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Chapter 1
Introduction

8

Introduction
Cardiovascular disease is the leading cause of morbidity and mortality in the western
world in which atherosclerosis is the most important etiological factor (1). Once
considered a passive process of lipid accumulation, atherosclerosis is now widely
accepted as an active process of vascular cell activation, inflammation and
thrombosis (2). Clinical events mostly arise from disruption of the atherosclerotic
intima in which inflammation is playing a key role (3; 4). Basic research, animal
studies, and pathologic studies reveal a clear sequence of events that ultimately lead
to clinical complications (2). In line with this, clinical studies have demonstrated that
risk factor modification indeed decreases inflammation in atherosclerosis (2).
As such, inflammation also plays an important role in coronary artery disease.
Immune cells namely dominate early atherosclerotic lesions, their effector molecules
accelerate progression of the lesions and in the end they can elicit acute coronary
syndromes (5) and accordingly atherosclerotic occlusive disease. Bypass graft
surgery using venous grafts is one of the most frequently used therapies in patients
with atherosclerotic occlusive disease of coronary arteries. But also these veins
eventually can fail. Vein graft patency not only is related to the development of
intimal hyperplasia. Also accelerated atherosclerosis does result in vein graft
thickening and thus failure. Failure rates as high as 60% after 10 years (6; 7) have
been reported, and reinterventions are often required. However, limited information
is available about the mechanisms underlying these processes in vein graft disease,
but it is universally assumed that inflammation plays a pivotal role in the process of
vein graft thickening and failure also (8).
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Aim of the study
The primary aim of the sturdy was to analyze the role of inflammation in 1) coronary
artery disease and 2) in the process of vein graft thickening and failure.
To that end, we had several objectives. First we wanted to establish whether
glycoxidation reactions and oxidative stress plays an important role in the
pathogenesis of vascular dysfunction and subsequent diabetic complications, namely
in the intima and media of the coronary arteries. Also we wanted to analyze the role
of MCs in the intima and media of coronary arteries in relation with AMI.
Points of specific interest were to analyze (clarify) the role of diabetes and
inflammatory cells in the coronary artery disease but also the role of inflammatory
mediators, reactive oxygen species, natural inhibitor of the inflammatory mediators
and infection on the vein graft failure.
While a damaging effect of atherosclerosis on vein graft thickening is generally
accepted, several lines of evidence also point to an effect of inflammation on the
pathogenesis of vascular dysfunction and subsequent vascular damage.
When this appeared to be the case, we set up experiments to perfuse the vein graft
segments with autologous blood after CABG procedures with specific attention on
changes in intima and media, the role of C4Bp, the role of NADPH oxidases (NOX-1,
NOX-2, NOX-4 and NOX5) and the role of C1 inhibotor. Finally we evaluated the
role of Chlamydophila pneumoniae (Cp) infection at the protein level in the various
cell layers of the saphenous vein and analyzed the effect of perfusion herein.
In the following paragraph we introduce these objectives as prearranged according to
the subsequent chapters.
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Coronary artery disease: the role of diabetes.
In recent years, it has become increasingly clear that vascular dysfunction in general
plays a crucial role in the manifestation of long-term diabetic complications (9; 10;
11). Chronic hyperglycaemia namely influences endothelial cell function causing
vascular damage (11). Herein non-enzymatic glycation and oxidation are playing an
important role, suggesting that glycoxidation reactions and oxidative stress are
important factors in the pathogenesis of vascular dysfunction and subsequent
diabetic complications (11). During non-enzymatic glycation, amino groups undergo a
series of molecular rearrangements, resulting in the irreversible formation of a
heterogeneous class of sugar-derived adducts. As a group, the late products of this
cascade have been termed advanced glycation end products (AGEs) (11). One of the
most abundant and best characterized AGE is N -(carboxymethyl)-lysine (CML) (12)
a product of glycoxidation and lipoxidation reaction. Several lines of evidence
suggest that both AGEs and oxidation processes play key roles in the physiology of
aging and age-related chronic diseases, such as atherosclerosis (13;14) and
diabetes (15;16).
Yet, little is known about the role of CML in coronary arteries in particular.
Interestingly, we previously reported increased CML accumulation in small
intramyocardial blood vessels in diabetes patients (17). As it is known that diabetes
patients have an increased risk for acute myocardial infarction (AMI) (17), we have
investigated a putative relationship between CML deposition in intramyocardial
arteries and AMI (18). This we have studied in chapter 2.
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Coronary artery disease: the role of inflammatory cells.
Inflammatory cells constitute an important part of an atheroma, the remainder being
vascular endothelial and smooth-muscle cells (9). Most of the cells within the fatty
streak are macrophages, together with T lymphocytes, plasma cells en neutrophilic
granulocytes (9). Recent studies indicate that also mast cells infiltrate the
atherosclerotic lesion and are particularly abundant in the shoulder region where the
atheroma grows (19; 20; 21). Kovanen et al (22) have shown an important role for
mast cell–derived cytokines and proteases in different aspects of atherogenesis (23;
24). Mast cells (MCs) secrete two neutral proteases, tryptase and chymase (25) that
are able to activate the matrix metalloproteinases (MMPs) secreted by macrophages
and smooth muscle cells (26; 27). This eventually can lead to collagen degradation,
which may weaken the so called fibrous cap of an atherosclerotic plaque, that can
result in plaque rupture. Remarkably, the majority of MCs in the coronary arteries are
found in the outer layer of the vessel wall (adventitia), namely 10 times more as
compared to the intima (28). Interestingly, the number of degranulated MCs in the
adventitia surrounding ruptured plaques in MI (8) was found to be increased in
infarct-related coronary arteries (29). In addition it has been suggested that histamine
released from the degranulated MCs in the adventitia may reach the media, where it
may locally provoke coronary spasm and thus contribute to the onset of AMI (29).
Finally, a relation between the amount of MCs in the adventitia of atherosclerotic
plaques, and sudden death and/or AMI has been shown (29). Unknown however is
the role of MCs in the intima and media of coronary arteries in relation with AMI. This
we have analysed in chapter 3.
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Vein graft failure
Vein graft failure: the role of inflammatory mediators.
As stated above, vein grafts are used as a therapy in case of occlusion of the
coronary artery, but as such have relatively high failure rates (30; 31). Although
arteries (e.g. internal mammary artery and radial artery) are widely used as
alternative conduits in coronary artery bypass grafting (CABG) and have proven less
susceptible to complications and failure, the saphenous vein will still be necessary in
the foreseeable future, f.i. in case of multiple stenosis of the coronary artery (32-34).
Surgical manipulation, ischemia, storage conditions, and distension before
anastomosis can abnormally alter the antithrombogenic property of the endothelium
of the venous graft leading to vasospasms, thrombogenesis, occlusive intimal
hyperplasia and stenosis (35). Endothelial injury can also form an initiation site for
the formation of later-stage atheromas and graft failure (36).
Following implantation in the heart, the vein graft, which is normally subjected to an
internal pressure of approximately 10 mm Hg, is then namely immediately subjected
to arterial pressure (100 mm Hg) as well as an increase in flow, and thus shear
stress (37). Shear stress as such has been postulated as an important promoter of
intimal hyperplasia (38) which plays an important role in the development of vein
graft failure also.
Intimal hyperplasia and accelerated atherosclerosis are major complications in
venous bypass graft surgery, wherein inflammation is playing a crucial role, including
complement activation, which participates in the regulation of this inflammation
reaction. Activation of the complement cascade is mediated via three separate
pathways (Classical, Alternative and Lectin pathways) (39).
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Complement activation has also been proposed to participate in both the initiation
and progression of atherosclerosis of the arterial wall (40). Recently it has been
shown that exogenous inhibition of the complement component C3 via C1 inhibitor
reduced vein-graft atherosclerosis in apolipoprotein E3-Leiden transgenic mice (41).
However next to assess a possible involvement of the endogenous cell-protective
complement inhibitor C4bp in the changes induced by arterial level pressures in
veins we analyzed the binding pattern of C4bp at different time points of vein-graft
perfusion. This we have described in chapter 4.

Vein graft failure: the role of reactive oxygen species.
There is increasing evidence that overproduction of superoxide (O2·−) is an important
additional pathological component of vein graft failure (42; 43). O2·− namely promotes
vascular smooth muscular cells (VSMC) proliferation and migration and up-regulates
matrix metalloproteinases (MMPs) (39; 40). Recently it became clear that an
important source of reactive oxygen species formation in the vessel wall is the
NAD(P)H oxidase (42-44) also called NOX.
NOX proteins are multicomponent enzymes composed of membrane-associated
proteins and cytosolic subunits that are expressed in endothelial cells, smooth
muscle cells (SMC), and adventitial cells (45). ROS produced by NOX proteins have
also been shown to be involved in the changes induced by different forms of shear
stress, in arteries and veins (46). Endothelial cells express very low levels of Nox1,
intermediate levels of Nox2, and abundant Nox4 mRNA (47), while, vascular smooth
muscle cells express predominantly Nox4 protein and to a lesser extent Nox1 with
negligible amounts of Nox2 (47). Few studies have compared basal ROS production
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in arteries and non perfused veins (48; 49), while no study has yet investigated NOX
system in perfused venous endothelial cells, SMC and adventitia.
In order to analyze a role of the NADPH oxidase system in coronary-artery bypass
graft failure we have now analyzed the NOX proteins and their putative ROS
production in the vessel wall of veins perfused at arterial pressures in chapter 4.

Therapeutically intervention of vein graft failure: C1 inhibitor and PX-18
C1 esterase inhibitor (C1-inh) is another natural inhibitor of the classical pathway of
complement (50) and plasma levels of this acute phase protein increase during
inflammation in the veins (51). C1-inh namely was shown to significantly protect
ischemic myocardium from reperfusion damage (52). C1-inhibitor has also been
described to inhibit factors of the intrinsic coagulation system (53), and to decrease
levels of cytokines, including tumour necrosis factor, IL-10, IL-6, and IL-8, in sepsis
(54; 55). For this combining protease-inhibitory functions and anti-inflammatory
properties, C1- inhibitor theoretically could play a role in the prevention of vein graft
failure.
For this, we have analyzed the role of C1-inhibitor in the vein graft in chapter 5.
It’s known that mechanical stretch and inflammatory mediators both can initiate
endothelial dysfunction and apoptosis (56). The endothelium is a major target for
inflammatory cytokines, that lead to an increase in expression and secretion of other
inflammatory mediators, like e.g. secretory type II phospholipase A2 (sPLA2-IIA)
which has been found in atherosclerotic plaques (57). Interestingly sPLA2-IIA can
also induce apoptosis independent of other inflammatory mediators (58).
PX-18 (2-N, N-Bis(oleoyloxyethyl)amino-1-ethanesulfonic acid) is a novel sPLA2-IIA
inhibitor with cytoprotective properties (59). It is known that PX-18 can stabilize
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membranes and protects mitochondria through inhibition of PLA2. PX-18 also inhibits
release of sPLA2-IIA in ischemic myocardium (60; 61) and reduce apoptosis in
cardiomyocytes independent of sPLA2-IIA inhibition (62).
However, putative effects of PX18 in vein grafts have not yet been studied.
We therefore investigated the effect of the PX18 in an in-vitro model of human
perfused veins and in an in vitro mechanical stretch model of endothelial cells in
chapter 6.

Vein graft failure: the role of infection.
The relationship between inflammation and infections is well documented. Several
studies suggested an association between Chlamydophila pneumoniae (Cp) infection
and atherosclerosis (63; 64). Cp infection of human endothelial cells namely
stimulated transendothelial migration of inflammatory cells in vitro (65), and triggered
the secretion of inflammatory mediators (66). In addition smooth muscle cells
respond to Cp infection by proliferation (67), while Cp infection of monocytes and
macrophages results in secretion of cytokines (68; 69-71). As such, Cp was detected
by immunohistochemistry in 52% of atheromatous arteries while only 5% of normal
arteries were positive (72). In addition Wong et al detected Cp DNA in 12% of
saphenous vein specimens before grafting, whereas in 38% of failed grafts Cp DNA
was found (73). Because of the observed association of Cp infection at a DNA level
in vein grafts (74), we undertook a study to determine the presence of Cp at the
protein level in the various cell layers of the saphenous vein and analyzed the effect
of perfusion herein. This we have studied in chapter 7.
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Abstract
Objective Advanced glycation endproducts (AGEs) such as N -‐(carboxymethyl)lysine
(CML), are implicated in vascular disease. We previously reported increased CML
accumulation in small intramyocardial blood vessels in diabetes patients. Diabetes
patients have an increased risk of acute myocardial infarction (AMI). Here, we
examined a putative relationship between CML and AMI.
Methods and Results Heart tissue was stained for CML, myeloperoxidase and Eselectin in AMI patients (n=26), myocarditis patients(n=17) and control patients (n=15).
We also studied CML in a rat model of AMI and in vitro in endothelial cells subjected to
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metabolic inhibition or H2O2. In AMI patients, CML depositions were 3-fold increased
compared to controls in the small intramyocardial blood vessels and predominantly
colocalized with activated endothelium (E-selectin-positive) in infarction and noninfarction areas. In the rat heart, CML depositions were not found after 24 hours of
reperfusion, but were found after 5 days of reperfusion. In endothelial cells, H2O2, but
not metabolic inhibition, induced formation of CML. In addition, myocarditis also caused
accumulation of CML on the endothelium.
Conclusions CML, present predominantly on activated endothelium in small
intramyocardial blood vessels in patients with AMI, is a possible mediator in the
induction of AMI instead of being a result of AMI.

  

Condensed abstract
We examined a putative relationship between CML and AMI. CML depositions were
significantly increased on activated endothelium of intramyocardial blood vessels after
AMI and in myocarditis. In vitro and in the rat CML was upregulated by inflammation,
not by ischemia. In AMI patients CML is probably present in advance of the AMI.
  

INTRODUCTION
Advanced glycation endproducts (AGEs) are advanced products of the Maillard
reaction, including pentosidine, N -‐(carboxyethyl)lysine and N -‐(carboxymethyl)lysine
(CML). AGEs also accumulate during aging 1,2 and at an accelerated rate in diabetes
3,4

. Indeed, in diabetes patients, the accumulation of AGEs has been associated with of

vascular complications 5,6. AGEs are also found in human atherosclerotic lesions in
blood vessels, raising a potential link between deposition of AGEs and atherogenesis 7.
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The major AGE CML has received considerable interest because it can act as a ligand
for the receptor of AGE (RAGE) and it has been associated with increased oxidative
stress 8. CML can be formed on proteins by an oxidative cleavage of the Amadori
product fructose-lysine 9,10, and by a reaction of proteins with the peroxidation products
of polyunsaturated fatty acids 11 or the dicarbonyl compound glyoxal 12,13. Recent data
indicated that myeloperoxidase activity and NADPH oxidase can also represent an
important source of CML in tissue proteins 14. It has been demonstrated that CML is
enhanced in vascular tissue of diabetic patients and in human atherosclerotic lesions
15,16

. We recently demonstrated in diabetic patients without AMI or any form of

cardiomyopathy, an increased deposition of CML in small intramyocardial blood vessels
of the heart that were without morphological changes 17.
To study the pathophysiological role of CML depositions in the heart in more detail
we analyzed CML depositions in heart tissue of AMI patients. Subsequently, the role
and mechanism of activation of these CML depositions were further analyzed in an
in-vivo model of AMI in rats, at a cellular level in endothelial cells, and in human heart
tissue of patients with myocarditis.

