to proper mitotic exit in human cells. The Journal of cell biology. 2004; 164(2):233-41. 

doi: 10.1083/jcb.200309035. PMID: 14734534; PMCID: PMC2172335. 

499. Bell SP, Dutta A. DNA replication in eukaryotic cells. Annual review of 

biochemistry. 2002; 71:333-74. doi: 10.1146/annurev.biochem.71.110601.135425. 

PMID: 12045100. 

500. Bertoli C, Skotheim JM, de Bruin RA. Control of cell cycle transcription during 

G1 and S phases. Nature reviews Molecular cell biology. 2013; 14(8):518-28. doi: 

10.1038/nrm3629. PMID: 23877564; PMCID: PMC4569015. 



								 203			
	

501. Wang Y, Ji P, Liu J, Broaddus RR, Xue F, Zhang W. Centrosome-associated 

regulators of the G(2)/M checkpoint as targets for cancer therapy. Molecular cancer. 

2009; 8:8. doi: 10.1186/1476-4598-8-8. PMID: 19216791; PMCID: PMC2657106. 

502. Lobrich M, Jeggo PA. The impact of a negligent G2/M checkpoint on genomic 

instability and cancer induction. Nature reviews Cancer. 2007; 7(11):861-9. doi: 

10.1038/nrc2248. PMID: 17943134. 

503. Jia G, Mitra AK, Gangahar DM, Agrawal DK. Insulin-like growth factor-1 

induces phosphorylation of PI3K-Akt/PKB to potentiate proliferation of smooth muscle 

cells in human saphenous vein. Experimental and molecular pathology.  89(1):20-6. 

PMID: 20471974. 

504. Schwartz RS, Murphy JG, Edwards WD, Camrud AR, Vliestra RE, Holmes DR. 

Restenosis after balloon angioplasty. A practical proliferative model in porcine coronary 

arteries. Circulation. 1990; 82(6):2190-200. PMID: 2146991. 

505. Reitman JS, Mahley RW, Fry DL. Yucatan miniature swine as a model for diet-

induced atherosclerosis. Atherosclerosis. 1982; 43(1):119-32. PMID: 7092978. 

506. Ross R. Atherosclerosis is an inflammatory disease. American heart journal. 

1999; 138(5 Pt 2):S419-20. PMID: 10539839. 

507. Qing Y, Stark GR. Alternative activation of STAT1 and STAT3 in response to 

interferon-gamma. The Journal of biological chemistry. 2004; 279(40):41679-85. doi: 

10.1074/jbc.M406413200. PMID: 15284232. 

508. Fuster V, Kelly BB, Vedanthan R. Global cardiovascular health: urgent need for 

an intersectoral approach. Journal of the American College of Cardiology. 2011; 

58(12):1208-10. doi: 10.1016/j.jacc.2011.05.038. PMID: 21903051. 



								 204	 		
	

509. Boden WE. Surgery, angioplasty, or medical therapy for symptomatic multivessel 

coronary artery disease: is there an indisputable "winning strategy" from evidence-based 

clinical trials? Journal of the American College of Cardiology. 2004; 43(10):1752-4. doi: 

10.1016/j.jacc.2004.02.025. PMID: 15145094. 

510. Piccolo R, Giustino G, Mehran R, Windecker S. Stable coronary artery disease: 

revascularisation and invasive strategies. Lancet. 2015; 386(9994):702-13. doi: 

10.1016/S0140-6736(15)61220-X. PMID: 26334162. 

511. Kim FY, Marhefka G, Ruggiero NJ, Adams S, Whellan DJ. Saphenous vein graft 

disease: review of pathophysiology, prevention, and treatment. Cardiology in review. 

2013; 21(2):101-9. doi: 10.1097/CRD.0b013e3182736190. PMID: 22968180. 

512. Tellides G, Tereb DA, Kirkiles-Smith NC, Kim RW, Wilson JH, Schechner JS, et 

al. Interferon-[gamma] elicits arteriosclerosis in the absence of leukocytes. Nature. 2000; 

403(6766):207-11. 

 

 

 

 

 

 

 

 

 

 



								 205			
	

 

 

 

 

 

  



								 206	 		
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



								 207			
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



								 208	 		
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



								 209			
	

 

 

 

 

 

 

 

 

 

 

 

 

 

 


