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Discussion
Coronary artery disease
Worldwide cardiovascular disease is a major cause of morbidity and mortality, in
which coronary artery disease (CAD) is playing a major role. The pathophysiology of
CAD is multifactorial and includes dyslipidemia, hypercoagulability, oxidative stress,
endothelial dysfunction, inflammation and/or infection (1). CAD is the most common
cause of myocardial infarction (MI) and occurs when an obstructing plaque or
thrombus prevents blood flow. It was previously thought that progressive luminal
narrowing is the main cause of MI. It is however now evident that inflammation in the
atherosclerotic plaque rather than stenosis precipitates ischemia and infarction (2).
In recent years it has become clear that MI not only is related to the diseased
epicardial coronary arteries. The intramyocardial vasculature is namely also playing
an important role, dependent as well as independent of the epicardial coronary
arteries (3). From studies in diabetic patients it is known that the advanced glycation
endproduct N -(carboxymethyl)lysine (CML) accumulates in the intramyocardial
vasculature and plays a role in cardiac disease (4). We therefore wondered whether
intramyocardial CML might play a role in MI induction in patients without diabetes.
We found in patients with different infarct duration that CML depositions were
significantly increased in the intramyocardial vasculature, predominantly on
endothelial cells, compared with control patients (Chapter 2). Additionally we found in
a rat MI model, in which MI was induced via ligation of the left anterior descending
coronary artery, that CML deposits in the intramyocardial vasculature from day 5
post-MI on, but not before, indicating that the post-MI inflammatory response
additionally induces CML accumulation (Figure 1). Since increased accumulation of
CML was already present in patients who died very early after MI, this suggests that
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in MI patients CML accumulates already in advance of MI. Even more, in patients
with MI we didn’t find differences in CML intensity in the intramyocardial vasculature
between infarcted and non-infarcted areas, also indicative for a global ischemia effect
of the heart, next to chronic inflammation (3).
Figure 1
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In the epicardial coronary arteries, atherosclerotic plaque complications preferentially
occur in plaques wherein the fibrous cap is thin and/or is eroded, mainly at a side
where activated immune cells are abundantly present (the so-called unstable plaque)
(2) These immune cells however can also infiltrate stable plaques. By producing
inflammatory mediators and proteolytic enzymes they can weaken the cap and thus
transform a stable plaque into a vulnerable, unstable plaque (5; 6). Next to this,
vasospasm of coronary arteries can induce plaque complications, resulting in plaque
rupture and/or plaque bleeding. Recent studies point to a role of mast cells (MC) in
especially vasospasm (7). The majority of MCs in the coronary arteries are found in
the adventitia (6) and the number of degranulated MCs in the adventitia surrounding
ruptured plaques in MI was found to be increased in infarct-related coronary arteries
(8). It then was suggested that histamine released by degranulation of MCs in the
adventitia might reach the media, where it locally provokes coronary spasm,
contributing to the onset of MI (8). Next to this, MCs have also been described in
shoulder regions in the intima of atherosclerotic plaques, but this did not correlate
with MI (5). We wondered whether MCs would be present in the intimal and medial
layer and as such may be involved in plaque complications (Figure 1). For this we
have analyzed MCs in infarct-related and non-infarct-related coronary arteries at
different time-points after onset of MI and in control patients (Chapter 3). Between
the different groups, the number of MCs was similar in the intima, irrespective of
plaque stability. No differences were found in the intima of control patients and
patients with acute (up to 5 days) or chronic (up to 14 days) MI. The density of MCs
in the media however of both acute and chronic MI patients was significantly higher
than in controls. Even more, the stable lesions of patients with acute MI contained
more MCs than controls. While the number of MCs in the media of stable lesions of
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chronic MI patients was significant lower than in patients with acute MI. Remarkably,
in contrast to control and acute MI patients, in chronic MI patients the number of MCs
in unstable lesions was significantly higher than in stable lesions. This coincided with
a significant increase in the relative number of unstable plaques in chronic MI
patients compared with acute MI and control patients.
In conclusion, we have shown in patients with MI CML depositions on activated
endothelium in the intramyocardial vasculature that might reflect an increased risk for
MI rather. We also show that the presence of MCs in the media of epicardial
coronary lesions might contribute to the onset of MI through their plaque-destabilizing
or spasm-inducing properties. MI in turn contributes to intra-plaque infiltration of MCs
especially in unstable plaques, thereby increasing the risk of re-infarction.