METHODS
Patients
Patients included in this study were autopsied within 24 hours after death. We included
heart tissue from 15 control patients and 26 patients with AMI (Table 1). The AMI
patients had infarcts of variable duration. From these AMI patients, tissue was taken
from the infarcted as well as the non-infarcted areas of the heart. Patients with diabetes
were excluded as theoretically this condition can also cause increased CML
depositions. Control patients died due to a cause not related to any form of heart
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disease nor had inflammation of the heart. In addition, we included heart tissue from 17
patients with myocarditis (bacterial myocarditis n=4; viral myocarditis n=13) without
signs of other forms of heart disease. Age and sex distribution did not differ significantly
between the control or AMI group. From all patients included in this study, also tissue
from lung and kidney was obtained for immunohistochemical analysis.
This study was approved by and performed according to the guidelines of the ethics
committee of the VU University Medical Center, Amsterdam. Use of left over material
after the pathological examination has been completed, is part of the patient contract in
our Hospital.

mAb against CML
In a recent study we described the development and characterization of a specific
CML monoclonal antibody (mAb) 18. Briefly, antisera against CML-modified keyhole
limpet hemocyanin were raised in mice and the mouse with the highest titer for CMLhuman serum albumin (HSA) was used for the production of mAbs. One of these, of
the IgG1 class, was used in this study. The antibody immunoreactivity for CML-HSA,
as determined in ELISA, appeared to be proportional to the yield of CML as
determined using stable-isotope dilution tandem mass spectrometry (LC-MSMS), as
recently described in detail 19. The antibody did not cross-react with N -‐
(carboxyethyl)lysine.

Immunohistochemistry
For immunohistochemistry paraffin-embedded tissue sections (4 µm) were used.
After deparaffinization and dehydration, sections were stained with hematoxylin-eosin
and subsequently incubated with 0.3% H2O2 in methanol for 30 minutes. Sections
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were not heated to prevent artificial induction of CML by this procedure 9. After
incubation with normal rabbit serum (1:50, Dako, Glostrup, Denmark) for 10 minutes ,
sections were incubated for 60 minutes with anti-CML (1:500) or anti-MPO (1:500,
mAb, Dako). After washing in phosphate buffered saline, pH 7.4 (PBS), sections
were incubated for 30 minutes with rabbit anti-mouse biotin-labeled antibody (1:500,
Dako) , washed in PBS, incubated with streptavidin-horseradish peroxidase (HRP;
1:200, Dako) for 60 minutes and visualized with 3,3-diamino-benzidinetetrahydrochloride/H2O2 (DAB) (Sigma Chemical Company, St. Louis, MO, USA) for
3 to 5 minutes. For E-selectin, sections were incubated for 30 minutes in pepsin and
stained with anti-E-selectin (1:50, mAb, Monosan, Uden, The Netherlands). After
washing in PBS, sections were incubated for 60 minutes with rabbit-anti-mouse-HRP
(1:1000, Dako), subsequently washed in PBS, and then visualized with DAB for En
Vision (Dako) (3 to 5 minutes).
Microscopic criteria 20 – 22 were used to estimate infarct duration in all myocardial
tissue specimens.
Immunoscoring was performed by 3 independent investigators (AB, PAJK and HWMN).
CML, MPO and E-selectin positivity was scored for anatomical localization and its
intensity. For the intensity scoring each positive vessel was given a score of: 1 = weak
positivity; 2 = moderate positivity or 3 = strong positivity. Subsequently the area of the
slide was measured. Each intensity score was multiplied by the amount of vessels
positive for this score. Each multiplication score (for 1, 2 and 3) were then added and
the sum subsequently was divided by the slide area resulting in a immunohistochemical
score per cm2.
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Cell culture
The HUVEC-derived immortalized EC-RF24 endothelial cells23 were cultured on
fibronectin-coated, tissue-culture plates in "growth medium" containing medium-199
(Gibco-BRL, Gaithersburg, MD, USA) supplemented with 20% (v/v) fetal bovine serum,
2 mM L-glutamine, 50 µg/mL heparin (Sigma), 12.5 µg/mL EC growth supplement
(ECGS; Sigma), and 100 U/mL penicillin/streptomycin (Gibco-BRL) under a 5% CO2
atmosphere at 37°C. Metabolic inhibition was induced by incubating the cells in 20 mM
2-deoxy-D-glucose (Sigma, St. Louis, MO, USA) in PBS for 2 hours under a 5% CO2
atmosphere at 37°C. Oxidative stress was induced by incubation in 0.03% H2O2 in PBS
for 2 hours under a 5% CO2 atmosphere at 37°C. Cells were then reperfused for 24
hours with normal culture medium.

Western blot
EC-RF24 cells were dissolved in sodium dodecyl sulfate (SDS) sample buffer, stirred
and heated for 10 minutes at 95°C. The samples were subjected to SDS polyacrylamide
gel electrophoresis, transferred to nitrocellulose membranes, and immunblotted with
CML antibody (1/1000 dilution) and subsequently with horseradish peroxidase
conjugated rabbit-anti-mouse immunoglobulins (RaM-HRP; Dakopatts, Glostrup,
Denmark; 1/1000 dilution). The blots were then visualized by enhanced
chemiluminescence (ECL; Amersham, Buckinghamshire, UK). As a positive control
CML-modified albumin was used.

Acute myocardial infarction in the rat
Female Wistar rats (7-8 weeks of age, Harlan CPB, Zeist, The Netherlands) were
acclimated to the facility for at least 2 weeks before surgery. Rats were anaesthetized
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with halothane (with O2 and N2O in a 2:1 ratio), endotracheally intubated, and ventilated
by a respirator. After a left-sided thoracotomy, the left coronary artery was occluded
approximately 2 mm from the origin with a 7-0 silk suture. Thirty minutes after ligation,
the ligature was released for reperfusion for different periods of time, varying from 2 up
to 24 hours, and 5 days.
Infarct areas were determined using Nitro Blue Tetrazolium (NBT). Subsequently,
sections were made for immunohistochemical detection of CML.
All animals were treated in compliance with the Dutch guidelines for the care and use of
laboratory animals and the experiments were approved by the institutional ethical
committee for animal experimentation.

Peritoneal dialysis of the rat
Rats (n=5) received 10 mL lactate buffered 3.86% glucose-containing peritoneal
dialysis fluid during a 5-week period via a subcutaneously implanted mini access port
that was connected via a catheter to the peritoneal cavity. Subsequent to sacrifying the
rats, peritoneal tissue was isolated and CML on this tissue was determined by
immunohistochemistry.

Data analysis
Data were analyzed with SPSS for windows version 9.0. To evaluate whether
observed differences were significant, Mann-Whitney analysis, independent T-tests
or Chi-square tests were used when appropriate. In the text and relevant figures,
values are given as means ± standard error (SE). A p-value (two-sided) of less than
0.05 was considered to represent a significant difference.
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RESULTS
CML accumulates in intramyocardial blood vessels of AMI patients
The presence of CML in human heart tissue was investigated in tissue specimens of
AMI patients and in control patients. Immunohistochemical analysis revealed no or only
focal weak staining of CML in especially endothelial cells of intramyocardial blood
vessels in control patients (Figure 1A).
Figure 1. Immunohistochemical analysis of
CML in heart tissue of control patients.
Heart tissue specimens were from a control
patient (original magnification: 400x). Arrows:
blood vessels.

A

Notably, these control patients had different degrees of atherosclerotic lesions, varying
from no to severe atherosclerosis of the epicardial coronary arteries (Table 1).
Table 1 Patient Characteristics
Control

AMI

Statistics

n

15

26

N.A.

sex (male/female)

7/8

18 / 8

N.S.

*

mean age ± SE

66.0 ± 6.12

63.5 ± 2.96

N.S.

†

infarct age

N.A.

maximal lumen obstruction of the
coronary arteries

0 - 25%

n=4

25 - 50%

0-24 hours

n=7

1-5 days

n=11

5-14 days

n=8

0 - 25%

n=1

n=10

25 - 50%

n=6

50 - 75%

n=1

50 - 75%

n=16

> 75%

n=0

> 75%

n=3

N.A.

p<0.001

angina pectoris (yes/no)
smoker (yes/no)

0 / 15
2 / 13

11 / 15
4 / 22

p<0.04
N.S.

*

*

*

n = number of patients; AMI = Acute Myocardial Infarction; N.A. = Not Applicable;
N.S. = Not Significant; * The distribution of patients among the different categories Chi-square test. †Age distribution was
analyzed by independent T-test.

32

Within the AMI group and control group, the degree of atherosclerosis of epicardial
coronary arteries did not correlate significantly with the CML immunohistochemical
score (not shown).
In AMI patients , CML depositions were clearly present in the small intramyocardial
blood vessels (Figure 1B).

B

Figure 1. Immunohistochemical analysis of
CML in in heart tissue of patients with acute
myocardial infarction (AMI) and patients with
myocarditis.
Heart tissue specimens were from a patient
without diabetes but with acute myocardial
infarction (AMI) (original magnification: 400x).
Arrows: blood vessels.

In these blood vessels, CML adducts were localized in endothelial cells as well as
smooth muscle cells. It is noteworthy that these small intramyocardial blood vessels did
not show obvious atherosclerotic changes while atherosclerosis of epicardial coronary
arteries did occur, with lumen obstruction in majority of 50-75% (Table 1). In controls,
lumen obstruction of coronary arteries in majority was 25-50%. As to be expected,
angina pectoris was significantly more present in AMI patients , compared with controls
(Table 1).
The immunohistochemical score per cm2 (defined in Methods) of CML was significantly
higher (p<0.002) in AMI patients than in control patients (Figure 1C).
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Figure 1. Immunohistochemical analysis of
CML in in heart tissue of control patients,
patients with acute myocardial infarction
(AMI) and patients with myocarditis.
Quantitative evaluation of CML. Bars represent
2
mean ± SE immunohistochemical score per cm
(defined in Methods) for CML in control patients
(white bars), AMI patients (grey bars) and
myocarditis patients (black bars). n = number of
patients.

We found no significant differences in immunohistochemical score per cm2 for CML
between the different infarct durations (Figure 2A).
Figure 2. Quantitative evaluation of CML in
heart tissue, distinction between the different
infarct ages.
(A) Bars represent mean ± SE
2
immunohistochemical score per cm for CML
(defined in Methods) in the infarcts of different
infarct duration and in control patients.

However, the immunohistochemical score per cm2 for CML was significantly higher in
all groups of different infarct duration than in control patients (p<0.02 for 0 – 1 day;
p<0.01 for 1 – 5 days; p<0.02 for 5 – 14 days). The majority of CML-positive vessels in
all groups of different infarct duration were intensely positive and received a maximal ‘3score’ (Figure 2B).
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Figure 2. Quantitative evaluation of CML in
heart tissue, distinction between the different
infarct ages.
(B) Bars represent mean ± SE
2
immunohistochemical score per cm for the
three different intensity scores for CML
(1=minor; 2=moderate; 3=strong; defined in
detail in Methods) in the infarcts of different
infarct duration and in control patients. n =
number of patients.

The immunohistochemical score per cm2 for strong CML-positive ‘3-score’ vessels was
significantly higher in all groups of different infarct duration than in control patients
(p<0.005 for 0 – 1 day; p<0.005 for 1 – 5 days; p<0.04 for 5 – 14 days).
To study if CML was limited to the infarcted area of the heart of patients with AMI, we
also stained non-infarcted parts of the heart. Remarkably, no differences in the intensity
of CML staining of the small intramyocardial blood vessels were found between
infarcted and non-infarcted areas (not shown).
To analyze if the CML-adducts were specific for the heart, or were also present in
other organs of the same patient, we analyzed CML depositions in small arteries of
kidney and lungs of all patients included in this study. In contrast to the heart, no
significant difference in CML-adducts in small arteries in the lungs and kidneys were
found between patients with or without AMI (not shown).
Age, male/female distribution or smoking did not significantly differ between the
control group and AMI group (Table 1).
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Accumulation of CML is not accompanied by the presence of myeloperoxidase
Myeloperoxidase (MPO) can play a role in the formation of CML 14. MPO can be
derived from neutrophils but can also be produced by blood vessels themselves. MPO
positivity was therefore evaluated in the hearts AMI patients and healthy controls and
compared with CML accumulation. The presence of MPO was limited to a small part
within the vessel wall, especially endothelial cells, and was found only in a minority (less
than 5%) of the blood vessels that stained positive for CML (not shown).

Accumulation of CML is accompanied by the presence of E-selectin
To assess whether CML was predominantly associated with activated endothelium
we analyzed E-selectin expression in the hearts of AMI patients and healthy controls
and compared it with CML accumulation. Within the infarcted myocardium, we found a
significant increase (p<0.001) of E-selectin positivity in intramyocardial blood vessels

125
100
75

*  

†

50

†

25

Figure 3. Immunohistochemical analysis of
CML and E-selectin in heart tissue of control
patients and patients with acute myocardial
infarction (AMI).
(A) Quantitative analysis. Bars represent mean
2
± SE immunohistochemical score per cm
(defined in Methods) for CML (white bars) and
E-selectin (black bars). *p<0.001 (CML) and
†
p<0.001 (E-selectin) in control patients vs AMI
patients. n = number of patients.

n=

E-selectin

E-selectin

CML

0
CML

A

Immunohistochemical score per cm

2

compared to controls (Figure 3A).

control

AMI

8

7
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E-selectin was present in the vessel wall, predominantly on endothelial cells, and
was found in almost all of the blood vessels that stained positive for CML (Figure
3B+C), demonstrating colocalization of CML and E-selectin.

B

C

  

Figure 3. Immunohistochemical analysis of CML and E-selectin in heart tissue of control patients
and patients with acute myocardial infarction (AMI).
Immunohistochemical detection on serial slides of E-selectin (B) and CML (C) in a patient without
diabetes but with acute myocardial infarction (AMI) (original magnification: 400x). Arrows: blood vessels.

Acute myocardial infarction in rats does not cause CML generation within 24
hours of reperfusion
To investigate whether the formation of CML in the heart was directly related to the
occurrence of AMI, we used a rat model of AMI. Their heart tissues were evaluated at
different time points after acute ischemia and subsequent perfusion, which varied over
a period of 2 to 24 hours. No CML was detectable in these hearts (Figure 4A), even
although neutrophils were present, indicative for AMI.
Subsequently we verified whether the CML antibody used did recognize CML in rats.
To that end, we studied peritoneal biopsies of rats that had undergone peritoneal
dialysis for 5 weeks. Significant amounts of CML were detected in the peritoneum of
these rats (Figure 4B). These data thus demonstrate that CML can be formed in the rat
and that the CML antibody is suitable for studies in rats.
Together these findings strongly suggest that the CML adducts as found in small
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intramyocardial blood vessels in the hearts of patients that have died of AMI were
present in advance of the AMI.

A

B

C

Figure 4. Immunohistochemical detection of CML in the rat.
(A) Immunohistochemical detection of CML in heart tissue of the rat after acute myocardial infarction
(original magnification: 400x). Tissue was taken from the infarcted heart 24 hours after onset of infarction.
Arrows: neutrophils present in the heart. There is no CML positivity in the blood vessels.
(B) Immunohistochemical detection of CML in the peritoneum of rats undergoing peritoneal dialysis
(original magnification: 400x). Arrows: blood vessels.
(C) Immunohistochemical detection of CML in heart tissue of the rat after acute myocardial infarction
(original magnification: 400x). Tissue was taken from the non-infacrtion area of the heart 5 days after
onset of infarction. Arrows: CML depositions on endothelial cells in intramyocardial blood vessel.

Oxidative stress but not metabolic inhibition causes CML generation by
endothelial cells
The CML staining was most striking in the endothelium of the intramyocardial blood
vessels of AMI patients. To evaluate whether ischemia by itself can cause CML
formation in endothelial cells, we treated human endothelial cells (EC-RF24) with
conditions of either ischemia (metabolic inhibition) or oxidative stress (H2O2),
followed by reperfusion.
Western blot analysis showed no detectable production of CML residues as a result
of ischemia. However, in cells incubated with H2O2, minor accumulation of CMLadducts were found (Figure 5). Similar results were obtained with quantification of
CML in EC-RF24 lysates using LC-MSMS. In control cells 0.065µM CML/mM lysine
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was found, whereas in metabolically inhibited/reperfused cells 0.078µM CML/mM
lysine was found and in cells incubated with H2O2 0.313µM CML/mM lysine was
found.

