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Abstract 

Syed Faisal Hashmi, The University of Manchester MD Thesis 2016 

Effects of CO2 insufflation during endoscopic vein harvesting on the structural and functional 

viability of saphenous vein endothelium: The role of Calcium mobilisation and nitric oxide 

production. 

 

Endoscopic vein harvesting (EVH) has been reported to decrease saphenectomy related wound 

complications, improved patient satisfaction, shorter hospital stay and reduced postoperative pain 

compared with open conventional vein harvesting (OCVH) technique. Criticism of this technique 

centres on the risk of injury at the time of vein harvest with its potential detrimental effect on the 

structural viability and long term graft patency. Our hypothesis was to investigate the effect of 

surgical manipulation and carbon dioxide (CO2) insufflation used as an aid in visualisation, on 

endothelial preservation and functional viability (calcium mobilisation and eNOS related nitric 

oxide generation) of human saphenous vein graft (HSV). 

In our histological analysis by haematoxylin and eosin staining, we demonstrated superiority of 

closed tunnel EVH (CT-EVH) technique over OCVH method. The expression of CD31, eNOS, 

HSP90 and CaM in immunohistochemical analysis, showed a similar trend among the 3 groups, 

with preserved expression of all endothelial markers in CT-EVH group. Both, CD31 and CaM 

were significantly preserved in CT-EVH group, making it the most favourable technique. We 

have performed an ex vivo experiment by exposing HSV segments harvested by ñNo touchò 

technique to 100% CO2 for 40 minutes to investigate the level of cellular damage by Live/Dead 

assay. CO2 did not cause any immediate structural endothelial damage and there was no 

statistical difference between control and CO2 groups. We have used Ca
2+

 (FLUO3 AM) and 

NO (DAF-FM) specific indicators to investigate calcium mobilisation and eNOS related nitric 

oxide (NO) production. After CO2 exposure and bradykinin stimulation, Ca
2+

 mobilisation was 

significantly attenuated and NO generation was also markedly reduced in endothelial cells. We 

believe, these results are purely due to CO2 insufflation, which can compromise the entire length 

of vein graft. However, more research is required to establish, whether these findings are 

transient in nature or they have long term implications on graft survival and clinical outcome. 
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1.1 Saphenous Vein Graft as a Bypass Conduit ï A Background 

 

Coronary artery disease (CAD) remains the leading cause of myocardial infarction and sudden 

cardiac death in industrialized world (Murray and Lopez, 1997; Rosamond et al., 2007). 

Although mortality from CAD continues to decline in several areas of the world (Levi et al., 

2002) including most countries of Europe, America and Australia, unfavourable trends were still 

observed in the Russian Federation and other countries of the former Soviet Union, whose recent 

rates remain exceedingly high (Levi et al., 2009). Mortality from CAD in England and Wales  

(O'Flaherty et al., 2008) and Scotland (O'Flaherty et al., 2009) has levelled off in young adults, 

particularly in men aged 35 to 44 years.  

 

The idea of surgically relieving coronary obstruction had been proposed as early as 1913 by 

Alexis Carrel, who initiated the concept of CABG for occlusive disease with his Nobel Prize 

winning research in vascular anastomosis. He performed CABG in a dog with use of a carotid 

artery segment as a bridge between the aorta and left coronary artery (Carrel, 1910). Saphenous 

vein (SV) was originally introduced as a graft of the superficial femoral artery (Kunlin, 1951). In 

1960, Robert Hans Goetz performed the first successful coronary bypass operation, grafting the 

right internal mammary artery to the right coronary artery. His medical and surgical colleagues 

vehemently criticized the procedure, which they considered to be unwarranted and highly 

experimental (Konstantinov, 2000) and Goetz never performed CABG again.  The initial 

experience of saphenous vein segments as a coronary bypass conduit was first published from 

Cleveland clinic in 1968, where occluded right coronary artery was reconstructed with 

interposition saphenous vein graft (Favaloro, 1968). Prior to this, case reports of coronary bypass 
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surgery with vein segment (Sabiston, 1963) and a seven year follow-up of a functioning vein 

graft was reported (Garrett H, 1973). Over the past three decades, percutaneous coronary 

intervention (PCI) has been developed as an alternative revascularization treatment that is less 

invasive. The devices and techniques of PCI have continued to improve, followed by coronary 

stenting with bare-metal stents, drug-eluting stents and more recently developments such as gene 

targeting or stem cell therapy (Stillwell et al., 2011; Donndorf et al., 2013). However, extensive 

evidence from numerous randomized trials, registry data, and their meta-analyses favours 

coronary artery bypass grafting (CABG) using autologous conduits to restore blood supply 

remains an important technique of revascularisation over PCI (Hueb et al., 2010; Yusuf et al., 

1994; Serruys et al., 2009; Hlatky et al., 2009; Hannan et al., 2008; Hannan et al., 2005).  