Coronary artery bypass graft surgery
Coronary artery bypass graft surgery (CABG) provides symptomatic benefit for
patients with CAD and prolongs life in selected patient groups (9). In CABG the
saphenous vein is still frequently used as an aortic coronary bypass graft. However,
patency rates are known to be less favourable compared to arterial conduits.
Saphenous vein graft patency is 60% at 10 years postoperatively (10-12), whereas
arterial conduits like e.g. the left internal mammary artery to the left anterior
descending artery (LAD) show patency rates of 95% at ten years. However, due to
surgical-technical reasons, limitations or contraindications associated with the use of
arterial grafts, saphenous vein bypass grafts are still used in coronary artery bypass
surgery (13).
Next to patient-related and surgical technical factors loss of perivascular innervation
(14), destruction of vasa vasorum (15), and changes in blood flow velocity (16) play a

5

role in vein graft failure. When the vein graft is exposed to the higher arterial blood
pressure and flow velocity, injury of the vein is also induced. The greater saphenous
vein namely has different wall characteristics compared to the arterial wall, both
morphologically and functionally (17-20), which makes it less suitable for the arterial
circulation system. Kockx et al (21) showed that within 24 hours after grafting the
endothelium showed extensive desquamation. Subsequently massive migration of
neutrophilic granulocytes occurred in the venous wall. In addition, the circular layer of
the media was also severely damaged, resulting in a loss of smooth muscle cells
(SMC), initiating the process of fibrosis in the media of vein grafts (21). Arterial
pressure-induced vein graft changes can be prevented using perivenous support
preventing overdistention (22). Next to this, increasing evidence is pointing to an
important role of the immune response also, including complement (23). The
involvement of complement in cardiovascular disease is well accepted, including
atherosclerosis of arteries (24). However, we have found that complement positivity
in perfused veins was quite limited (25). We wondered whether this could be by
explained by activation of endogenous complement inhibitors, such as e.g. C4bp
within these veins as it was shown that C4bp plays a role in the process of arterial
atherosclerosis (26). In perfused veins C4bp was increasingly present in the media of
veins perfused up to 4 hours, which coincided with a transient but much more limited
increase in the presence of C3d. After 6 hours of perfusion the presence of both
C4bp and C3d decreased again (Figure 2) (Chapter 4). This would suggest that
C4bp could be part of an adaptive mechanism that protects grafts against excessive
complement-mediated cell damage, at least early after perfusion.
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Figure 2
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Interestingly the decrease in C4bp levels after 4 hours of perfusion was inhibited by
the Reactive Oxygen Species (ROS) scavenger N-acetyl cysteine (NAC). It was
shown before that ROS have a devastating effect in perfusion-induced vein graft
failure (27), at least within 24 hours. To determine whether the increase in C3d and
especially C4bp in perfused saphenous veins was related to ROS, saphenous veins
were perfused for 6 hours in two parallel perfusion systems, with autologous blood
with or without the ROS scavenger NAC. In the presence of NAC the C4bp-positive
area increased significantly, suggesting that ROS suppress the upregulation of C4bp
in perfused veins. Remarkably however, also the C3d-positive area increased in the
presence of NAC, suggesting that ROS may suppress the activation of complement
also (Chapter 4).
Interestingly, it was shown before that interference with C3 activation with
complement receptor-related gene y-Ig or cobra venom factor prevented vein graft
failure in an APOE3 Leiden mouse model on the long term (28).
We wondered whether C1-inhibitor (C1inh), a complement inhibitor with not only antiinflammatory but also anti-apoptotic properties and that has been used in patients
with hereditary angioedema, sepsis and myocardial infarction already, would also
protect vein grafts. Application of C1inh in the in vitro perfusion model resulted in
significantly higher C1inh blood levels and significantly increased presence of C1inh
in the vein wall. This coincided with a significant reduction in endothelial loss and
presence of complement activation products C3d and C4d in the vein wall, especially
in the circular layer, compared to vein segments perfused without supplemented
C1inh (Figure 2). We subsequently showed that C1inh protected vein grafts against
atherosclerotic changes on the long term in mice (Chapter 5).
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It has previously been shown that in addition to inflammation, apoptosis is also
playing a role in vein graft failure. Interestingly we previously studied the role of PX18
in acute myocardial infarction and found that it not only inhibited the acute phase
protein sPLA2-IIA, but also prevented apoptosis of cardiomyocytes independent of
sPLA2-IIA (29). We therefore wondered whether PX-18 would also have protective
effects in veins.
Supplementation of PX18 in the perfusion blood led to a significant reduction in
perfusion-induced endothelial cell loss in saphenous veins to 55% compared to 75%
in veins perfused without PX18 in human veins (Chapter 6). In line with this, sPLA2IIA-positive smooth muscle cells (SMCs) were observed focally in the longitudinal
and circular layers of the media in veins perused without PX18 that was significantly
reduced by PX18. We additionally found that PX18 significantly attenuated shear
stress-induced caspase-3 activation in HUVECs in vitro, independent of sPLA2-IIA.
The results suggest that PX18 protects the endothelium of saphenous vein graft
subjected to prolonged arterial pressures that in part can be explained by inhibition of
endothelial cell apoptosis, also independent of sPLA2-IIA.
Finally, infection is also playing a role in vein disease. Several studies have
suggested an association between Chlamydophila pneumoniae (Cp) infection and
atherosclerosis. In saphenous veins, Cp DNA was detected in 12% of all patients
before using the veins in bypass grafting, while in 38% of the failed grafts Cp DNA
was found (30). Because of the observed association of Cp infection and vein graft
failure (31), we performed a study to determine Cp at the protein level in the various
cell types of the saphenous vein using a monoclonal antibody against Cp-specific
membrane protein (RR-402). We therefore analysed veins that were perfused with
autologous blood under arterial pressure (Chapter 7). In non-perfused veins, Cp was
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present in macrophages of the adventitia in 91% of all patients, which indicates that
the RR-402 antibody recognised “residual” Cp. While in the media we found Cp in
macrophages in both the circular (64%) and longitudinal (23%) smooth muscle layer,
no positivity was found in the intima. Perfusion subsequently resulted in a significant
increase of Cp positive cells within the circular layer of the media, but not in the
longitudinal layer or intima (Figure 2). As Cp DNA was not detected by PCR in these
veins, this indicates that antigens, rather than viable bacteria, persist in the veins.
This suggests that antibiotical therapy in this respect might not be successful.
In conclusion our studies in veins therefore suggest that anti-inflammatory therapy,
e.g. C1-inhibitor and/or PX18 rather than antibiotic treatment might be beneficial in
patients undergoing vein graft surgery.