Figure 5.
Western blot analysis of CML in lysates of the endothelial cell line EC-RF24
Lanes one and two contained purified CML (0.1 and 0.01 µg) as a positive control. Lane three contained
control EC-RF24 cells. Lane 4 contained EC-RF24 cells treated with metabolic inhibition (2 hours) and
reperfusion (24 hours). Lane 5 contained EC-RF24 cells treated with 0.03% H2O2 (2 hours) and
reperfusion (24 hours).

CML accumulates in intramyocardial blood vessels of myocarditis patients.
To investigate whether inflammation in the heart in general induces CML
upregulation in intramyocardial blood vessels, we investigated the presence of CML
in patients with myocarditis. In these patients, CML depositions were present in the
small intramyocardial blood vessels, in particular on the endothelium. CML
depositions were significantly increased (p<0.0001) compared to control hearts
(Figure 1C). The immunohistochemical score of CML in myocarditis patients in fact
was significantly higher than in AMI patients (240.50±52.37 and 49.60±7.25,
respectively (p<0.0001).
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Acute myocardial infarction followed by 5 days of reperfusion in rats does
cause CML generation in intramyocardial blood vessels.
As myocarditis in humans is accompanied by CML depositions in intramyocardial
blood vessels, indicating that chronic inflammation cause CML depositions, we next
studied in our rat AMI model whether AMI in the chronic state was capable of
inducing CML depositions. Therefore, rats were subjected to acute myocardial
ischemia and subsequent perfusion for 5 days. At 5 days of infarction granulation tissue
including lymphocytes and macrophages were detected in the heart indicative for
chronic inflammation (not shown).
Although minor background staining was found in cardiomyocytes, a clear positive CML
signal was found especially in endothelial cells, but also in smooth muscle cells of
intramyocardial blood vessels in infarction and non-infarction areas (Figure 4C).
Therefore, in rat hearts after AMI, CML depositions can be found in blood vessels but
only in the chronic phase.

DISCUSSION
In the present study we found CML depositions in small intramyocardial blood vessels
in the heart of patients with acute myocardial infarction (AMI), irrespective of the age of
infarction and the degree of atherosclerosis of epicardial coronary arteries. CML was
found in infarcted and non- infarcted areas of the heart.
AMI in general is related to the process of atherosclerosis of epicardial coronary
arteries, and its complications like thrombosis, bleeding within atherosclerotic plaques
and/or plaque rupture in particular. The question then raised is how CML is formed, and
what the function of these depositions exactly is. It is known that formation of CML may

40

proceed by multiple routes, namely glycation followed by an oxidative cleavage of
Amadori-adducts 12,24; auto-oxidative glycosylation 13,25; reaction of proteins with nonglucose carbohydrates 11 and/or via lipoxidation 14. Next to this, CML can be formed via
the reaction of proteins with products of myeloperoxidase (MPO) 14. However, in the
small non-atherosclerotic intramyocardial blood vessels, the amount of vessels positive
for CML, and the intensity of this staining were clearly higher as compared with that of
MPO. We cannot exclude that MPO positivity in these intramyocardial blood vessels is
temporarily, but the fact that only a minority of the vessels was positive for MPO makes
it unlikely that MPO is playing a major role in CML formation.
CML also has been hypothesized to represent a marker for chronic hypoxic stress 16. In
patients with AMI, a phase of (acute) hypoxia is induced. However, we found no
differences in CML accumulation in the infarcted area of the heart, and control noninfarcted areas in the heart of the same patient. Although an episode of global ischemia
of the whole heart in patients with AMI is supposed, it is difficult to explain CML
positivity as a result of ischemia alone. Furthermore we could not detect CML
depositions in intramyocardial blood vessels in rats with AMI, including episodes of
reperfusion up to 24 hours. This indicated that CML is not induced in the heart by
ischemia/reperfusion in the acute phase. In line with this, also in isolated endothelial
cells, ischemia and/or reperfusion did not result in CML formation. This makes it unlikely
that in patients with AMI, CML is formed as a result of AMI.
Another explanation for the formation of CML might be chronic inflammation. However it
is unlikely that chronic inflammation of the epicardial coronary arteries is playing a role
herein, as we didn’t find a correlation between the degree of atherosclerosis and CML
depositions in control nor in AMI patients.
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It is known that inflammation plays a role in the formation of CML 26. In line with this,
in the present study we found that CML positivity colocalized with E-selectin. In
addition we have shown that in non-AMI, non-diabetes patients but with myocarditis,
CML depositions are present on intramyocardial blood vessels, with a five fold
increase compared with AMI patients. In line with this, in the rat, AMI-induced
inflammation in the chronic phase induced CML on intramyocardial blood vessels in
infarction and non-infarction areas. Remarkably, also in humans we found CML in the
non-infarction areas. This therefore could suggest that any local inflammatory
response on endothelium is capable of inducing CML depositions on intramyocardial
blood vessels that theoretically could result in AMI. In line with this, it is known that in
patients with fulminant myocarditis, secundary AMI can occur 27.
Therefore, the combination of the human and animal studies suggests that CML
already is present in intramyocardial blood vessels of the hearts of patients that develop
AMI. At this moment however, we don’t know the time frame during which this CML
positivity is formed. Nevertheless, this finding is important, as it is known that especially
in endothelial cells CML-modified proteins can act as a ligand for RAGE (receptor of
AGE) 8, thereby causing processes linked to inflammatory complications 28.
Furthermore, it is known that patients with diabetes have a higher risk of AMI 29,30. We
have shown that the CML accumulates in heart tissue in patients with diabetes 17.
Wether the accumulation of CML in small intramyocardial blood vessels of the heart
indeed are playing a causal role in the induction of AMI is subject of further study.
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Abstract
Objectives: Mast cells (MCs) may play an important role in plaque destabilization
and atherosclerotic coronary complication. Here we have studied the presence of
MCs in the intima and media of unstable and stable coronary lesions at different time
points after myocardial infarction (MI).
Methods: Coronary arteries were obtained at autopsy from patients with acute MI
(up to 5 days old; n=27) and with chronic MI (5 - 14 days old; n=18) as well as
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sections from controls without cardiac disease (n=10). Herein, tryptase-positive MCs
were quantified in the intima and media of both unstable and stable atherosclerotic
plaques in infarct-related and non-infarct-related coronary arteries.
Results: In the media of both acute and chronic MI patients, the number of MCs was
significantly higher than in controls. This was also found when evaluating unstable
and stable plaques separately. In patients with chronic MI 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 patients with chronic
MI compared with control and acute MI. No differences in MC density were found
between infarct-related and non-infarct-related coronary arteries in patients with MI.
Conclusion: The presence of MCs in the media of both stable and unstable
atherosclerotic coronary lesions after MI suggests that MCs may be involved in the
onset of MI and, on the other hand, that MI triggers intra-plaque infiltration of MCs
especially in unstable plaques, possibly increasing the risk of re-infarction.

Keywords: Myocardial infarction; mast cells; atherosclerosis, plaque stability.

Introduction
Myocardial infarction (MI) most often is the result of coronary atherosclerotic plaque
rupture and resultant thrombus formation. Plaques that are prone to cause MI, socalled unstable or vulnerable plaques, are characterized by a thin fibrous cap and/or
an extensive presence of inflammatory cells, including macrophages, lymphocytes
and mast cells (MCs). Although best known for their role in allergic reactions, MCs
have been shown to be involved in the initiation and progression of atherosclerosis
[1,2]. Notably, MCs may also play an important role in the destabilization of
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atherosclerotic plaques and coronary atherosclerotic complication. MCs accumulate
in the vulnerable shoulder region of human coronary atheromas, at the predilection
sites of atheromatous erosion/rupture [3] and at the sites of erosion or rupture in
infarct-related coronary arteries [4].
How MCs induce atherosclerotic complications is not completely known. However,
evidence supports a role for MCs in the destabilization of atherosclerotic plaques via
the local release of vasoactive, neurosensitizing, pro-angiogenic, pro-atherogenic
and pro-inflammatory mediators, such as histamine, chymase and tryptase. Release
of these mediators can cause vasospasms [5], intraplaque hemorrhage [6],
intraplaque neo-vascularization [7,8] and/or collagen degradation via activation of
metalloproteinases resulting in weakening of the fibrous cap [9]. The role of MCs in
plaque destabilization was further highlighted in atherosclerotic apolipoprotein Edeficient mice, wherein local activation of MCs resulted in increased intraplaque
hemorrhage, macrophage apoptosis and monocyte recruitment [10], whereas
inhibition of chymase enhanced plaque collagen content and reduced necrotic core
size and intraplaque hemorrhage [11].
It has been suggested that in particular MCs located in the adventitia are associated
with coronary atherosclerotic complications. In coronary arteries MCs were found
predominantly in the adventitia, i.e. 10 times more as compared to the intima [12].
Furthermore, an increased number of degranulated MCs was found in the adventitia
surrounding ruptured plaques in infarct-related coronary arteries in patients with MI
[13]. However, knowledge regarding a putative relation between MCs present in the
intima and media of vulnerable and stable coronary lesions and MI is scarce. As
many of the aforementioned plaque-destabilizing properties of MC take effect in the
intima and media of lesions, we hypothesized that MCs located in these layers could
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be involved in plaque instability. For this, we quantified MCs in these vessel layers of
non-ruptured unstable and stable coronary lesions at different time points after MI
and compared those with control patients.

Materials and methods
Patient material
A total of 55 patients who were referred to the Department of Pathology of the VU
University Medical Center for clinical autopsy between 1999 and 2003, were
retrospectively included in this study. In this period approximately 1000 clinical
autopsies were conducted at the VU university medical center. In an estimated 10 to
20 % of these cases a recent MI was found. Sections of coronary arteries were
obtained at autopsy from patients with acute MI (infarct of up to 5 days old; n=27)
and chronic MI (infarct of 5 to 14 days old; n=18) or as a control from patients without
cardiac disease (n=10, Table 1 and Table 2).

Table 1.                Characteristics  of  coronary  artery  tissue  samples.                                                              
Control

Number of patients
Age (mean (range))
Sex (male / female)

10

Acute MI

Chronic MI

(< 5 days old)

(5 to 14 days old)

27

18

62.6 (37 – 94) 67.4 (24 – 84) 62.8 (31 – 82)
6/4

18 / 9

13 / 5

Total number of lesions

35

70

46

Number of unstable lesions

16

32

32

Number of stable lesions

19

38

14

Statistics

N.A.
N.S.†
N.S.‡

N.A. = not applicable ; N.S. = not significant ; † One-way Anova; ‡ chi-square gamma test.
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Table 2. Patient characteristics
Patient

Sex

Age

Primary cause of death

Secondary pathologies

Control patients without cardiac disease
1

M

71

Sepsis

2

M

73

Pneumonia

3

M

80

Subdural hemorrhage

4
5
6
7
8
9
10

F
F
M
M
F
M
F

38
94
37
67
52
55
59

Pneumonia
Intracranial hemorrhage
Not found
Respiratory insufficiency
Pulmonary hypertension
Sepsis
Pneumonia

Cholecystitis
Peritonitis
Prostate carcinoma
Alcohol abuse
Liver Cirrhosis
COPD
Cervical cancer
Pneumonia
Lung cancer
CREST syndrome
Pyelonephritis
Oesophageal cancer

Patients with myocardial infarction (<5 days old); aMI
1

M

80

MI

2

M

65

MI

3

F

83

MI

4

F

81

MI

5
6

F
M

71
57

MI
MI + pulmonary embolism

7

F

84

MI

8
9
10
11
12
13
14
15
16
17
18

M
F
F
M
M
M
M
M
M
M
M

43
72
72
55
72
70
60
58
79
51
79

MI
MI
MI + intestinal necrosis
MI + pulmonary embolism
MI + pulmonary embolism
MI
MI
MI + sepsis
MI
MI
MI + intracerebral hemorrhage

19

F

59

MI + liver and kidney failure

20

M

75

MI + ruptured aneurysm

21
22
23

F
M
M

71
75
65

MI
MI
MI

24

M

24

MI

25

M

82

MI

DM
Hypertension
Hypercholesterolemia
DM
COPD
Hyperthyroidism
Burn wounds
DM
Hypertension
Thyrotoxicosis
Pneumonia
DM
Hypertension
Systemic scleroderma
Colon cancer
Stomach cancer
Enterocolitis

Thyroiditis
Alcohol abuse
Liver cirrhosis
Laryngeal cancer
DM
Pneumonia
Laryngeal cancer
Alcohol abuse
Cocaine abuse
Heroine abuse
Laryngeal cancer

51

26

F

74

MI

27

M

62

MI + aspergillus infection

Pneumonia
Hypertension
Hypercholesterolemia
DM
Polymyositis (prednisolone
use)

Patients with myocardial infarction (5-14 days old); cMI
1
2
3
4

M
M
M
F

48
62
56
76

MI
MI
MI
MI + hemorrhage (a.femoralis

5
6

M
M

78
67

MI
MI

7
8
9

M
M
M

48
74
71

MI
MI + cardiac tamponade
MI + sepsis

10

F

60

MI + kidney failure

11
12
13
14
15
16
17
18

M
F
M
M
F
F
M
M

56
48
65
82
61
78
31
69

MI
MI + pulmonary embolism
MI
MI
MI
MI + cardiac tamponade
MI + pneumonia
MI + sepsis

Fever e.c.i.
COPD
Hypertension
Excessive anticoagulants
Hypercholesterolemia
DM
Hypertension
Pneumonia
Hemorrhagic gastritis
DM
Hypertension
acute myeloid leukemia
Ischemic enteritis

Abbreviations. M: male. F: female. AMI: acute myocardial infarction. DM: diabetes mellitus. COPD:
chronic obstructive pulmonary disease.

Control patients were age-matched and sex-matched. All MI patients showed
macroscopical evidence for a recent left ventricular MI, as identified by reduced nitro
blue tetrazolium (NBT) staining, indicative for a loss of lactate dehydrogenase (LDH)
of the injured myocardial tissue, of a mid-ventricular cross section of the heart. The
patients were subsequently categorized into two phases of post-AMI healing based
on the following microscopic criteria [14,15]: acute MI patients showed microscopical
evidence of jeopardized myocardium (cardiomyocyte condensation, combined with
loss of nuclei and cross striations), with or without evidence of extravasation of
neutrophilic granulocytes in the infarction area corresponding to an infarct age of
between approximately 3 hours to 5 days after MI. chronic MI patients showed
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microscopical evidence of cell-rich granulation tissue formation and collagen
deposition in the infarction area corresponding to an infarct age of approximately 5 to
14 days after MI. The control patients showed normal NBT staining.
All patients were autopsied within 24 hours after death. From all patients, the left and
right coronary arteries were excised from their root at the aorta to the point where
they enter the myocardium. Sections with the strongest stenosis were identified
macroscopically and subsequently processed separately for histological and
immunohistochemical analyses. For this, the selected cross tissue sections were
fixed in 4% paraformaldehyde and subsequently decalcified in buffered formic acid,
where after the sections were embedded in paraffin.
As ruptured culprit lesions or intra-coronary thrombi are rarely found at autopsy in
patients with MI, the infarct-related coronary arteries were identified based on the
location of the infarcts. The infarct location was determined based on the area of
reduced NBT staining, indicative for a loss of LDH, of a mid-ventricular cross section
of the heart. The branch of the coronary artery responsible for perfusion of the area
of the heart wherein the infarct is situated was then identified as the infarct-related
coronary artery.
In the VU University Medical Centre patient material can be used for research after
completion of the diagnostic process as part of the patient contract and, in case of
autopsy, after relatives have given explicit written consent. This is conform the ethical
guidelines set up by the World Medical Association (The declaration of Helsinki).