 

The main vessels used as conduits for CABG are the internal mammary artery (IMA), radial 

artery (RA), gastroepiploic artery (GEA) and saphenous vein (SV) (Locker et al., 2012; Kamiya 

et al., 2004; Cameron et al., 1996). SV grafts were used initially but the ITA has subsequently 

become the first conduit of choice since it has a superior patency compared to SV grafts (Lytle et 

al., 1985; Cameron et al., 1996). The poor long-term results with SV grafts and the encouraging 

results with ITA have led to the pursuit of other arterial conduits for CABG and, of the arterial 

grafts available, the radial artery (RA) has gained the widest popularity as it has been shown to 

have an excellent long term patency (Achouh et al., 2010). However, various studies have shown 

no beneficial difference between RA and SV grafts in terms of clinical outcomes (Acar et al., 

1992) or patency (Tatoulis et al., 2002).  
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The SV remains an important and the most widely used conduit for patients undergoing CABG 

(Fitzgibbon et al., 1996; Aranki and Tatooles, 2014). Even with the rapid development of 

intracoronary stents, advantage of CABG over percutaneous coronary intervention (PCI) are 

likely to continue in the foreseeable future, particularly in diabetic patients and in those with left 

main and multivessel coronary diseases and improvement of its long-term patency continues to 

be a major goal (Task Force on Myocardial Revascularization of the European Society of et al., 

2010). 

 

The SV has a number of practical advantages: it is expendable, since lower limb venous drainage 

can rely solely on the deep venous system; its long length allows its use for multiple grafts and 

its superficial position renders it easily accessible, facilitating its exposure at harvest (Tsui and 

Dashwood, 2002). Since its introduction as a graft, the SV has become the most commonly used 

conduit in patients undergoing CABG. However, poorer long-term patency rates and clinical 

outcomes have been reported after CABG performed using SV grafts compared with those after 

CABG with arterial grafts, such as the ITAs and right gastroepiploic artery (Kim et al., 2008; 

Fitzgibbon et al., 1996; Cameron et al., 1996).  

 

Over the years effective evidence-based secondary prevention therapies, such as lifestyle 

interventions, statins, angiotensin-converting enzyme inhibitors, and antiplatelet agents, and the 

availability of newer antianginals have dramatically changed the presentation, management, and 

prognosis among patients with stable CAD (Fihn et al., 2012). Major changes have occurred in 

the management of CAD, with increasing use of revascularization (Steg et al., 2014) 
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The most recent edition of the European Society of Cardiology (ESC) and the European 

Association for Cardio-Thoracic Surgery (EACTS) joint guidelines on myocardial 

revascularization celebrated 50th anniversary of the first coronary artery bypass graft (CABG) 

procedure (Head et al., 2013; Windecker et al., 2014). PCI is now equally recommended as 

CABG for the treatment of proximal LAD alone as well as in the context of a two-vessel disease. 

This recommendation slightly diverges from the American document, which considers CABG 

superior for the treatment of two-vessel disease including the proximal LAD (Fihn et al., 2014). 

CABG is strongly recommended over PCI for patients with diabetes and multivessel disease, 

provided surgical risk is acceptable. In cases where a percutaneous treatment is indicated, new-

generation DES should be preferred over bare-metal stents (Farkouh et al., 2012; Verma et al., 

2013). 

 

Methods used to improve long term patency of SV grafts included pharmacologic relaxation of 

the SV after harvest and strict medical therapy, including administration of antiplatelet and lipid-

lowering agents after surgery (Roubos et al., 1995; Goldman et al., 1994). Further efforts to 

improve patency of the SV have continued, including external support using stents, 

intraoperative gene transfer, and improvement in harvesting techniques (Wan et al., 2004; Wan 

et al., 2007; Souza et al., 2006; Krejca et al., 2002; Alexander et al., 2005).  