References
1. Murray CJ, Lopez AD. Global mortality, disability, and the contribution of risk factors: Global
Burden of Disease Study. Lancet 1997; 349: 1436-1442.
2. Hansson GK, Libby P, Tabas I, Inflammation and plaque vulnerability, Journal of Internal
Medicine 2015; 278: 483-493
3. Krijnen PA, Hahn NE, Kholová I, Baylan U, Sipkens JA, van Alphen FP, Vonk AB, Simsek S,
Meischl C, Schalkwijk CG, van Buul JD, van Hinsbergh VW, Niessen HW. Loss of DPP4
activity is related to a prothrombogenic status of endothelial cells: implications for the coronary
microvasculature of myocardial infarction patients. Basic Res Cardiol. 2012; 107: 233.
4. Schalkwijk CG, Baidoshvili A, Stehouwer CD, van Hinsbergh VW, Niessen HW. Increased
accumulation of the glycoxidation product Nepsilon-(carboxymethyl)lysine in hearts of diabetic
patients: generation and characterisation of a monoclonal anti-CML antibody. Biochim
Biophys Acta. 2004; 1636: 82–89.
5. Kaartinen M, Penttila A, Kovanen PT. Accumulation of activated mast cells in the shoulder
region of human coronary atheroma, the predilection site of atheromatous rupture. Circulation
1994; 90:1669-78.
6. Kovanen PT, Kaartinen M, Paavonen T. Infiltrates of activated mast cells at the site of
coronary atheromatous erosion or rupture in myocardial infarction. Circulation 1995; 92:10848.