Immunohistochemistry
Coronary artery tissue sections (4 µm thick) were mounted on microscope slides and
deparaffinized for 10 min in xylene at room temperature and dehydrated through
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descending concentrations of ethanol. Endogenous peroxidase activity was blocked
by incubation in 0.3% (v/v) H2O2 in methanol for 30 minutes. Tissue sections were
subjected to antigen retrieval by boiling in 10 mmol/L sodium citrate buffer, pH 6, for
10 minutes in a microwave oven. The antibodies and normal serum were diluted in
PBS containing 1% (w/v) bovine serum albumin (BSA). Tissue sections were preincubated for 10 minutes with normal rabbit serum, followed by incubation with
mouse-anti-human tryptase mAb (Dako, clone AA1, 1:1000 dilution) for 1 hour. After
washing in PBS the slides were incubated with biotin-conjugated rabbit anti-mouse
antibody (Dako, 1:500 dilution) for 30 minutes. After washing in PBS the slides were
incubated with streptavidin–biotin complex (1:1000 dilution) for 1 hour, followed by
incubation with biotinylated tyramine (1:1000 dilutions) for 20 minutes. Staining was
visualized with 3, 3’-diaminobenzidine (0.1 mg/mL, 0.02% H2O2). Slides were
counterstained with haematoxylin and mounted with Depex.
Quantification of the MCs was performed by three independent investigators (KK,
WWF, HWMN). Tryptase-positive MCs were quantified in the intima and media. For
each lesion one cross section was scored. Subsequently the surface areas of the
scored intima and media were measured with a Leica DM/LM microscope, using
QProdit v3.2 (Leica Microsystems, Wetzlar, Germany) as analytical software to
present the number of MCs per mm2.
Plaque stability was determined on HE stained slides. For this, after deparaffinization
and dehydration, the slides were incubated in haematoxylin for 5 minutes and then
rinsed in water. The slides were then incubated in eosin for 2 minutes, rinsed in water
with 1% ammonia and the covered. We defined unstable lesions as an
atherosclerotic plaque with a thin fibrous cap and/or inflammatory cells infiltrating up
to the endothelial layer of the intima [16].
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Statistical analysis
Data analysis was performed with GraphPad Prism 4.0 and SPSS version 20
statistics software. Differences in MC number between the different groups in the
different layers of the arterial wall as well as between the intima, media or adventitia
within the groups were analyzed with an One-way ANOVA and independent samples
t-tests when normal distributed, respectively with a Kruskal-Wallis test and
subsequent Mann-Whitney U tests, if not. For the comparison between groups of the
relative distribution (%) of stable vs. unstable plaques, crosstabs were used resulting
in a Fisher’s exact test generated p-value. A p value (two sided) of less than 0.05
was considered to be significant.

Results
We quantified MCs per mm2 in the intima and media of stable and unstable
atherosclerotic lesions in coronary arteries at different time-points after onset of MI.
Unstable lesions show a thin fibrous cap and inflammatory cells that migrate up to
the endothelial layer of the intima Figure 1A), whereas stable lesions show a
profound fibrous cap (Figure 1B). Tryptase-positive MCs were present scattered
throughout the intima and media of coronary atherosclerotic lesions (Figure 1C).
In all analyzed lesions of MI patients, the density of MCs in the intima was lower than
in the media, but not significantly. In contrast, in controls the density of MCs in the
intima was significantly higher than in the media (p=0.004). In the intima of all
analyzed patients (Figure 2), there were no significant differences in MC density
between control patients, patients with acute MI and patients with chronic MI
(controls: 0.9 (0.3-2.7); aMI: 1.2 (0.3-2.8); cMI: 1.5 (0.6-4.6). The density of MCs in
the media of both acute and chronic MI patients however, was significantly higher
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than in controls (controls: 0.0 (0.0-0.9); aMI: 2.4 (0.0-6.5); cMI: 2.3 (0.0-6.8); aMI
p=0.001; cMI p=0,009.

A

B

Figure 1 A) Example of an Hematoxylin and Eosinstained unstable lesion. The atherosclerotic Plaque
area shows a thin fibrous cap and inflammatory
cells that infiltrate up to the endothelial layer of the
intima (arrows). Original magnification 200x. B)
Example of an Elastica von Gieson-stained stable
lesion with a profound fibrous cap (arrow). Original
magnification 100x. C) Representative image of
tryptase-positive mast cells in the intima (solid
arrows), media (broken arrows) of a coronary
artery. Original magnification 100x.

C

50

0 .0 0 4

Figure 2. Quantification of tryptase-positive
mast cells in the intima and media of coronary
lesions in control patients, patients with acute
MI (aMI; < 5 days old) and patients with
chronic MI (cMI; 5 to 14 days old). Shown are
2
the numbers of mast cells per mm . Bars
represent median and interquartile range.
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Next, the density of MCs in the intima and media of unstable and stable lesions was
analyzed separately (Figure 3). In the intima we observed no significant differences
in MC density between stable and unstable lesions, not in controls nor in patients
with MI (not shown). In contrast, in the media of unstable lesions the MC density was
significantly higher in patients with acute and chronic MI than in controls (controls:
0.0 (0.0-0.8); aMI: 2.7 (0.4-6.5); cMI: 3.5 (0.0-8.3); aMI p=0.004; cMI p=0,023).
Similarly, stable lesions of acute MI patients had a significantly higher MC density in
the media than those of controls (controls: 0.0 (0.0-1.5); aMI: 2.5 (0.4-7.7; p=0.022).
However, in chronic MI patients this medial MC density of stable lesions was
significantly lower than in patients with acute MI (1.8 (0.0-5.9); p=0.030).

50

0 .0 2 4

40

0 .0 3 0

Figure 3. Comparison between the density of
tryptase-positive mast cells in the media of
unstable and stable coronary lesions in control
patients, patients with acute MI (< 5 days old)
and chronic MI (5 to 14 days old). Shown are
2
the numbers of mast cells per mm in control
patients, patients with acute MI and chronic MI.
Bars represent median and interquartile range.
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In controls and acute MI patients, no significant differences were observed in the
density of MCs in the media between stable and unstable lesions. However, in
patients with chronic MI the density of MCs in unstable lesions was significantly
higher than in stable lesions (p=0.024).
We subsequently analyzed for differences in the number of infiltrated MCs between
the non-infarct and the infarct-related coronary arteries of both acute and chronic MI
patients. In both patient groups we did not find significant differences in the number
of MCs between infarct- and non-infarct-related coronary arteries. We then compared
the number of MCs in unstable lesions, between the coronary arteries of control
patients and the non-infarct-related and the infarct related coronary arteries of both
aMI and cMI patients. Both in the intima and media, we found no significant
differences between the number of MCs between the infarct-related and non-infarctrelated arteries both in acute and chronic MI patients. In the intima, these numbers of
MCs did not differ significantly compared to control coronary arteries either. However,
the numbers of MCs in the media of the infarct-related coronary arteries of acute MI
patients (Figure 4A) and the non-infarct-related coronary arteries in chronic MI
patients (Figure 4B) were significantly higher than in the coronary arteries of control
patients. Moreover, the number of MCs in the media of non-infarct-related coronary
arteries of chronic MI patients was significantly higher than in acute MI
patients(Figure 4B).
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Figure 4
Comparison between the density of
tryptase-positive mast cells in the
media of unstable lesions, between:
A) the coronary arteries of control
patients and the non-infarct-related
and the infarct related coronary
arteries of acute MI patients (< 5
days old), B) the coronary arteries of
control patients and the non-infarctrelated and the infarct related
coronary arteries of chronic MI
patients (5 to 14 days old), and C)
the non-infarct-related and infarct
related coronary arteries of acute
and chronic MI patients.

Remarkably, the relative distribution of stable versus unstable plaques differed
significantly between acute and chronic MI patients (Figure 5). Patients with chronic
MI had relatively more unstable plaques as opposed to stable plaques than patients
with acute MI (p=0.010) and control patients (p=0.040). No significant difference in
this distribution was found between patients with acute MI and controls.
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Figure 5. Comparison of the relative
distribution (%) of stable and unstable
coronary lesions between control patients
(control), patients with acute MI (aMI: < 5 days
old) and patients with chronic MI (cMI: 5 to 14
days old). P-values are based on crosstabs
and the Fisher’s exact test.
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Finally, we have found no obvious differences in comorbidity occurrence between the
groups that could account for the differences in MC density or plaque stability we
have observed between the groups (Table 2).
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Discussion
Atherosclerotic coronary artery complication most often underlies the induction of MI.
Evidence supporting a critical role for MCs in coronary plaque destabilization is
accumulating. Perivascular MCs in particular have been associated with coronary
atherosclerotic complication [12,13]. In the present study we found both in the acute
and chronic stage after MI a significantly increased presence of MCs compared with
controls in the media. Interestingly, in unstable lesions MCs were increased
significantly after MI, especially in the chronic stage. In contrast, in the stable lesions
a significant decrease was found in the density of MCs in the chronic MI patients.
This coincided with a significantly higher percentage of unstable plaques in chronic
MI patients compared with controls and acute MI patients.
The increase in MCs in the media in unstable lesions of the infarct related coronary
artery we describe here suggests that these cells may contribute to plaque
destabilization and thereby to the onset of MI. MCs most likely contribute to plaque
destabilization and atherosclerotic coronary complication via the release of
atherogenic and vasoactive mediators such as histamine, chymase, tryptase, growth
factors and pro-inflammatory cytokines [17,18]. Indeed, in several studies in
atherosclerotic mouse and hamster models inhibition of MCs reduced plaque
instability [11,19-21], whereas activation of MCs increased plaque instability
[6,10,19], via effects on intraplaque collagen degradation, vascular smooth muscle
cell apoptosis, monocyte infiltration and intraplaque hemorrhage. Moreover, the
number of MCs in human carotid atherosclerotic plaques was shown to be predictive
for the occurrence of cardiovascular events irrespective of their activation [8]. In
addition, via release of vasoactive mediators, especially histamine, MCs have been
implicated in provoking coronary spasms that can lead to MI directly or indirectly via
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spasm-induced destabilization followed by complication of unstable coronary lesions
[5,22-24]. Our finding of increased MC infiltration in the media, especially in unstable
lesions of acute and chronic MI patients, directly supports such a role. Although a
causal relationship between this finding and plaque instability or sensitivity towards
spasms remains to be established. These mast cells may migrate into the media
from the vaso vasorum. Previous studies have indeed shown high densities of MCs
in the adventitia [10,13].
Given that many of the plaque-destabilizing properties of MCs take effect in the
intima and that intraplaque MC numbers in carotid lesions were shown to associate
with future cardiovascular events [8], an increased density of MCs in the intima of
unstable coronary lesions may have been expected. Remarkably however, we
observed no differences in MC density in the intima between stable and unstable
lesions or between infarct-related and non-infarct-related coronary arteries in any of
the groups, nor between the groups. MC densities were shown before to correlate
positively with plaque progression, both in coronary [7] and carotid arteries [8,25].
However, intimal MC densities between stable and unstable lesions that we describe
here, were to the best of our knowledge never analyzed before.
Albeit not significant, we observed that the MC density in the media of specifically
unstable coronary lesions increased in time after MI. This increase was significant in
non-infarct-related coronary arteries. This suggests that MI itself somehow triggers
the infiltration of MCs into coronary lesions. Consequently, through their plaque
destabilizing properties these infiltrated MCs may cause further coronary plaque
destabilization over time and increase the likelihood of recurrent ischemic events.
This hypothesis is strengthened by our finding of a significantly more frequent
occurrence of unstable plaques in the coronary arteries in patients with chronic MI as
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compared to controls and acute MI patients. Indeed, re-infarction is a common event
in patients with MI and was shown in a representative trial to occur in 54% of patients
within the first year after MI [26]. Recently, interest is increasing regarding the
concept that MI can affect distant vascular remodeling. This concept was first
demonstrated in mice wherein MI-induced inflammation augmented neointimal
hyperplasia in a remote injured artery [27]. The same research group subsequently
showed in humans that luminal narrowing of non-culprit coronary arteries after MI
was progressed in comparison with stable angina pectoris, indicative of augmented
atherosclerosis [28]. Similarly, in a mouse model, MI caused enhanced inflammation
in aortic atherosclerotic plaques [29]. We observed similar proportions of unstable
plaques in the coronary arteries of control patients and in acute MI patients. It is
known that not all vulnerable plaques lead to plaque rupture [30] and that multiple
‘active’ plaques often reside in the coronary and other arteries [31]. Moreover, it was
shown in patients with unstable angina that inflammation of the coronary arteries was
widespread across the coronary vascular bed, regardless of the location of the culprit
stenosis [32]. These findings are in line with our findings of increased MC density in
media throughout the coronary lesions and challenge the concept of a single
vulnerable plaque in coronary syndromes, but perhaps more point to the
atherosclerotic burden and specifically the proportional presence of vulnerable
lesions as well as the level of plaque inflammation across the coronary vascular bed
as factors that increase the likelihood of developing MI.
Finally, as a limitation of the study we would like to point out that the number of
studied lesions was relatively small especially from control patients. Further
observations in other patients cohorts are warranted to strengthen these results.
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In conclusion, in this study we show a presence of MCs in the intima and media of
both stable and unstable atherosclerotic coronary lesions after MI, especially
significantly increasing in the media of unstable plaques in the patients with chronic
MI. These results suggest that MCs present in coronary lesions, may contribute to
the onset of MI through their plaque-destabilizing or spasm-inducing properties. MI,
in turn, may trigger intra-plaque infiltration of MCs, thereby inducing the transition of
stable plaques into unstable plaques resulting in an increased risk of re-infarction.
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Abstract
Background. Complement is an important mediator in arterial blood pressureinduced vein graft failure. Previously we noted activation of cell protective
mechanisms in human saphenous veins too. Here we have analyzed whether C4bbinding protein (C4bp), an endogenous complement inhibitor, is present in the vein
wall.
Materials and Methods. Human saphenous vein segments obtained from patients
undergoing coronary artery bypass grafting (n=55) were perfused in vitro at arterial
blood pressure with either autologous blood for 1, 2, 4 or 6 hours or with autologous
blood supplemented with reactive oxygen species scavenger N-acetylcysteine. The
segments were subsequently analyzed quantitatively for presence of C4bp and
complement activation product C3d using immunohistochemistry.
Results. Perfusion-induced deposition of C3d and C4bp within the media of the
vessel wall, which increased reproducibly and significantly over a period of 4 hours
up to 3.8 % for C3d and 81 % for C4bp of the total vessel area. Remarkably after 6
hours of perfusion, the C3d-positive area decreased significantly to 1.3 % and the
C4bp-positive area to 19% of the total area of the vein. The areas positive for both
C4bp and C3d were increased in the presence of N-acetylcysteine.
Conclusions. Exposure to arterial blood pressure leads to a transient presence of
C4bp in the vein wall. This may be part of a cell-protective mechanism to counteract
arterial blood pressure-induced cellular stress and inflammation in grafted veins.

Keywords: Vein graft failure; C4b-binding protein; complement.
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1. Introduction
Coronary-artery bypass grafting (CABG) is one of the main treatment options in
coronary-artery stenosis. In the majority of cases vein grafts are used and their major
disadvantage is their high occlusion rate, namely 10 to 15 percent within a year after
surgery [1]. This is primarily due to the transition of the graft from venous to arterial
blood pressure [2]. This increase in intravascular pressure leads to a loss of the
endothelial layer and subsequent remodeling of the medial and adventitial layers of
the vessel wall [3], followed at a later time point by atherosclerosis-like changes.
Inflammation has been shown to be an important contributor to vein graft failure [4;5].
Herein, the activation of complement system is playing a prominent role.
Complement blood levels are elevated in the blood during coronary surgery [6;7].
Furthermore, it has been shown that C5a mediates vascular remodeling in vein graft
disease via mast cell activation in a mouse vein graft model [8]. Moreover, inhibition
of complement factor C3 via Crry-Ig-antibody treatment resulted in reduced vein-graft
atherosclerosis in the same model [9]. We have shown recently that exogenously
added C1-esterase inhibitor (C1inh) significantly protected veins against early vein
graft damage in the same mouse model as well as in human saphenous veins
perfused at arterial blood pressure [10]. Remarkably, in those perfused veins we
could detect complement activation products C3d and C4d only in a relatively small
area (up to 5%) of the vein wall, even in the absence of the exogenously added
C1inh. We wondered whether this could be explained by the expression upregulation
or binding of endogenous complement inhibitors in the vein wall. In that particular
study we indeed found that perfusion for 6 hours resulted in a more extensive
presence of endogenous C1inh (up to 16.5 %) within the muscular layer in the
absence of the exogenous added C1inh [10]. Interestingly, we recently found in
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human atherosclerotic changed aortic valves, that the area positive for C4bp, another
endogenous complement inhibitor, was twice as large than that of C1inh within these
diseased valves (unpublished results). We therefore wondered whether C4bp was
present in perfused veins too.