 

Traditionally, SV is harvested using a lengthy incision in the lower limb termed as open 

conventional vein harvesting (OCVH). More recently, endoscopic vein harvesting (EVH) has 

grown in popularity in an effort to reduce the pain and risk of infection associated with the 

procedure (Raja et al., 2013). The Society of Thoracic Surgeonsô National Cardiac Database 
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reported that 70% of CABG procedures performed in 2008 used this vein harvesting method 

(Shahian et al., 2009). Abundant evidence has emerged in recent years confirming that EVH is 

associated with decreased leg wound morbidity, improved cosmetic results, and enhanced patient 

satisfaction (Deppe et al., 2013; Ouzounian et al., 2010; Andreasen et al., 2008). Despite these 

well-established benefits, concerns persist regarding risk of injury at the time of EVH with its 

potential detrimental effect on vein graft patency and clinical outcomes (Lopes et al., 2009). 
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1.2 Vessel Structure of Saphenous Vein 

 

Most blood vessels are characterised by three main layers. These layers are more defined in the 

arteries than the vein. 

 

Tunica Intima (Inner most layer) 

Tunica Media (Middle layer) 

Tunica Adventitia  (Outer most layer) 

 

In arteries intima consists of a thin layer of basement membrane and endothelial cells (ECs). But 

in a medium sized vein such as the saphenous vein, the intima is thick as compared to the artery 

and is thrown into folds and may be thickened in areas due to the presence of smooth muscle 

cells, elastic fibres and collagen within regions of neointimal hyperplasia (IH) (Sellke et al., 

1996; Nielsen et al., 1997). IH leads to pathologic narrowing of the vessel lumen, graft stenosis, 

and ultimately graft failure (LoGerfo et al., 1983). ECs form a flattened monolayer on the elastic 

basement membrane, and are thought to play an essential role in venous wall integrity and 

function. The tunica media, containing vascular smooth muscle cells separated by collagen and 

adventitia is the thickest layer composed of collagen fibres and fibroblasts merging with the 

surrounding connective tissue (Kopjar and Dashwood, 2015).  

 

Also situated mainly in the adventitia are the autonomic/perivascular nerves (Loesch and 

Dashwood, 2009). SV has a unique structure in their lumen: the valves, which avoids blood to 

pool in the peripheries and return it to the cardiac pump. 
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The SV has a muscular wall consisting of several layers of vascular smooth muscle cells 

(VSMCs) separated by layers of collagenous connective tissue. The tunica media, like the intima 

also contain a few elastic fibres but there is no distinct internal elastic lamina (IEL) or external 

elastic lamina (EEL) as in arteries of similar size (Figure 1.1). 

 

 

 

Figure 1.1: (A) Cross sectional view of Human Saphenous Vein (HSV) - (B) Different layers of 

HSV ï (I) Intima, (M) Media and (A) Adventitia separated by (IEL) internal and (EEL) external 

elastic lamina. 
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Outermost layer, the adventitia, is broad consisting mainly of collagen fibres and fibroblasts that 

merge with the surrounding connective tissue and perivascular fat (PVF). The PVF (Figure 1.2) 

is a pronounced cushion of adipose tissue, containing numerous microvessels (arrows), which are 

a source of many vasculoprotective factors including adipose derived relaxing factors (ADRFs) 

(Maenhaut and Van de Voorde, 2011; Gollasch, 2012) and Nitric oxide (NO) a vasorelaxant 

factor with antithrombotic, anti-inflammatory and antiproliferative properties(Malinowski et al., 

2008). 

 

 

Figure 1.2: (A) Cushion of Perivascular fat (PVF) surrounding saphenous vein with islands of 

micro vessels (arrows) releasing adipose derived relaxing factors (ADRFs) and Nitric Oxide 

(NO). (B) Magnified view of micro vessels embedded in Perivascular fat (PVF).  
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The vasa vasorum (VV) is a network of nourishing microvessels, mainly confined to the 

adventitial layers supplying nutrients and oxygen to the blood vessel wall (Figure 1.3). They are 

more pronounced in muscular veins like SV and penetrates deeper into the media than in arteries 

(Souza et al., 1999; Crotty, 1989; Dashwood et al., 2004). The adventitia does not merely 

provide structural support for media but because of VV, when isolated segment of vein is 

ñdisconnectedò from its vascular bed, provides essential nutrients to the vein wall through 

retrograde blood flow (Souza et al., 2006). The extrinsic arterial supply of SV vasa vasorum 

arises from the external pudendal, superficial femoral, superior geniculate and posterior tibial 

arteries (Lefebvre and Lescalie, 1996; Lescalie et al., 1986).  