10

7. Kalsner S, Richards S. Coronary arteries of cardiac patients are hipperreactive and contain
stores of amines: a mechanism for coronary spasm. Science. 1984; 30; 223: 1435-7.
8. Kovanen PT. Mast cells: multipotent local effector cells in atherothrombosis. Immunol Rev.
2007; 217: 105-22.
9. Li BY, Li XM, Zhang Y, Wei ZY, Li J, Hua Q. Effect of coronary artery revascularization on inhospital outcomes and long-term prognoses in acute myocardial infarction patients with prior
ischemic stroke. J Geriatr Cardiol. 2016; 13: 145-51.
10. 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. J Saudi
Heart Assoc. 2013; 25: 247-54.
11. Günday M, Coşkun I, Çiftçi Ö, Özülkü M, Tekindal MA, Güven A, Aşlamacı S. Radial artery,
saphenous vein versus left internal thoracic artery in recurrent ischemic symptoms after
coronary artery bypass graft surgery. Arch Iran Med. 2014; 17: 551-5
12. M. Arima, T. Kanoh, T. Suzuki, K. Kuremoto, K. Tanimoto, T. Oigawa and S Matsuda, Serial
angiographic follow-up beyond 10 years after coronary artery bypass grafting, Circ J 2005;
69: 896–902.
13. Sabik III J. F. MD. Understanding Saphenous Vein Graft Patency. Circulation. 2011; 124: 2735
14. Dashwood MR, Loesch A, The saphenous vein as a bypass conduit: the potential role of
vascular nerves in graft performance. Curr Vasc Pharmacol. 2009; 7: 47-57.
15. Dreifaldt M, Souza DS, Loesch A, Muddle JR, Karlsson MG, Filbey D, Bodin L, Norgren L,
Dashwood MR. The "no-touch" harvesting technique for vein grafts in coronary artery bypass
surgery preserves an intact vasa vasorum. J Thorac Cardiovasc Surg. 2011; 141: 145-50.
16. Ho PC. Spontaneous slow flow in the saphenous vein graft: a relevant distinction of
macrovascular endothelial dysfunction. Heart Vessels. 2007; 22: 274-7.
17. Sisto T, Yia-Herttuala S, Luoma J, Reikkinen H, Nikkari T. Biochemical composition of human
internal mammary artery and saphenous vein. J. Vasc. Surg. 1990; 112:418-22.
18. Milroy CM, Scott DJA, Beard JD, Horrocks M,Bradfield JWB. Histological appearances of the
long saphenous vein. J.Pathol. 1989;159: 311-316.
19. Canham PB, Finlay HM, Boughner DR. Contrasting structure of the saphenous vein and
internal mammary artery used as coronary bypass vessels. Cardiovasc. Res. 1997; 34:55767.
20. Guo-Wei H. Arterial grafts for coronary artery bypass grafting: biological characteristics,
functional classification, and clinical choice. Ann. Thorac. Sur 1999;67:277-84.
21. Kockx MM, Cambier BA, Bortier HE, De Meyer GR, Van Cauwelaert PA.The modulation of
smooth muscle cell phenotype is an early event in human aorto-coronary saphenous vein
grafts.Virchows Arch A Pathol Anat Histopathol. 1992;420:155-62.
22. Stooker W, Niessen HW, Baidoshvili A, Wildevuur WR, Van Hinsbergh VW, Fritz J, Wildevuur
CR, Eijsman L. Perivenous support reduces early changes in human vein grafts: studies in
whole blood perfused human vein segments. J Thorac Cardiovasc Surg. 2001;121:290-7.

11

23. de Vries MR, Wezel A, Schepers A, van Santbrink PJ, Woodruff TM, Niessen HW, Hamming
JF, Kuiper J, Bot I, Quax PH. Complement factor C5a as mast cell activator mediates vascular
remodelling in vein graft disease. Cardiovasc Res. 2013; 97: 311-320.
24. Niculescu F, Rus H. The role of complement activation in atherosclerosis. Immunol Res
2004;30:73–80.
25. Krijnen PA1, Kupreishvili K, de Vries MR, Schepers A, Stooker W, Vonk AB, Eijsman L, Van
Hinsbergh VW, Zeerleder S, Wouters D, van Ham M, Quax PH, Niessen HW. C1-esterase
inhibitor protects against early vein graft remodeling under arterial blood pressure.
Atherosclerosis. 2012; 220: 86-92.
26. Oksjoki R, Kovanen PT, Mäyränpää MI, Laine P, Blom AM, Meri S, Pentikäinen MO.
Complement regulation in human atherosclerotic coronary lesions. Immunohistochemical
evidence that C4b-binding protein negatively regulates the classical complement pathway,
and that C5b-9 is formed via the alternative complement pathway. Atherosclerosis. 2007; 192:
40-8.
27. Jeremy J.Y, Yim A.P, Wan S, Angelini G.D. Oxidative stress, nitric oxide and vascular
disease. Cardiovasc Surg, 2002; 17; 324–327
28. Schepers A, de Vries MR, van Leuven CJ, Grimbergen JM, Holers VM, Daha MR, van Bockel
JH, Quax PH. Inhibition of complement component C3 reduces vein graft atherosclerosis in
apolipoprotein E3-Leiden transgenic mice. Circulation. 2006 19; 114: 2831-8.
29. van Dijk A, Krijnen PA, Vermond RA, Pronk A, Spreeuwenberg M, Visser FC, Berney R,
Paulus WJ, Hack CE, van Milligen FJ, Niessen HW. Inhibition of type 2A secretory
phospholipase A2 reduces death of cardiomyocytes in acute myocardial infarction. Apoptosis.
2009; 14: 753-63.
30. Wong Y, Thomas M, Tsang V. The prevalence of Chlamydia pneumoniae in atherosclerotic
and nonatherosclerotic blood vessels of patients attending for redo and first time coronary
artery bypass graft surgery. J. Am. Coll. Cardiol 1999; 33:152–156.
31. Bartels C, Maass M, Bein G, Brill N, Bechtel J.F, Leyh R, at al. Association of serology with
the endovascular presence of Chlamydia pneumoniae and cytomegalovirus in coronary artery
and vein graft disease. Circulation 2000; 101: 137–41.

  
12