2. Materials and methods
2.1. Vein-graft perfusion model
Surplus segments of harvested saphenous veins of patients who underwent CABG
(n=55) were used with the patients consent. The veins were harvested with the notouch technique [11]. Per patient a segments of 3-4 cm in length was obtained after
initiation of extracorporeal-bypass circulation and mounted in the in-vitro perfusion
system. The vein perfusion system consisted of a small roller pump and a vein
irrigation set, and a fluid reservoir filled with oxygenated autologous blood from the
heart lung machine but separated from the cardiopulmonary bypass circuit [11].
Subsequently, the intraluminal pressure was raised to approximate the arterial
pressure of the patient (60 mm Hg; non-pulsatile flow). The vein-graft segments were
perfused with autologous blood with no local spasmolytic agents added.
In experiment 1, before perfusion (non-perfused controls; n=8) and after 1 hour
(n=5), 2 hours (n=8), 4 hours (n=8) and 6 hours (n=8) of perfusion the segments
were collected for immunohistochemical analysis. In experiment 2, the vein graft
segments per patient were perfused for 6 hours either with autologous blood (n=9) or
with autologous blood supplemented with the reactive oxygen species (ROS)
scavenger N-acetylcysteine (NAC; n=9). To approximate an in vivo concentration of
0.2 mg/ml we added 10 mg NAC (Zambon Nederland bv, Amersfoort, The
Netherlands) to 50 ml autologous blood.
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The ethics committees of the VU University Medical Center and the OLVG,
Amsterdam have approved this study.
2.2. Immunohistochemistry
Paraffin-embedded vein-tissue sections (4 µm thick) were mounted on microscope
slides and deparaffinized for 10 min in xylene at room temperature and dehydrated
through descending concentrations of ethanol. Endogenous peroxidase activity was
blocked by incubation of the slides in 0.3 % (v/v) H2O2 in methanol for 30 min.
Antigen retrieval was achieved by boiling the slides for 10 min in 10 mM sodium
citrate buffer, pH 6, in a microwave oven. All antibodies and the normal serum were
diluted in phosphate buffered saline (PBS) containing 1% (w/v) bovine serum
albumin (PBS/BSA). The slides were pre-incubated for 10 minutes with normal swine
serum, followed by incubation for 1 hour with the primary antibodies. The antibodies
were directed against C4bp [12] (used at a dilution of 1:100) and C3d (Dako,
Glostrup, Denmark,; 1:1000 dilution). After washing in PBS/BSA, the slides were
incubated for 30 minutes with a biotin-conjugated swine anti-rabbit antibody (Dako;
1:300 dilution). After washing, the slides were incubated with streptavidin–biotin
complex (Dako, 1:200 dilution) for 1 hour, and visualized with 3,3'-diaminobenzidine
(0.1 mg/ml, 0.02 % (v/v) H2O2). The slides were then counterstained with
haematoxylin and mounted with Depex (BDH/VWR, Arlington Heights, IL, USA).
2.3. Immunoscoring
The area positive for C4bp and C3d staining in the medial layer of each vein cross
section was measured by computer-assisted morphometry (Image-Pro Plus, version
4.5, Media Cybernetics, Silver Spring, MD, USA) and then expressed as the
percentage of the total medial layer cross sectional surface area.
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2.4. Statistical analysis
Data analysis was performed with Graphpad Prism for Windows (Graphpad Software
Inc, La Jolla, CA, USA). The data were analyzed with either a One-way Anova with
Tukey’s multiple comparison test or a Student’s T test for significance of observed
differences. A (two-sided) p value of less than 0.05 was considered to be significant.
In the text and figures percentages (%) are given as mean ± standard deviation.

3. Results
3.1. C3d and C4bp in saphenous veins increase in time after perfusion at
arterial blood pressure
We first verified whether vein perfusion resulted in an increased presence of C3d in
the vein wall, as found previously [10]. In non-perfused control veins minor staining
was found for C3d in the endothelial layer and in the media (0.5 ± 0.2%). Perfusion
induced a significant but limited increase in C3d deposition in the media of the vessel
wall, up to 3.8 ± 0.5% of the vessel wall after 4 hours of perfusion (Figure 1A;
p<0.001). After 6 hours of perfusion the area positive for C3d decreased significantly
to 1.3 ± 0.3% (p<0.001).
A similar pattern, but more profound, was found for the endogenous complement
inhibitor C4bp. In non-perfused control veins minor C4bp staining was found in the
endothelial layer and the superficial media, i.e. the muscular layer (Figure 1C). With
increased duration of perfusion C4bp was found diffusely, especially in the media of
the vessel wall (Figure 1D). The percentage of the vein wall positive for C4bp
consistently increased up to 4 hours of perfusion (Figure 1B). The C4bp-positive area
after 2 hours of perfusion was significantly larger compared to non-perfused control
veins (23.9 ± 2.3 % and 0 %, respectively; p<0.001). The largest relative C4bp-
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positive area (80.8 ± 3.9 %) was found after 4 hours of perfusion, which was
significantly larger compared to all other time points (p<0.001). Similar to C3d, after 6
hours of perfusion the relative C4bp-positive area decreased significantly to 19 ± 2.3
% (p<0.001). Notably, in perfused veins C3d was found only in areas that were
positive for C4bp.
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Figure 1. C3d and C4bp in perfused human saphenous veins
(A) The percentage of the C3d-positive area relative to the total area of the medial vein wall of human
saphenous veins after different time intervals of perfusion (as indicated) at arterial blood pressure with
autologous blood. (B) The percentage of the C4bp-positive area relative to the total area of the medial
vein wall of human saphenous veins after different time intervals of perfusion (as indicated) at arterial
blood pressure with autologous blood. *p<0.001 versus non-perfused controls. (C) Representative
example of C4bp staining of a non-perfused human saphenous vein segment (Original magnification:
20x). (D) Representative example of C4bp staining (arrows) of a human saphenous vein segment
perfused at arterial blood pressure for four hours. (Original magnification: 20x).
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To analyze whether these changes in C4bp and C3d presence could be explained by
a perfusion-induced increase in surface area, the total medial cross sectional surface
areas of the veins were compared between the different perfusion time points The
average surface area was 2.80 mm2 in non-perfused control veins and 3.85 mm2,
3.26 mm2, 3.26 mm2 and 3.37 mm2 in veins perfused 1 hour, 2 hours, 4 hours and 6
hours respectively. There were no significant differences in surface area between the
groups.
Thus, presence of both C3d and C4bp in the media of saphenous veins is induced by
perfusion under arterial blood pressure. However, the presence of C4bp is much
more widespread than C3d.

3.2. The effect of ROS scavenging during perfusion on C3d and C4bp in
saphenous veins
It has been shown that oxidative stress is induced in perfused vein grafts [13;14] and
that oxidative stress can activate complement [15;16]. Albeit, a putative relation
between ROS and endogenous complement inhibitor expression levels in the vein
graft wall has never been reported.
To determine whether ROS are involved in the observed increased presence of C4bp
and C3d, saphenous veins were perfused for 6 hours with autologous blood either or
not supplemented with the ROS scavenger NAC. The presence of NAC resulted in a
significant increase in the C4bp-positive area from 6.0 ± 3.0 % in veins perfused
without NAC, up to 13.5 ± 4.6% in veins perfused with NAC (Figure 2; p=0.0011).
Remarkably however, the C3d-positive area also increased from 1.3 ± 0.9 % in veins
perfused without NAC up to 5.0 ± 2.9 % in veins perfused with NAC (Figure 2;
p<0.0001). The relative C4bp-positive area, both with and without NAC, was
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significantly larger than the C3d-positive area (p<0.001). It thus appears that ROS
suppress the presence of C4bp in perfused veins, but surprisingly also the activation
of complement.

Figure 2. The effect of N-acetylcysteine on C4bp and C3d in perfused human saphenous veins
The percentage of the C4bp-positive area and C3d-positive area relative to the total area of the vein
wall of human saphenous veins after perfusion at arterial blood pressure for 6 hours with autologous
blood either or not supplemented with the ROS scavenger N-acetylcysteine (NAC). p=0.0011
compared to the relative C4bp-positive area in veins perfused without NAC; †p<0.0001 compared to
the relative C3d-positive area in veins perfused without NAC.

4. Discussion
In the present study we determined the presence of endogenous complement
inhibitor C4bp in saphenous vein grafts perfused at arterial blood pressure. We found
a continuous increase in the presence of C4bp as well as complement activation
product C3d in the medial layer of the vein wall up to 4 hours of perfusion.
Interestingly, the presence of C4pb was much more profound than C3d, implying that
C4pb may be limiting deposition of C3d. A sharp decrease in C4bp and C3d levels
was noted after 6 hours of perfusion. Presence of ROS scavenger NAC in the
perfusion blood, led to increased presence of C4bp but also C3d after 6 hours.

76

Bypass grafting using venous grafts is among the most frequently used therapies to
treat occlusive coronary artery disease [1]. A major drawback of the therapy is the
regular failure of vein grafts due to acute damage or accelerated atherosclerotic
remodeling. An important underlying factor in early vein graft remodeling is
mechanical shear stress resulting from arterial blood pressure-induced overdistension of the thin vein wall. Indeed, counteraction of this vein graft distension with
peri-venous support was shown to significantly reduce neointimal formation and
intimal hyperplasia in animal vein graft models [11;17-20]. In addition, we and others
have established that inflammatory mechanisms, including activation of the
complement system, are involved in acute damage and early remodeling of the vein
graft [4;5;8-10]. On the other hand, we have shown recently that arterial blood
pressure not only activated complement but also increased the presence of
endogenous complement inhibitor C1inh in the vein wall [10]. Now we show that the
same is true for C4bp. It thus appears that exposure to arterial blood pressure not
only induces cellular stress in the vein wall but at the same time leads to local
activation of cell-protective mechanisms.
In earlier studies we observed that perfusion of human saphenous veins at arterial
pressure induced acute damage characterized by the rapid loss of virtually all
endothelium. Moreover, ultra-structural changes throughout the media were noted,
such as vacuolization of smooth muscle cells (SMCs) and collagen fragmentation,
indicating a general stress response in the media early after exposure to arterial
blood pressure [11;21]. With regard to the media, we found no expression of
activated caspase-3 or apoptotic regulator Bcl-2 [10], nor did we observe an
apoptotic or necrotic morphology of the SMCs in veins perfused up to 6 hours. This
indicates the absence of apoptosis and necrosis of SMCs within this time frame. It
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could correspond with the very limited depositions of complement activation product
C3d that we found in the media previously [10] and in the present study. The
presence of the endogenous complement inhibitors C4bp and C1inh may be an
obvious explanation for this. However, previously it was shown in vitro that
exogenously added C4bp strongly binds to late apoptotic and necrotic Jurkat cells
and cardiomyocytes, but not to live cells [22;23]. It may therefore be that the early
ultra-structural damage of SMCs allows these cells either to bind exogenous C4bp
that originates from the perfusion blood, and/or that as a response to the stress
SMCs express C4pb themselves. However, it was never reported that SMCs are
capable of producing C4bp. Therefore at present we do not know the origin of neither
C4bp nor C3d that we found in the perfused veins.
Remarkable was the transient character of the C4pb presence in the vein wall, which
peaked after 4 hours of perfusion and then rapidly decreased again. This transient
pattern was mimicked by the presence of C3d, suggesting interdependence or a
common causal factor between these two events.
We also found that scavenging oxygen radicals during perfusion using NAC
significantly increased the presence of C4bp in the vein wall. This suggests that
oxidative stress, which is induced in vein grafts by both surgical preparation [24] and
perfusion at arterial blood pressure [14], somehow counteracts C4bp presence in the
media. This is the first time a relationship between oxidative stress and C4bp has
been shown. At this time however we do not know the mechanisms underlying this
relationship. We also observed that NAC resulted in a small but significant increase
in presence of C3d in the vein wall after perfusion. This seems at odds with the
literature. It has been shown that oxidative stress can activate complement [15;16]
and it was shown in retinal pigment epithelial cells in vitro that inhibition of ROS with
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NAC inhibits complement [25]. Whether the difference between the literature and our
observations here can be explained by the different stressors involved or the
differences in research model, cell type or other factors remain to be determined.
In conclusion, we found a transient widespread presence of C4bp in the media of
perfused human saphenous veins indicating that in addition to cellular stress and
inflammation, exposure to arterial blood pressure leads to local activation of cellprotective mechanisms.
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Abstract
Objectives: Arterial pressure induced vein graft injury can result in endothelial loss,
accelerated

atherosclerosis

and

vein

graft

failure.

Inflammation,

including

complement activation, is assumed to play a pivotal role herein. Here, we analyzed
the effects of C1-esterase inhibitor (C1inh) on early vein graft remodeling.
Methods Human saphenous vein graft segments (n=8) were perfused in vitro with
autologous blood either supplemented or not with purified human C1inh at arterial
pressure for 6 hours. The vein segments and perfusion blood were analyzed for cell
damage and complement activation. In addition, the effect of purified C1inh on vein
graft remodeling was analyzed in vivo in atherosclerotic C57Bl6/ApoE3 Leiden mice,
wherein donor caval veins were interpositioned in the common carotid artery.
Results: Application of C1inh in the in vitro perfusion model resulted in significantly
higher blood levels and significantly more depositions of C1inh in the vein wall. This
coincided with a significant reduction in endothelial loss and deposition of C3d and
C4d in the vein wall, especially in the circular layer, compared to vein segments
perfused without supplemented C1inh. Administration of purified C1inh significantly
inhibited vein graft intimal thickening in vivo in atherosclerotic C57Bl6/ApoE3 Leiden
mice, wherein donor caval veins were interpositioned in the common carotid artery.
Conclusion: C1inh significantly protects against early vein graft remodeling,
including loss of endothelium and intimal thickening. These data suggest that it may
be worth considering its use in patients undergoing coronary artery bypass grafting.