 

Figure 1.3: Tunica adventitia (A) showing network of Vasa Vasorum (arrows) 
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1.3 Current status of endoscopic vein harvesting 

 

In 1997, a technique for harvesting saphenous vein using endoscopic methods (EVH) was 

introduced for CABG (Allen et al., 2005). Since its introduction EVH, has been reported to 

decrease saphenectomy associated wound infection in small RCTs (Allen et al., 1998; Andreasen 

et al., 2008; Yun et al., 2005) and in two recent observational studies presenting data of over 

5000 patients (Dacey et al., 2011; Ouzounian et al., 2010). Compared with open conventional 

vein harvest (OCVH), a number of studies have reported improved patient satisfaction, shorter 

hospital stay, and reduced postoperative pain at the harvest site with EVH (Allen et al., 2005; 

Cheng et al., 2005; Aziz et al., 2006; Bonde et al., 2004; Kiaii et al., 2002; Patel et al., 2001). In 

a meta-analysis (Athanasiou et al., 2004) of 27 published studies, reduced rate of wound healing 

disturbances were found among patients undergoing EVH versus OCVH. Among the 12 

randomized trials within this meta-analysis, EVH was associated with a significant reduced risk 

(4% versus 13%; odds ratio, 0.24) of non-infective wound disturbances (defined as ñwound 

drainage, hematoma, dehiscence, necrosis, need for surgical debridement, and seroma 

formationò). 

 

Despite these reported benefits, uptake of EVH among surgeons has been variable. Criticism of 

this technique centres on the risk of injury at the time of harvest with its potential detrimental 

effect on vein graft patency and clinical outcomes (Ouzounian et al., 2010). The angiographic 

patency rates at 6 months were found to be similar after EVH and OCVH (Yun et al., 2005), both 

techniques also showed similar histology (Griffith et al., 2000; Kiaii et al., 2002). However, in 

post hoc analysis of the Project of Ex-Vivo Vein Graft Engineering via Transfection (PREVENT 
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IV) trial demonstrated EVH to be an independent predictor of vein graft failure at 1 year (Lopes 

et al., 2009; Magee et al., 2008) and structural & functional damage had been observed after 

EVH (Rousou et al., 2009). As a minimal invasive technique, EVH is likely to cause adverse 

effects on vascular and endothelial function, especially to the outer layer i.e. adventitia (Tsui and 

Dashwood, 2002) and on vascular tissue source of NO (Dashwood and Loesch, 2009; Tsui et al., 

2002). There are a number of studies, comparing EVH to traditional OCVH by looking at 

histological feature with conflicting results. There was no detrimental effect on vein morphology, 

endothelial structure or function (Black et al., 2001; Fabricius et al., 2000) better preservation in 

EVH (Nowicki et al., 2004; Hashmi et al., 2015) or no difference (Nezafati et al., 2014; Meyer et 

al., 2000) in endothelial integrity between these techniques.  

 

However, accumulating evidence from recently published reports raise serious concerns with 

regard to the quality and midterm patency of grafts, after EVH and fundamentally question its 

value for CABG (Lopes et al., 2009). Similarly, ROOBY trial (Randomized On/Off Bypass) 

demonstrated a significant 10.7% reduction of vein graft patency rates with EVH compared with 

OCVH and the repeat revascularization rate was significantly higher (6.7% vs. 3.4%, P < 0.05),  

after an angiographic follow-up (n=894) at 12 months (Zenati et al., 2011). More recently, yet 

another post hoc analysis of the PREVENT IV trial revealed a high prevalence of vein graft 

failure following CABG, evaluating multiple patient and surgery specific factors associated with 

vein graft failure, including EVH (Hess et al., 2014). On the contrary, a meta-analysis (n = 

27,789) of RCTs and observational trials (OTs) from 43 studies (16 RCT, 27 OT), who 

underwent saphenectomy by endoscopic (46%; n = 12,822) or conventional technique (54%; n = 

14,967) underscores the safety of EVH in patients undergoing CABG and between harvesting 
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techniques showed no difference in graft-related endpoints, including mortality and MI (Deppe 

et al., 2013). A recent meta-analysis (n = 267,525) at a median follow-up of 2.6 years, found no 

significant difference in mortality, myocardial infarction, repeat revascularization, angina 

recurrence, vein graft stenosis or occlusion, therefore favoring EVH (Sastry et al., 2013). 

 

Endoscopic handling of vascular tissue is inherently less able than open techniques to abide by 

ñno-touchò principles, particularly during the learning curve for EVH (Dreifaldt et al., 2011). 

The lack of experience of novice trainees increases the risk of vein trauma and denudation of the 

endothelium, potentiating the process of vein graft failure (Kiani and Poston, 2011). EVH can 

lead to vessel wall spasm due to skeletonizing the vein during initial dissection (Raja et al., 

2004). As these complications occur with greater frequency during the early skills acquisition 

period, the implementation of appropriate standardized, structured training programmes are vital 

in minimizing the risk to patients (Botden et al., 2009).  

 

Prior studies have suggested that as few as 20 cases of experience are required to complete the 

learning curve of EVH (Jesuthasan et al., 2003). In contrast, Desai and colleagues found that 

learning was not complete with even close to 100 cases of experience and technicians 

inexperienced with EVH are more likely to cause intimal and deep vessel injury to the saphenous 

vein graft, which increases graft failure risk (Desai et al., 2011). This revised estimate suggests 

that acquiring EVH experience and maintaining this skill presents a more complex quality 

improvement challenge than previously assumed.  

Considering these new data and the number of patients included in the subsequent analyses, the 

NICE interventional procedure guidance committee judged that current evidence on the efficacy 
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and safety of EVH for CABG is adequate to support the use of this procedure, although the 

importance of training and regular experience for any clinician doing this procedure was noted 

(Barnard and Keenan, 2011). 
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1.4 Structural Viability  of Open vs. Endoscopic vein grafts  

 

Scanning electron microscopy (SEM) is useful for identifying endothelial injury by visualizing 

the disruption of the intima through endothelial cell separation and endothelial cell detachment 

(Lametschwandtner et al., 2004; Macchiarelli et al., 1994). A study (Lancey et al., 2001) 

examining segments of veins harvested from both endoscopic and open techniques demonstrated 

that the grafts were largely intact with no gross separations between the endothelial cells. In the 

few instances that intimal disruption and thrombus presence were found, neither correlated with 

a particular harvesting technique. 

 

The integrity and morphology of the endothelium may also be evaluated by Multiphoton 

microscopy (MPM) (Biswas et al., 2001). The typical fluorescence microscopy used to visualize 

cell morphology is not optimal for determining endothelial disruption because the technique is 

unable to penetrate deeply into thick tissues and adequately image cells in vivo. Instead, the 

endothelial cells must be isolated and cultured separately. Multiphoton fluorescence microscopy 

solves this issue by using infrared waves as an excitation source to permit visualization deep into 

tissues, allowing researchers to bypass conventional in situ study methods (Masters et al., 1997; 

Potter et al., 1996). 

 

A group of small studies looking at the histological properties of the saphenous vein grafts failed 

to demonstrate significant difference in the morphological integrity of the vessels in endoscopic 

vs. open vein grafts in the immediate period after harvesting. Hussaini and colleagues (Hussaini 

et al., 2011)   included an analysis of the morphology of the saphenous vein harvests (n = 19) 
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using MPM, when they performed their assay on the functionality of these grafts. Reinforcing 

the findings from the SEM studies, MPM images demonstrated similar intact morphology in that 

there lacked any gross detachment or breaks between endothelial cells in both EVH and OCVH. 

In a small study (n = 10) esterase activity (enzyme representing graft preservation) was 

significantly higher in the OCVH group, which indicates that EVH has a detrimental effect on 

the saphenous vein endothelium, which may lead to decreased graft patency and worse patient 

outcomes (Rousou et al., 2009).  

 

A study evaluated the morphology of 3 layers of the vein wall and showed no differences in the 

occurrences of irregularities in the intima, media, or adventitia of EVH vs. OCVH (Meyer et al., 

2000). Similarly, Alrawi and colleagues (Alrawi et al., 2001)  were able to devise a system to 

quantify changes in morphology by formulating a scoring system to assess the degree of damage 

associated with each harvesting technique. They also demonstrated that the differences in the 

degree of endothelial damage using either of the techniques were not statistically significant. 