Key words: C1-esterase inhibitor; CABG;

venous graft remodeling; complement;

atherosclerosis
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Introduction
Vein graft failure remains a major clinical problem. As many as 50% of coronary
artery vein grafts fail within 10 years after coronary artery bypass grafting (CABG).
The main inducer of vein graft damage is presumed to be the exposure of the vein
grafts to arterial blood pressure, inducing endothelial injury. Vein graft failure then
develops through accelerated atherosclerosis, characterized by foam cell formation,
influx of inflammatory cells and migration of vascular smooth muscle cells to the
intima of the vein graft. Inflammation is assumed to play a pivotal role in propagating
vein graft failure [1].
The complement system is a large family of effector and regulatory proteins that
forms a prominent component of the innate immune system. The involvement of
complement in cardiovascular disease is well accepted, including atherosclerosis of
arteries and aortic valves [2,3]. Furthermore, a role for complement in vein graft
failure is acknowledged. In patients undergoing CABG the complement system is
activated. This can occur as a result of, amongst others, the surgical trauma, contact
of the blood with non-endothelial surfaces during extracorporeal circulation and
ischemia-reperfusion injury [4,5,6]. This activation of the complement system in
CABG patients is characterized by the plasmatic release of potent vasoactive
anaphylatoxins C3a, C4a and C5a and the membrane attack complex C5b-9 [7]. On
a tissue level, expression of complement factors C1q, C3, and C9 was found in
failing venous grafts in mice [8], indicating direct involvement of complement
activation in venous graft failure. Indeed, complement factor C3 inhibition via Crry-Igantibody treatment reduced vein graft atherosclerosis in mice [8] and antibody-based
inhibition of C5a (pexiluzimab) or the serine protease inhibitor C1-esterase inhibitor
(C1inh) resulted in better short term clinical outcomes, such as decreased mortality
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and improved cardiac function, in patients undergoing CABG [9,10,11,12]. Although,
of these latter two, their effect on the venous graft itself remains to be established.
C1inh is a natural occurring protease inhibitor of the serpin family [13]. C1inh
inactivates a variety of proteases such as the complement proteases C1r and C1s,
thereby inhibiting the alternative pathway of complement [14]. In addition, the contact
system proteases factor XII and plasma kallikrein and the coagulation protease factor
XI are inactivated by C1inh [13]. As such, C1inh treatment was shown to exert
favorable, anti-inflammatory effects in sepsis patients [15] and animal sepsis models
[16], to protect against LPS-mediated increased vascular permeability and
endothelial cell injury in vitro [17] and to inhibit atherosclerotic lesion development
after arterial injury in mice [18]. These data suggest that C1inh treatment may be
beneficial in CABG and protect the venous graft against acute injury to the
endothelium and against atherosclerotic lesion development. In this study therefore,
the effects of C1inh on acute vein graft injury were analyzed in perfused human
saphenous veins and on early vein graft atherosclerosis development in a venous
bypass model in mice.

Materials and Methods
Human vein graft tissue
Surplus segments of harvested saphenous veins of patients who underwent coronary
artery bypass grafting (CABG) (n=8) were used with the patients consent. These vein
segments were collected in the operating room under sterile conditions for
histopathological examination. Part of these vein graft segments were fixed in 4%
(m/v) buffered formaldehyde immediately after harvesting. The remaining part was
cut in half. One half was perfused with autologous heparinised blood of the same

86

patient and the other half was perfused with this blood supplemented with purified
human C1inh (4U/mL). The veins were perfused in an experimental set-up at arterial
pressure (60 mm Hg) for 6 hours [19] and fixed in 4% (m/v) buffered formaldehyde
thereafter.

The

vein

sections

were

then

embedded

in

paraffin

for

immunohistochemical analysis. Samples (+/- 0.5 mL) of the perfusion blood were
taken every hour. The perfusion blood was centrifuged at 1300xg for 10 minutes and
the obtained plasma was stored at -80ºC until analysis. Our study was approved by
the ethics committee of the VU Medical Centre and the OLVG, Amsterdam.

Antibodies
The following antibodies were used: mAb mouse-anti-human C1inh (RII; Sanquin
Research at CLB, Amsterdam, The Netherlands; 10 µg/mL), mAb mouse-anti-human
CD34 (Dako, Glostrup, Denmark; 1:25 dilution), mAb (mouse) against Bcl-2 (Dako;
1:150 dilution), pAb rabbit-anti-active caspase-3 (Promega, Madison, WI, USA; 1:250
dilution), pAb rabbit-anti-human C3d (Dako; 1:1000 dilution), mAb mouse-anti-human
C4d (Serotec, Düsseldorf, Germany, 1:200 dilution), pAb rabbit-anti-human
Myeloperoxidase (MPO) (Dako; 1:500 dilution), pAb rabbit-anti-mouse macrophage
(Accurate Chemical, Westbury, NY, USA: 1:3000 dilution) for the detection of
macrophage derived foam cells within the thickened vessel wall and mAb mouseanti-rat smooth muscle α-actin (SMA) (cross-reacts with mouse; Roche, Almere, The
Netherlands: 1:750 dilution).
(Immuno)histochemistry
Paraffin embedded human- or mouse vein graft cross sections (4 µm thick) were
deparaffinised for 10 minutes in xylene and dehydrated with ethanol. Endogenous
peroxidase activity was blocked by incubation in 0.3% (v/v) H2O2 in methanol for 30
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minutes. The antigen retrieval step for CD34, C1inh, C3d, C4d, macrophages and
MPO staining was boiling in 10 mmol/L sodium citrate buffer, pH 6, for 10 minutes.
For caspase-3 and Bcl-2 staining the antigen retrieval step was boiling for 10 minutes
in buffer prepared by dissolution of Tris and EDTA. For the SMA staining no antigen
retrieval was used. All antibodies and normal sera were diluted in PBS containing 1%
(w/v) bovine serum albumin (BSA). After pre-incubation with normal swine serum (for
C3d and active caspase-3) (Dako; 1:10 dilution) or normal rabbit serum (CD34,
C1inh and Bcl-2) (Dako; 1:50 dilution) for 10 minutes, slides were incubated with the
primary antibodies for 1 hour. After a wash in PBS the slides were incubated for 30
minutes with Envision (Dako) for C4d and MPO; with a biotin-conjugated swine-antirabbit antibody (Dako; 1:300 dilution) for C3d and active caspase-3; or with a biotinconjugated rabbit-anti-mouse (Dako; 1:500 dilution) for CD34, C1inh and Bcl-2 For
SMA, rabbit anti mouse HRP (Dako 1:300 dilution), and for macrophages biotinconjugated donkey-anti-rabbit (GE Healthcare 1:300 dilution) were used. After
washing in PBS, the slides that were incubated with a biotin-conjugated secondary
antibody, were incubated with streptavidin–biotin complex (Dako; sABC; 1:200
dilution) for 1 hour. All slides were visualized with 3, 3’-diaminobenzidine (DAB; 0.1
mg/mL, 0.02% H2O2). Slides were counterstained with hematoxylin, covered and
scored.

Immunoscoring
In human vein grafts, the percentage of residual endothelium was determined by
dividing the measured part of the lumen surface area that was still covered with
CD34-positive endothelial cells by the total lumen surface area x 100%. The area
positive for C1inh, C4d, C3d, Bcl-2, MPO and active caspase-3 staining in each vein
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cross section was measured by computer-assisted morphometry (Image-Pro Plus,
version 4.5) and then expressed as the percentage of the total vein graft cross
section surface area.
In mouse vein grafts, for morphometric analysis the cross sections were stained with
hematoxylin-phloxine-saffron (HPS) and then analyzed using image analysis
software (Qwin, Leica, Wetzlar, Germany). Since the media in murine veins consists
only of a few layers of cells, there is no morphological border between neointima and
media. Therefore, to define vein graft thickening, the region between lumen and
adventitia was used as the lesion area. For each mouse six equally spaced crosssections were used to determine vessel wall thickening. Quantification of the different
subsets of cells was performed by computer assisted analysis (Qwin) as positive
stained area in the graft and expressed as a percentage of total vein graft cross
section surface area.

Measurement of functional C1inh in serum
Functional human C1inh in the blood was measured according to a previous study
[20]. In short, microtiter plates, coated with the mAb against C1inh (2 µg/mL in PBS
overnight at 4°C), were washed with PBS containing 0.02% (w/v) Tween20, and
incubated with plasma samples diluted in PBS, 0.1% (w/v) Tween20, 0.2% (w/v)
gelatine (PTG) for 90 minutes at 4°C. The plates were washed and incubated with
biotinylated C1s (1 µg/mL in PTG), final volume 100 µL, for 60 minutes. After a wash
the plates were incubated with 0.001% (w/v) HRP-labeled streptavidin (Amersham
International plc, Amersham, UK) for 30 minutes, washed and incubated with 0.1
mg/mL 3,5,3',5'-tetramethylbenzidin (TMB) (Merck, Darmstadt, Germany) in 0.1 M
sodium acetate containing 0.003% (v/v) H2O2, pH 5.5. Serial dilutions (in PTG) of
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pooled normal human plasma containing 230 µg/ml active C1inh were used as a
standard.

Mouse experiments
All animal experiments were approved by the TNO Animal Welfare Committee and
conform to the Guide for the Care and Use of Laboratory Animals (published by the
US National Institute of Health, No 85-23, revised 1996). For all experiments male
C57Bl6/ApoE3Leiden mice, age between 16 and 20 weeks, were used. Mice were
fed a mild cholesterol-enriched diet (containing e.g. 0.5% cholesterol, 0.05% cholate)
(18) ad libitum, aiming at plasma cholesterol levels of 10-15 mmol/l). Serum
cholesterol levels were determined (Boehringer Mannheim GmbH, kit 236691) at
time of surgery and sacrifice.
Vein graft surgery was performed as previously described [21]. In summary, caval
veins were harvested from genetically identical donor mice and placed as an
interposition in the common carotid artery of ApoE3Leiden recipients. Therefore, the
artery was dissected free from its surroundings and ligated. After clamping the
vessel, a plastic cuff was sleeved over both ends; the artery was everted over the
cuff and ligated with an 8.0 Silk ligature. Subsequently, the caval veins were sleeved
over the cuffs and ligated, thereby creating a venous interposition. After clamp
removal, turbulent flow through the vein graft confirmed successful engraftment.
Before injection, C1inh was dissolved in sterile NaCl 0.9% (w/v) in H2O. Mice
received intravenous injections (150µL) of the dissolved C1inh according to the
following scheme: 30 minutes before surgery 18.5 U; t = 3 days 12.5 U; t = 7 days
12.5 U, t = 14 days 12.5 U and t = 21 days 12.5 U. Animals in the control group
received intravenous injections with vehicle (sterile NaCl 0.9% (w/v) in H2O), within
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the same scheme. At time of sacrifice, 5 minutes of in vivo perfusion-fixation at 100
mmHg with 4% (m/v) buffered formaldehyde was followed by harvesting of the vein
graft. The vein grafts were then embedded in paraffin for (immuno)histochemical
analysis.

Statistical analysis
Data analysis was performed with GraphPad and SPSS 17.0. The data were
normally distributed and to evaluate whether observed differences were significant,
One-way ANOVA analysis combined with Bonferroni’s multiple comparison test or
the non-parametric Kruskal-Wallis test were used. A p-value (two sided) of less than
0.05 was considered to be significant.

Results
C1inh levels in the perfusion blood
The saphenous vein graft segments of patients were perfused with autologous blood
either or not supplemented with purified human C1inh (4U/mL). The perfusion blood
was analyzed for the concentration of active C1inh before perfusion and at 1-hour
intervals until 6 hours after perfusion.
In the blood supplemented with C1inh, the concentration of active C1inh was 2854 ±
1248 µg/mL prior to perfusion, compared to 146 ± 56 µg/mL in the un-supplemented
blood (p<0.001; Figure 1). After 1 hour of perfusion, the C1inh concentration in the
supplemented blood decreased significantly to 1273 ± 468 µg/mL (p<0.001).
Thereafter, the levels of C1inh in the supplemented blood did not change significantly
anymore. In the un-supplemented blood the levels of C1inh did not change
significantly between the different time points. At all time points the concentration of
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active C1inh was significantly higher in the supplemented blood versus the unsupplemented blood (p<0.01).

Figure 1: C1inh levels in the perfusion blood
C1inh levels in un-supplemented perfusion blood (n = 5; white bars) and in C1inh-supplemented
perfusion blood (n = 5; black bars), measured in samples taken prior to (t = 0) and after 1, 2, 3, 4, 5
and 6 hours of perfusion. Data represent mean ± S.D. *p<0.001 compared to un-supplemented blood t
= 0; #p<0.001 compared to C1inh-supplemented blood after 1 hour of perfusion; †p<0.01 compared to
un-supplemented blood at that time point.

C1inh protects against acute perfusion-induced endothelium loss
Saphenous vein graft segments of patients were analyzed before and after perfusion.
Of each patient part of the vein was fixed before perfusion, part was perfused with
autologous blood and part was perfused with autologous blood supplemented with
C1inh. Early changes in veins perfused at arterial pressure include substantial loss of
endothelial cells and cell damage in the media [19]. Therefore, the putative protective
effects of C1inh on endothelial loss, cellular apoptosis and infiltration of granulocytes
were analyzed using immunohistochemistry.
In non-perfused veins, the percentage of residual endothelium was 83 ± 8 % (Figure
2). After 6 hours of perfusion with un-supplemented blood the percentage of residual
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endothelium was 25 ± 14 %, which was significantly lower than in non-perfused veins
(p<0.001). Supplementation of C1inh to the perfusion blood resulted in a significant
increase in residual endothelium to 47 ± 17 % (p<0.001), indicating that C1inh
protects against endothelial loss in vein grafts under arterial pressure.

Figure 2: Quantitative analysis of the residual endothelium in perfused human veins
The percentage of residual endothelium was determined before (non-perfused; n = 8) and after 6
hours of perfusion with either un-supplemented blood (-C1inh; n = 8) or blood supplemented with
C1inh (+C1inh; n = 8). The percentage of residual endothelium was determined on vein cross
sections, immunohistochemically stained for CD34, by dividing the measured part of the lumen
surface area that was still covered with CD34-positive endothelial cells by the total lumen surface area
x 100%. Data represent mean ± S.E. *p<0.001 compared to –C1inh; †p<0.001 compared to –C1inh.

C1inh in the vein graft wall
The amount deposited C1inh in the vein wall was subsequently analyzed, whereby
we differentiated between the longitudinal and circular layers of the media. In nonperfused veins the percentages of C1inh-positive area were low with 1.7 ± 0.7 % in
the longitudinal layer and 2.5 ± 0.7 % in the circular layer (Figure 3). These
percentages did not differ significantly. Perfusion with un-supplemented blood
induced a significant increase in C1inh deposition to 6.8 ± 1.9 % in the longitudinal
layer (p<0.001) and 16.5 ± 4.1 % in the circular layer (p<0.001). Notably, the C1inhpositive area in the circular layer was significantly larger than in the longitudinal layer
(p<0.001). In veins perfused with C1inh-supplemented blood, the C1inh-positive area
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was 14.3 ± 1.8 % in the longitudinal layer and 20.4 ± 1.4 % in the circular layer,
which was significantly larger than in non-perfused veins (p<0.001) and veins
perfused with un-supplemented blood (p<0,001). Furthermore, also here the C1inhpositive area was significantly larger in the circular layer than in the longitudinal layer
(p<0.001). Thus, C1inh supplementation resulted in an increase in C1inh deposition
in the media of the vein wall.

Figure 3: Quantitative analysis of C1inh in perfused human veins
A) The percentage of the surface area positive for C1inh was determined in non-perfused veins (white
bars; n = 8), veins perfused with un-supplemented blood (crosshatched bars; n = 8) and veins
perfused with C1inh-supplemented blood (black bars; n = 8). C1inh was scored in both the longitudinal
and circular layer. Data represent mean ± S.E. *p<0.001 compared to the respective layers in nonperfused veins; †p<0.001 compared to the longitudinal layer of veins perfused with un-supplemented
blood; #p<0.001 compared to the respective layers in veins perfused with un-supplemented blood;
‡p<0.001 compared to the longitudinal layer of veins perfused with C1inh-supplemented blood. B)
Example of C1inh in the vein wall. This vein was perfused with C1inh-supplemented blood for 6 hours.
Shown are the longitudinal and circular layer. Arrow I shows residual endothelial cells; arrow II shows
C1inh in the circular layer (magnification 250x).
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C1inh reduced complement deposition in the vein wall
The effect of C1inh supplementation on complement deposition (factors C3d and
C4d) in the vein wall was also analyzed as a marker for cell damage in the media. In
non-perfused veins the C3d-positive area was 0.5 ± 0.2 %, whereas no C4d was
detected (Figure 4). After 6 hours of perfusion with un-supplemented blood the
percentage C3d-positive area increased significantly to 5.5 ± 1.8 % (p<0.001) as did
the percentage of C4d-positive area to 7.9 ± 0.9 % (p<0.001). These complement
depositions were found not only in the media but also on residual endothelial cells.
Supplementation of C1inh to the perfusion blood resulted in a significant decrease in
the C3d-positive area 0.5 ± 0.2 % (p<0.001) and the C4d-positive area to 2.4 ± 0.3 %
(p<0.001), which did not differ significantly compared to non-perfused veins. C1inh
thus led to reduced complement depositions in the vein wall, indicating an inhibitory
effect on complement.

Figure 4: Quantitative analysis of C3d and C4d in perfused human veins
The percentages of the surface area positive for C3d (white bars) and for C4d (black bars) were
determined in non-perfused veins (n = 8), veins perfused with un-supplemented blood (- C1inh; n = 8)
and veins perfused with C1inh-supplemented blood (+ C1inh; n = 8). Data represent mean ± S.E.
*p<0.001 compared to C3d in non-perfused veins; †p<0.001 compared to C4d in non-perfused veins;
‡p<0.001 compared to C3d in –C1inh; #p<0.001 compared to C4d in –C1inh.
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Neutrophilic granulocytes in the vein graft wall
Complement activation can lead to chemo-attraction of neutrophilic granulocytes.
Therefore, the infiltration of MPO-positive granulocytes was quantified. In nonperfused veins no neutrophilic granulocytes were found (not shown). Perfusion, both
with or without supplemented C1inh, resulted in a minor, not significant increase in
MPO-positive cells (1.3 ± 3.5 % for un-supplemented; 1.4 ± 3.9 % for C1inhsupplemented).

Apoptosis in the vein graft wall
It has been shown that C1inh can prevent cellular apoptosis directly via an effect on
the Bcl-2/Bax ratio [22]. Therefore, the effect of C1inh on apoptosis in perfused veins
was analyzed via immunohistochemical detection of activated caspase-3 and Bcl-2.
However, neither in non-perfused veins, nor in veins perfused, with or without
supplemented C1inh, staining of activated caspase-3 or the anti apoptotic Bcl-2 was
found (not shown).

Mouse vein perfusion
We show here in perfused human saphenous veins that C1inh protects against acute
vein graft injury. Subsequently, the effects of C1inh treatment on vein graft
atherosclerosis development were studied in a venous bypass model in APOE*3Leiden mice. Intravenous administration of C1inh resulted in a significant decrease
in vein graft thickening 28 days after engraftment, from 0.39 ± 0.05 mm2 in the
vehicle group to 0.27 ± 0.03 mm2 in the C1inh group (Figures 5A-C; p = 0.04). The
vessel wall circumference, a measure for in- or outward remodeling, also decreased
significantly upon C1inh treatment from 0.78 ± 0.04 mm2 (vehicle group) to 0.64 ±
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0.03 mm2 (C1inh group) (Figure 5D; p = 0.03), whereas the luminal surface was not
different between the groups (0.38 ± 0.05 mm2 in the vehicle group and 0.36 ± 0.03
mm2 C1inh group (p = 0.4)).
In the C1inh treated group thickened vein grafts displayed equal amounts of smooth
muscle cells when corrected for total vessel wall area (vehicle: 18.1±3.5%, C1inh:
27.1±2.6%, p=0.120; example Figures 5F-G). Also no difference in relative foam cell
contribution was seen (control: 12.6±41.4%, C1inh: 10.8±1.8%, p=1.000; example
Figures 5H-I). Serum cholesterol did not differ between the vehicle- and C1inh
groups (not shown). Thus, also on the long term, administration of C1inh shows a
protective effect on vein grafts.

Figure 5: Morphologic analysis of C1inh in murine vein grafts
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A + B) Representative cross sections of vehicle and C1inh treated vein grafts 28 days after surgery; a
decrease in vein graft thickening is seen in the C1inh treated group (B) compared tot the vehicle group
(A). C) Quantification of vein graft thickening. *p<0.04. D) Quantification of total vessel area (vessel
circumference). *p=0.03. E) Quantification of luminal area (n=6). Data represent mean ± SE. F + G)
Representative photographs of smooth muscle cell staining (anti-SMA); no differences in the
percentage of SMA-positive area was found between the groups. H + I) Representative photographs
of macrophage staining; no differences in percentage of macrophage-positive area was found
between the groups.

Discussion
Bypass graft surgery using venous grafts is one of the most frequently used therapies
in cardiovascular surgery to treat atherosclerotic occlusive disease of coronary
arteries [23]. However, vein grafts frequently fail because of acute damage or
through accelerated development of atherosclerosis. Here we found that C1inh
treatment protected vein grafts under arterial pressure against acute endothelial loss
and against atherosclerosis development.
We have shown before that perfusing human saphenous veins at arterial pressure
induced acute damage characterized by the loss of virtually all endothelium and
considerable ultra-structural damage in smooth muscle cells of the media [19]. Shear
stress as a result of over-distension of the thin-walled vein grafts under arterial
pressure appears to be the main inducer of early vein graft remodeling. Indeed, in
animal vein graft models peri-venous support to counteract vein distension
significantly reduced neointima formation and intimal hyperplasia [24,25]. And in the
perfusion model used also in the present study, peri-venous support almost
completely attenuated endothelial loss [19,26]. Here we show in this model that
C1inh supplementation to the perfusion blood reduced endothelial loss by
approximately 50%, indicating that the mechanisms underlying shear stress-induced
acute endothelial loss include inflammatory mechanisms inhibited by C1inh. An
important inflammatory system inhibited by C1inh is the complement system. It is
possible that C1inh protects the endothelium via this inhibitory ability as complement
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activation products, including C5a, have been shown to induce apoptosis in different
cells and tissues, including endothelial cells [27,28]. Indeed, in our study complement
depositions were found on residual endothelial cells, indicating a possible
involvement of complement in vein graft endothelial cell death. On the other hand
C1inh has been shown to inhibit apoptosis independent of complement in
cardiomyocytes [22] and we cannot exclude C1inh exerting this effect in our
perfusion model. However, we found no staining of activated caspase-3 or the
apoptotic regulator Bcl-2, indicating the absence of apoptosis in the perfused veins. It
has to be noticed that the loss of endothelial cells in this perfusion model was seen
earlier to occur mainly within the first hour of perfusion [19], which may explain the
lack of apoptosis detection after 6 hours of perfusion.
In the media, earlier studies using this perfusion model showed ultra-structural
changes, such as vacuolization of smooth muscle cells and collagen fragmentation.
Interestingly, these ultra-stuctural changes predominantly occurred in the circular
layer of the media, the layer experiencing the highest blood pressure [19,26]. These
early changes apparently do not lead to apoptosis of smooth muscle cells within 6
hours of perfusion, as suggested by the absence of active caspase-3. Furthermore,
only small depositions of complement were found in the media of perfused veins,
coinciding with a very limited non-significant increase in neutrophil infiltration,
indicating limited cell death of smooth muscle cells this early after perfusion.
Remarkably though, we found considerably more extensive depositions of C1inh in
the media, also in veins perfused without supplemented C1inh. Interestingly, most of
the C1inh deposited in the circular layer. It therefore is plausible that endogenous
mechanisms play an important role in the induction of local C1inh deposition in the
vessel wall. So far we do not know whether it originates from the perfusion blood or is
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produced locally in the media. The fact that significantly more C1inh deposits there in
veins perfused with blood supplemented with C1inh suggests that at least part of it
originates from the perfusion blood. Therefore, most C1inh deposits in the circular
layer coinciding with most ultra-structural cellular damage [19,26] in the perfused
human vein, suggesting that C1inh may protect the media. Indeed, in the vein graft
model in mice we found that infusion of C1inh in the circulation significantly protected
the whole vein, both intima and media, against arterial pressure induced vein graft
remodeling. It has been shown before that C1inh can protect against neointimal
plaque formation after arterial injury in mice [18]. Now we show similar effects of
C1inh on early atherosclerotic changes in vein grafts in mice.
In conclusion, it is known that loss of vein graft endothelium leads to a high risk of
vein graft failure [29] and that strategies to accelerate re-endothelialization of the
graft via infusion of endothelial cells reduces early vein graft remodeling [30,31]. In
this study we show that C1inh significantly reduced endothelial loss in perfused
human saphenous veins and protected vein grafts against early atherosclerotic
changes in mice. It may therefore be worth considering its use in CABG patients,
especially since C1inh has already been used in patients for the treatment of
hereditary angioedema, sepsis and myocardial infarction [32]. Herein, a therapeutic
strategy of C1inh administration during surgery and intermittent in the first 3 weeks
after surgery would, according to our data, protect the graft and would be practicable
for the patients.
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Abstract
Background. Arterial blood pressure-induced shear stress causes endothelial cell
apoptosis and inflammation in vein grafts after coronary artery bypass grafting. As
the inflammatory protein type IIA secretory Phospholipase A2 (sPLA2-IIA) has been
shown to progress atherosclerosis, we hypothesized a role for sPLA2-IIA herein.
Materials and methods. The effects of PX-18, an inhibitor of both sPLA2-IIA and
apoptosis, on residual endothelium and the presence of sPLA2-IIA were studied in
human saphenous vein segments (n=6) perfused at arterial blood pressure with
autologous blood for 6 hours.
Results. Presence of PX-18 in the perfusion blood induced a significant 20%
reduction in endothelial cell loss compared to veins perfused without PX18,
coinciding with significantly reduced sPLA2-IIA levels in the media of the vein graft
wall. In addition, PX-18 significantly attenuated caspase-3 activation in human
umbilical vein endothelial cells (HUVECs) subjected to shear stress via mechanical
stretch independent of sPLA2-IIA.
Conclusion. In conclusion, PX-18 protects saphenous vein endothelial cells from
arterial blood pressure-induced death, possibly also independent of sPLA2-IIA
inhibition.

Keywords: Vein graft failure; Endothelial cells; PX-18, shear stress, apoptosis, Type
IIA secretory Phospholipase A2.
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1. Introduction
Atherosclerosis is a major cause of morbidity and mortality in developed countries,
related to acute myocardial infarction, stroke and peripheral artery disease [1].
Coronary-artery bypass grafting (CABG), in majority venous bypass grafts, is one of
the main treatment options for coronary-artery disease [2]. The principal
disadvantage of this procedure is the high occlusion rate (10 to 15 percent within a
year after surgery) [2], primarily due to the transition from venous to arterial blood
pressure [3]. This change in intravascular pressure leads to the loss of the
endothelial layer, partly via induction of apoptosis, and to subsequent remodeling of
the adventitial and medial layers of the vessel wall, resulting in atherosclerosis [4,5].
In this arterial blood pressure-induced damage and maladaptive remodeling of vein
grafts, inflammation is playing an important role.
Several studies have suggested that changes in the mechanical environment are
correlated with endothelial cell damage and subsequently proinflammatory
endothelial cell functions that promote atherosclerosis [6,7]. The endothelium namely
is a major target for inflammatory cytokines, that lead to an increase in expression
and secretion of other inflammatory mediators, like e.g. secretory type II
phospholipase A2 (sPLA2-IIA), which has been found in atherosclerotic plaques and
has been suggested to play a role in progression of atherosclerosis [8,9]. sPLA2-IIA
is a member of the widely distributed family of secreted phospholipases A2 (sPLA2)
enzymes

that

generate

non-esterified

fatty

acids

(NEFA’s)

and

resultant

lysophospholipids by catalyzing the hydrolysis of the sn-2 ester bond in the
glyceroacyl phospholipids present in cellular membranes and lipoproteins. The
NEFA’s

released

by

sPLA2-IIA

form

precursors

for

inflammation-inducing

eicosanoids, such as prostaglandins, whereas the resultant lysophospholipids act as
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binding sites for amongst others the inflammatory protein C-reactive protein (CRP)
that in turn can activate the complement system [10]. Moreover, through its lipolytic
action, sPLA2-IIA may also render LDL particles more atherogenic. Inhibition of
sPLA2 activity with Varespladib indeed led to reduced atherosclerosis in preclinical
animal models [11,12], although this remains to be established firmly in humans [13].
Interestingly sPLA2-IIA can also induce apoptosis independent of other inflammatory
mediators, at least in cardiomyocytes [14].
PX-18 (2-N, N-Bis (oleoyloxyethyl)amino-1-ethanesulfonic acid) is a sPLA2-IIA
inhibitor with cytoprotective properties [15]. Its role in vein graft failure has never
been studied before. It has been shown that PX-18 protects against ischemiareperfusion (I/R) injury in the heart [16], partly via reduction of apoptosis of
cardiomyocytes, independent of sPLA2-IIA inhibition [17]. These studies thus point to
a role of PX-18 as a dual anti-inflammatory and anti-apoptotic compound. As stated
above, both inflammation and apoptosis play an important role in the jeopardizing
effect on endothelial cells in perfused veins. In the present study we have therefore
studied the role of sPLA2-IIA and PX-18 in an in-vitro model of human perfused veins
and in an in vitro mechanical stretch model of endothelial cells.

2. Materials and methods
2.1. Vein graft tissue
Surplus segments of harvested saphenous veins of patients who underwent CABG
(n=6) were used with the patients consent. The veins were harvested with the notouch technique [18]. Per patient a segment of 3 – 4 cm in length was obtained after
initiation of extracorporeal-bypass circulation. This segment was then carefully cut in
three equal segments of approximately 1 cm in length. On segment was immediately
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fixed overnight in 4% paraformaldehyde as a non-perfused control. The two
remaining segments were then mounted in two parallel in-vitro perfusion systems
each consisting of a small roller pump and a vein irrigation set, and a fluid reservoir
filled with oxygenated autologous blood from the heart lung machine but separated
from the cardiopulmonary bypass circuit. One vein segment was perfused with
autologous blood (control) and one vein segment was perfused with autologous
blood supplemented with PX-18 (0.5 mg/ml dilution; a generous gift from Richard L.
Berney, Richard Berney Associates, LLC, Bethesda, MD, USA) for 6 hours. After
perfusion the vein segments were fixed overnight in 4% paraformaldehyde. After
fixation the segments were embedded in paraffin for immunohistochemical analyses.
PX-18 was provided by RBA Pharma LLC, Bethesda Maryland and formulated by
Supratek Pharma, Montreal, Canada, using their proprietary formulation.
Our study was approved by the ethics committee of the VU Medical Center and the
OLVG hospital, Amsterdam.

2.2. Immunohistochemistry
Paraffin embedded vein cross-sectional sections (4 µm thick) were mounted on
microscope slides and deparaffinized for 10 minutes in xylene at room temperature
and dehydrated through descending concentrations of ethanol. Endogenous
peroxidase activity was blocked by incubation in 0.3% (v/v) H2O2 in methanol for 30
minutes. Tissue sections were subjected to antigen retrieval by boiling in 10 mM
sodium citrate buffer, pH 6, for 10 minutes in a microwave oven. Antibody and normal
serum were diluted in PBS containing 1% (w/v) bovine serum albumin (BSA). Tissue
sections were pre-incubated for 10 min with normal rabbit serum, followed by
incubation for 1 hour with 5 µg/ml monoclonal antibody (4A1) against human sPLA2-
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IIA (kindly provided by Dr F.B. Taylor Jr., Oklahoma Medical Research Foundation,
Oklahoma City, OK) and monoclonal anti-human CD34, to detect endothelial cells,
(Dako. Denmark. Dilution 1:25) in Phosphate Buffered Saline (PBS) Bovine Serum
Albumin 1% for 60 minutes at room temperature.
After washing in PBS, sections were incubated for 30 minutes with a biotinconjugated secondary antibody (rabbit anti-mouse biotin 1:500 dilution). After
washing in PBS, slides were incubated with streptavidin–biotin complex (sABC;
1:1000 dilution) for 1 hour and were visualized with 3,3'-diaminobenzidine (DAB; 0.1
mg/ml, 0.02% H2O2). Slides were counterstained with haematoxylin and mounted
with Depex.

2.3. Immunoscoring
Immunoscoring was performed on venous cross-sections by two independent
investigators (KK, HWMN). The percentage of the luminal surface covered by CD34positive endothelium as well as the number of sPLA2-IIA-positive cells in each
section was quantified by computer-assisted morphometry (Image-Pro Plus, version
4.5). Only those sections were analyzed, in which the total circumference of the vein
was visible. One to three venous cross-sections per segment (i.e. non-perfused,
perfused without PX-18 and perfused with PX-18) were scored of each patient. The
scores were then averaged per segment.