 

However, our previous work (Hashmi et al., 2015) demonstrated more endothelial stretching in 

the open tunnel EVH technique, which in our opinion, was due to lack of subcutaneous tissue 

separation, poor visualization and traction stresses across the wall of the saphenous vein. In our 

study OCVH method revealed areas of endothelial detachment, not observed with either of the 

endoscopic techniques. Interestingly, most preserved endothelium was found in the closed tunnel 

EVH group, which was previously known to be associated with worse graft patency. 
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1.5 Functional viability of Open vs. Endoscopic vein grafts  

 

Recently, a much quoted study (Lopes et al., 2009) explored the long term outcomes of EVH vs. 

OCVH by performing a secondary analysis of a database from the project of Ex-Vivo Vein Graft 

Engineering via Transfection IV trial (PREVENT IV). At 12ï18 months, patients who received 

EVH experienced vein-graft failure at higher rates than OCVH. Vein-graft failure was 

determined through angiography to be a stenosis of at least 75% of the grafted vesselôs diameter. 

At 3 years, patients who received EVH also experienced higher rates of adverse clinical 

outcomes such as death, myocardial infarction, and repeat revascularization compared with 

OVH. 

 

In an another study (Hussaini et al., 2011)  of prospectively selected (n=19) patients, endoscopic 

saphenous vein harvesting technique (EVH) was used for a segment and ñNo touchò open 

saphenous vein harvesting technique (NT-OVH) for another portion of saphenous vein. 

Bradykinin stimulated calcium response was significantly greater in NT-OVH than in EVH 

endothelium. Nitric oxide production in response to bradykinin stimulation of eNOS was greater 

than in EVH group, but not significantly different. This study indicates that EVH preserves the 

functional viability of SV endothelium, but may differentially attenuate the vasomotor function 

of the saphenous vein graft. In a similar study, both calcium mobilisation and Nitric Oxide 

production in response to bradykinin stimulation were significantly greater in the OCVH group. 

This study also supports that eNOS dependent vasomotor function is well maintained in OCVH 

group compared with the EVH group (Rousou et al., 2009). 
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Abbasi and colleagues in a novel sheep model randomised twenty subjects, to coronary artery 

bypass grafting using autologous saphenous vein grafts with application of an elastomer gel 

containing diethylenetriamine NO adduct in 0.9% sodium chloride solution around the grafted 

vessel (intervention group) or with the gel containing the saline solution alone (controls). Graft 

vessels were studied after 1 year using spot angiography and histological examination. The mean 

degree of stenosis was significantly lower in the intervention group than in the controls as found 

by histology. Although the difference in the angiographic score was not significant, the mean 

score was still lower in the intervention group. Perivascular application of NO was effective in 

reducing graft stenosis in the ovine model (Abbasi et al., 2011). 
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1.6 Over distension & temperature changes on vein graft 

 

For decades, preparation of SV by pressure distension is a routine practice. Distension up to 350 

ï 400 mmhg was reported because such pressures have been shown to occur during the surgical 

preparation of the saphenous vein during CABG (Galea et al., 1999; Roubos et al., 1995). 

 

Chello and colleagues (Chello et al., 2003) collected (n=20) approximately 10 cm segments of 

freshly isolated vein taken from the lower portion of the long saphenous vein by routine 

harvesting technique. Each specimen was divided into two segments of equal length, 

representing the control and the distended specimen. The vein is distended for 2 minutes at a 

pressure of 300 mm Hg by manual injection with syringe connected to a manometer. Control 

endothelial cells exhibited only a weak staining for intercellular adhesion molecule (ICAM-1), 

vascular cell adhesion molecule (VCAM-1), and P-selectin, whereas the levels of these adhesion 

molecules increased significantly in the distended veins.  In this study, VCAM-1 exhibited a 

weaker upregulation compared with ICAM-1, which is expressed at basal levels on the 

endothelial cells.  (Chello et al., 2003).  

 

VCAM-1 is usually almost absent on unstimulated endothelial cells, is known to mediate the 

adhesion of lymphocytes and monocytes in inflamed vascular beds (Krieglstein and Granger, 

2001). P selectin showed the highest percentage value of upregulation, which is an endothelial 

adhesion molecule that is constitutively expressed in a preformed state in the Ŭ granules of 

platelets and in the wiebel-palade bodies of endothelial cells (McEver et al., 1989). It is rapidly 
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translocated to the cell surface after stimulation with inflammatory mediators, allowing rolling 

and adhesion of activated polymorpho-nuclears to the endothelium (Geng et al., 1990). 

 

Khaleel and colleagues (Khaleel et al., 2012) examined saphenous vein samples collected using 

endoscopic vein harvesting technique (n=48) by recording the highest pressure reached during 

standard preparation. 32 (66%) samples exceeded physiological arterial pressures by reaching 

greater than 200 mmhg. Reverse transcriptase-polymerase chain reaction (RT-PCR) performed 

on all vein segments showed there was a significant upregulation of vascular cell adhesion 

molecule (VCAM) and intercellular cell adhesion molecule (ICAM), toll like receptors (TLRs) 

and scavenger receptor (SR) molecules in segments of vein that were subjected to distension. A 

significant mRNA expression upregulation was observed between SR-A and SR-B, TLR2 and 

TLR4 and cell adhesion molecules. This upregulation backs the hypothesis that SR-A plays a 

significant role in metabolic repair pathways (Dashwood and Loesch, 2007) and the development 

of atherosclerosis compared with TLRs that results in progressive inflammation and neointimal 

hyperplasia (Saxena et al., 2011). 

 

A recent study looked at (n=20) endothelial integrity of open conventional harvesting method by 

histologic and immunohistochemical analysis. Saphenous vein segments were removed before 

dilatation (control group) and a second segment was removed after dilatation, using a pressure-

sensing syringe (conventional group). A third segment was obtained from a Y composite vein 

graft dilated by flow and pressure from the left internal thoracic artery (composite group). 

Harvesting of the saphenous vein using minimal manipulation for use in a Y-composite graft 
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based on the left internal thoracic artery preserved endothelial structure and function when 

compared with manually dilated saphenous vein harvesting (Yun et al., 2005). 

 

In both open and closed method of EVH, CO2 insufflation is used to help dissect, visualize, and 

mobilize the saphenous vein. Cautery then is used to coagulate side branches of the vein. This 

may lead to transmission of heat and thermal injury to the vein wall. Past studies (Gundry et al., 

1980) show that, in general, cold solutions preserved the endothelium better than warm solutions. 

Those vein segments placed in warm blood showed endothelial cell loss, whereas those vein 

segments placed in cold blood showed preservation of endothelium. However, in the analysis of 

most favourable cold temperatures for preservation of the endothelium, it was determined that 

moderate cooling solutions maintained endothelial cell viability better than profoundly cold 

solutions.  

 

Specifically, vein segments subjected to colder solutions at 4°C had a significantly greater 

amount of endothelial cell separation than the segments exposed to 20°C (Solberg et al., 1987). 

No particular study has demonstrated how cautery thermal effects might damage endothelial cell 

function and there is a real possibility that cautery thermal effects could alter biochemical 

properties of the endothelium must be further explored (Hussaini et al., 2011; Rousou et al., 

2009). 
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1.7 Role of Nitric Oxide (NO) and Vasomotor Function 

 

In 1980, Furchgott and Zawadzki demonstrated that the relaxation of vascular smooth muscle 

cells (VSMC) in response to acetylcholine is dependent on the anatomical integrity of the 

endothelium (Furchgott and Zawadzki, 1980). The factor responsible for this intracellular 

relationship was named endothelium-derived relaxing factor (EDRF). In the late 1980s this 

factor was recognized as the free radical gas, nitric oxide (NO).  

 

NO is an unorthodox messenger molecule, which has numerous molecular targets. NO controls 

servoregulatory functions such as neurotransmission (O'Dell et al., 1991; Schuman and Madison, 

1991) or vascular tone (Rapoport et al., 1983; Forstermann et al., 1986), regulates gene 

transcription (Khan et al., 1996; Gudi et al., 1999) and mRNA translation e.g. by binding to iron-

responsive elements (Pantopoulos and Hentze, 1995; Liu et al., 2002) and produces post-

translational modifications of proteins e.g. by ADP ribosylation (Pozdnyakov et al., 1993; Brune 

et al., 1994). The mammalian nitric oxide synthases (NOS) are large complicated enzymes with 

unique and interesting chemical and regulation mechanisms , which are dedicated to the 

production of NO by converting L-arginine to L-citrulline (Luckhart and Rosenberg, 1999) 

largely as a signalling agent (Ignarro, 2000) and are related by amino acid sequence (Alderton et 

al., 2001). The enzyme, functions as a dimer consisting of two identical monomers, which can be 

functionally and structurally divided into two major domains. The first domain is C-terminal 

reductase domain and the second is N-terminal oxygenase domain (Hemmens and Mayer, 1998). 

The enzyme contains binding sites for nicotinamide adenine dinucleotide phosphate (NADPH), 

flavin adenine nucleotide (FAD) and flavin mononucleotide (FMN) in close homology with 
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cytochrome P-450 reductase, whereas the latter binds iron protoporphyrin IX (haem) and 

tetrahydrobiopterin (BH4), as well as the substrate L-arginine. 

 

All isoforms of NOS utilize L-arginine as the substrate, and molecular oxygen and reduced 

nicotinamide-adenine-dinucleotide phosphate (NADPH) as co-substrates. Flavin adenine 

dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydro-L-biopterin 

(BH4) are cofactors of all isozymes. A functional NOS transfers electrons from NADPH, via the 

flavins FAD and FMN in the carboxyterminal reductase domain, to the haem in the amino-

terminal oxygenase domain (Alderton et al., 2001; Crane et al., 1998). NOS monomers are 

capable of transferring electrons from reduced nicotinamide-adenine-dinucleotide phosphate 

(NADPH), to flavin-adenine-dinucleotide (FAD) and flavin-mononucleotide (FMN) and have a 

limited capacity to reduce molecular oxygen to superoxide (O2-) (Klatt et al., 1996; Kotsonis et 

al., 2000; Stuehr et al., 2001). Monomers and isolated reductase domains can bind calmodulin 

(CaM), which enhances electron transfer within the reductase domain (Abu-Soud and Stuehr, 

1993). NOS monomers are unable to bind the cofactor tetrahydrobiopterin (BH4) or the substrate 

L-arginine and cannot catalyse NO production (List et al., 1997). 

 

In the presence of haem, NOS can form a functional dimer (Klatt et al., 1996; List et al., 1997). 

Haem is essential for the interdomain electron transfer from the flavins to the haem of the 

opposite monomer (Abu-Soud and Stuehr, 1993; Brunner et al., 1998). Due to differences in the 

calmodulin-binding domain, elevated Ca
2+

 is required for calmodulin binding (and thus catalytic 

activity) in nNOS and eNOS, whereas calmodulin binds to inducible NOS with high affinity 

even in the absence of Ca
2+

. When sufficient substrate L-arginine and cofactor BH4 are present, 
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intact NOS dimers couple their haem and O2 reduction to the synthesis of NO. L-Citrulline is 

formed as the byproduct. NOS enzymes perform two separate oxidation steps, one to form Nv-

hydroxy-L-arginine and a second to convert this intermediate to NO (Stuehr et al., 2001) (Stuehr 

et al. 2001). 

 

NO is synthesized by three isoforms of nitric oxide synthase (NOS):  

 

1. Neuronal NOS (nNOS; NOS1), 

2. Inducible NOS (iNOS; NOS2) and  

3. Endothelial NOS (eNOS; NOS3). 

 

nNOS and eNOS are constitutively expressed and require increased intracellular Ca2+  for 

activation whereas iNOS expression is induced in response to inflammatory stimuli and once 

synthesized, is tightly bound to Ca2+-calmodulin and is thereby constitutively active (Aktan, 

2004; Kleinert et al., 2004). The primary source of NO in the vasculature is eNOS under normal 

conditions, whereas iNOS becomes prominent under inflammatory conditions. Under 

physiological conditions, eNOS generates low levels of NO for maintenance of vascular 

homeostasis (Albrecht et al., 2003) and alterations in NO production contribute to the 

pathogenesis of vascular disorders such as hypertension, diabetes, heart failure and 

atherosclerosis (Cooke and Dzau, 1997). The kallikrein-kinin system plays a prominent role in 

vascular inflammation and its biological effects are mediated by release of kinin peptides that 

activate two different G protein-coupled receptors named B1 (B1R), whose expression is 
























































































































































































































































































