2.4. HUVEC cultures and exposure to mechanical strain
Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords
and cultured in Medium 199 (BioWhittaker, Verviers, Belgium) supplemented with
10% heat-inactivated fetal calf serum (FCS; BioWhittaker), 10 % heat-inactivated
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human serum (Sanquin, Amsterdam, The Netherlands), 5 units/ml heparin (Leo
Pharma BV, Breda, The Netherlands), 50 mg/ml endothelial cell growth factor
(Sigma, St. Louis, MO), penicillin and streptomycin (GIBCO, Invitrogen Life
Technology, Breda, The Netherlands) at 37°C in a humidified 5% CO2 / 95% air
atmosphere. Experiments were performed at 100% confluence of the cells and were
used at passages 2 and 3. HUVECs were seeded in 6-well plates containing collagen
I-coated flexible membranes (BioFlex→ culture plates, Dunn Labortechnik GmbH,
Asbach, Germany) and additionally coated with fibronectin. The cells were cultured
with and without PX-18, (final concentration of 200 µg/ml; kindly provided by
Supratek Pharma) diluted in normal culture medium. Subsequently the cells were
stretched in the Flexercell FX4000 apparatus (Dunn Labortechnik) at 10% stretch at
1 Hz for 24 hours.

2.5. Detection of caspase-3 activity
After 24 hours stretching, the HUVECs were counted and transferred to a 96-wells
plate (30,000 cells/well). The cells were lysed and incubated with DEVD-rhodamine
110 substrate (Roche, Mannheim, Germany) for one hour at 37˚C. Subsequently the
fluorescence of free rhodamine was determined with a microplate fluorescence
reader (TECAN spectrafluor, Switzerland). The developed fluorochrome was
proportional to the concentration of activated caspase-3 and was quantified by a
calibration curve of diluted free rhodamine [19].

2.6. sPLA2 activity measurements
sPLA2 activity was measured in whole lysates of HUVECs that were subjected to 24
hours of stretch with or without PX-18 (0.2 mg/ml) using a sPLA2 activity assay
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(Cayman Chemical, Ann Arbor, MI, USA). Samples were measured according to the
manufacturer’s protocol. In brief, 10 µl of cell lysate was added to an assay mix
containing the substrate diheptanoyl phosphatidylcholine, and 5,5-dithio-bis-2nitrobenzoic acid (DTNB). As a negative control the substrate containing assay mix
without added lysate was used. As a positive control purified type III sPLA2 (bee
venom sPLA2) was used. sPLA2 activity was determined consecutively every minute
for 8 minutes after adding the substrate by measuring the release of free thiols in a
microplate fluorescence reader (TECAN).

2.7. Statistical analysis
Data analysis was performed with Graphpad for Windows. Differences between the
groups were analyzed with a students T-test or a One-way Anova with Tukey post
test when appropriate. A p value less than 0.05 was considered to be significant.

3. Results
3.1. PX-18 protects the endothelium in perfusion veins.
Veins were perfused with autologous blood either or not supplemented with PX-18. In
freshly harvested veins prior to perfusion CD34-positive endothelium covered 82.4%
± 9.5% of the luminal surface. After 6 hours of perfusion with autologous blood, the
luminal surface area still covered with CD34-positive endothelium was significantly
reduced to 24.8% ± 7.7% p<0.001). Presence of PX-18 in the perfusion blood
significantly prevented the perfusion-induced endothelial loss (p<0.01) as in this
group 45.0 ± 8.2% of the luminal surface was still covered with CD34-positive
endothelium (Figure 1A).
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The presence of sPLA2-IIA in the vein was then analyzed. In non-perfused veins no
sPLA2-IIA was found (not-shown). In perfused veins, no sPLA2-IIA was found in the
residual endothelial cells. However, sPLA2-IIA-positive smooth muscle cells (SMCs)
were observed focally in the longitudinal and circular layers of the media (Figure 1B).
PX-18 significantly reduced the number of sPLA2-IIA-positive SMCs, in the media of
the vein wall to 0.65 ± 0.37 compared to 1.53 ± 0.62 after perfusion without PX-18
(p=0.0022; Figure 2C).
3.2. PX-18 protects HUVECs against mechanical stretch.
As mechanical forces caused endothelial cell apoptosis and PX-18 prevented
endothelial cell loss in the vein graft, the effect of PX-18 on mechanical stretchinduced endothelial cell apoptosis were analyzed in an in vitro stretch model. For this
caspase-3 activity as a marker for apoptosis was determined in HUVECs subjected
to mechanical stretch for 24 hours in the presence or absence of PX-18. We found
that PX-18 resulted in a significant decrease of caspase-3 activity in stretched
HUVECs as compared to stretched HUVECs without PX-18 (Figure 2A; p=0.02). To
analyze whether the protective effect of PX-18 on the endothelial cells was mediated
through its inhibitory effect on sPLA2. Therefore, the sPLA2 activity was analyzed in
whole cell lysates of HUVECs after 24 hours of mechanical stretch in the presence or
absence of PX-18. However, no sPLA2 activity was detected in the HUVECs,
stretched either without or with PX-18, as values were identical to the negative
control (Figure 2B).
These findings thus suggest that PX-18 protects HUVECs from stretch-induced
apoptosis, independently of a sPLA2-IIA inhibitory effect.
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The effect of PX-18 on veins perfused at arterial blood pressure.
(A) The percentages of the luminal surface area covered in CD34-positive endothelial cells in nonperfused veins and after 6 hours of perfusion at arterial blood pressure with autologous blood with or
without PX-18 (0.5 mg/ml)(n=6). (B) Example of sPLA2-IIA presence in smooth muscle cells in the
media of the vein wall (arrows) in a vein graft perfused with autologous blood for 6 hours at arterial
blood pressure. (C) The number of sPLA2-IIA-positive cells in the media of vein grafts after 6 hours of
perfusion at arterial blood pressure with autologous blood with or without PX-18 (0.5 mg/ml)(n=6).
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Figure 2.
The effect of PX-18 on HUVECs subjected to mechanical stress.
(A) Caspase-3 activity in HUVECs subjected to mechanical stretch for 24 hours with (PX-18; 200
µg/ml) or without PX-18 (control). The caspase-3 activity of the control was set to 100%. The data
represent mean ±SEM. (B) The sPLA2 activity in whole lysates of HUVECs after subjection to
mechanical stretch for 24 hours with (PX-18; 200 ng/ml)) or without (control) PX-18. The negative
control (negative) contained the substrate without added lysates, the positive control (positive)
contained purified type II sPLA2.
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4. Discussion
In the present study we studied the effect of PX-18 as a dual anti-inflammatory and
anti-apoptotic compound on perfused human saphenous veins. We found that 6
hours of perfusion significantly reduced the amount of endothelium. Although PX-18
offered significant protection to the endothelial layer of vein grafts, coinciding with a
significant reduction of sPLA2-IIA levels in the media of the vein wall, inhibition of
stretch induced apoptosis of endothelial cells was sPLA2-IIA-independent.
In freshly harvested vein grafts an average of 82.4 % endothelial surface area was
measured. This partial loss of endothelium in freshly harvested vein grafts is probably
due to the surgical procedure which is known to induce damage in the graft [20]. Six
hours of perfusion under arterial pressure significantly reduced the surface area of
the endothelium up to 24.8 %.
It is known that venous grafts within arterial systems are distended by pressures
causing increased circumferential and radial stresses, resulting in mural thinning and
endothelial damage [21]. We have shown previously that this can be prevented by
using an external stent, inhibiting distension of the vein [18; 22; 23], indicating that
this damage to the endothelium is induced by mechanical stress. However, in our
perfusion model PX-18 was able to offer significant protection (on average 20%) to
the endothelium, independent of an external stent. Part of this protective effect can
be explained by an anti-apoptotic effect, as we found that PX-18 did prevent stretch
induced apoptosis of endothelial cells, independent of sPLA2-IIA (Figure 2A). PX-18
is an oligomer of prostaglandin B and it was shown that oligomers of prostaglandin B
have antioxidant effects and thereby may protect cells from oxidative damage [24]. It
may be that these sPLA2-IIA-independent cytoprotective effects of PX-18 relate its
antioxidant properties.
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It was shown previously that pretreatment with PX-18 of human coronary artery
endothelial cells (HCAEC) prior to thrombin or tryptase stimulation in vitro resulted in
a significant inhibition of both prostaglandin I and E (PGI and PGE) release [25] and
thereby can inhibit inflammation. However, although PX-18 did reduce the low
expression levels of sPLA2-IIA in the vein wall media, we didn’t find sPLA2-IIA in
residual endothelial cells, making it unclear which role medial sPLA2-IIA exactly is
playing related to the endothelial cells. Even more, it cannot be excluded that the
protection offered by PX-18 results partly results from its inhibitory effect on
circulating sPLA2-IIA and/or through its antioxidant effects.
In general vein graft atherosclerosis develops at an increased rate. Atherosclerotic
changes were reported as early as two to three months postoperatively [26], the
incidence of which increases in time [27]. It was shown that virtually all saphenous
vein grafts older than one year displayed atherosclerotic plaque formation [28].
Interestingly, early endothelial damage in vein grafts may initiate the development of
atherosclerosis by stimulating migration and proliferation of smooth muscle cells into
the intima [27]. Limiting early postoperative endothelial damage in vein grafts
therefore may limit the rate and extent of graft atherosclerosis development. We now
show that PX-18, 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.
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Increased infiltration of Chlamydophila pneumoniae in the vessel
wall of human veins after perfusion
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ABSTRACT
Background: Several studies suggested an association between Chlamydophila
pneumoniae (Cp) infection and atherosclerosis. A recent study detected Cp DNA in
saphenous vein of 12% of all patients before bypass grafting, but in 38% of failed
grafts. We used a system in which human veins were perfused with autologous blood
under arterial pressure.

120

Materials and Methods: Veins were surplus segments of saphenous veins of
coronary artery bypass grafting (CABG) patients. Vein grafts were perfused with
blood of the same patient after CABG procedures. Veins were analyzed for Cpspecific membrane protein using immunohistochemically and PCR analysis. Veins
were analyzed before and after perfusion (up to 4 hours). The number of Cp positive
cells was then quantified in the vein layers.
Results: Cp protein was detected within macrophages only. In non-perfused veins,
Cp was present in the adventitia in 91% of all patients, in the circular (64%) and
longitudinal (23%) layer of the media. 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 that however differed strongly between different patients. Cp DNA
was not detected by PCR in those specimens.
Conclusion: Cp protein is present in 91% of veins, but the number of positive cells
differed remarkably between patients. Perfusion of veins resulted in increased
infiltration of Cp into the circular layer. These results may point to a putative
discriminating role of Cp with respect to graft failure between different patients.
Key words: Chlamydophila pneumoniae (Cp), coronary artery bypass graft (CABG),
saphenous vein.
INTRODUCTION
  
Chlamydophila pneumoniae (Cp), an obligate intracellular living bacterium previously
called Chlamydia pneumoniae, is a common cause of respiratory tract infection.
Population prevalence studies showed a widespread geographic distribution of Cp
infections (1). A role of Cp in the process of atherosclerosis has recently been
suggested (2), although contradicting studies have been published in this respect (3).
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Cp infection of human endothelial cells stimulated transendothelial migration of
inflammatory cells in vitro (4), and triggered the secretion of inflammatory mediators
(5). Smooth muscle cells responded to Cp infection by proliferation (6), while Cp
infection of monocytes resulted in secretion of cytokines (7). In addition, human
macrophages infected with Cp, secreted enhanced levels of inflammatory cytokines
(8-10). In line with this, Cp was detected by immunohistochemistry in 52% of
diseased arteries while only 5% of normal arteries were positive (11). Wong et al
found Cp DNA in 12% of saphenous vein specimens before grafting, whereas in 38%
of failed grafts Cp DNA was found (12). Cp has also been demonstrated in arteries,
like coronary arteries and aorta by electron microscopy (13). In contrast, in another
study using PCR of postmortem material no Cp was detected in coronary arteries or
carotid endarterectomy specimens. The same was true for symptomatic aneurysms
of the abdominal aorta (14). Finally, two studies reported that no Cp could be
detected in atherosclerotic lesions of coronary arteries using immunohistochemistry
(15; 16). It is not known whether this is related to technical problems, the specimens
that were studied, or geographical differences (3).
Because of the observed association of Cp infection and vein graft failure (17), we
undertook a study to determine the presence of Cp at the protein level in the various
cell types of the saphenous vein. After initial connection to the arterial circulation, the
perfused saphenous vein undergoes rapidly marked morphological changes, which
can be mimicked by a pressurized extracorporeal circulation in vitro (18). Therefore,
we extended our study by determining the localization of Cp antigen before and after
perfusion of veins segments.
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MATERIALS AND METHODS
Vein graft tissue
Veins were surplus segments of harvested saphenous veins of patients who
underwent coronary artery bypass grafting (CABG). Vessel specimens were
collected in the operating room under sterile conditions for histopathological
examination. Part of the vein graft segments were perfused with autologous blood
after CABG procedures in an experimental set-up (fig. 1) (18). Vein graft segments
were analyzed before perfusion (n =22) and after different perfusion time points, i.e. 1
hr (n = 14), 2 hrs (n = 14) and 4 hrs (n = 12), respectively.
Our study was approved by the ethics committee of the VU Medical Centre and the
OLVG, Amsterdam.

Figure 1 Schematic representation of the in-vitro perfusion model.
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Immunohistochemistry
Paraffin embedded vein sections (4 µm thick) were mounted on microscope slides
and deparaffinized for 10 min in xylene at room temperature and dehydrated through
descending concentrations of ethanol. Endogenous peroxidase activity was blocked
by incubation in 0.3% (v/v) H2O2 in methanol for 30 min. Tissue sections were
subjected to antigen retrieval by boiling in 10 mM sodium citrate buffer, pH 6, for 10
minutes in a microwave oven. After that tissue sections were incubated for 30
minutes with a chlamydia block-buffer. Antibody and normal serum were diluted in
Phosphate Buffered Saline (PBS) containing 1% (w/v) bovine serum albumin (BSA).
Tissue sections were pre-incubated for 10 min with normal rabbit serum, followed by
incubation for 1 hr with 5 g/ml monoclonal antibody directed against Cp specific
membrane protein (clone RR-402, Washington Research Foundation [WRF]) in
PBS/BSA 1% overnight at 4°C.
After washing in PBS, sections were incubated for 30 min with a biotin-conjugated
secondary antibody (rabbit anti-mouse biotin 1:500 dilution). After washing in PBS,
slides were incubated with streptavidin–biotin complex (sABC; 1:1000 dilutions) for 1
hr and were visualized with 3,3'-diaminobenzidine (DAB; 0.1 mg/ml, 0.02% H2O2).
Slides were counterstained with hematoxylin and mounted with Depex.
Serial sections of veins were also stained to detect macrophages. These sections
were boiled in sodium citrate buffer (10 mM, pH 6.0) for 10 min, and subsequent
stained with mouse monoclonal antibody CD68 (1:400 dilution) (Kp1; Santa Cruz
biotechnology). Slides were then stained via a streptovidin-biotin complex and
visualized with DAB as described above.
To confirm the specificity of the immunostaining, parallel sections were incubated
with 1% PBS/BSA alone without adding RR-402 or CD68. Next, the sections were
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incubated with biotin-conjugated rabbit anti-mouse biotin, and subsequently with
streptavidin-biotin complex and were visualized with DAB. The controls were all
negative (not shown).

Immunoscoring
Immunoscoring was performed by two independent investigators (KK, HWMN). Cp
and macrophages were scored for anatomical localization and amount of Cp positive
cells. On microscopic examination, the amount of Cp positive cells were separately
analyzed in all four layers, namely intima, longitudinal muscular layer, circular
muscular layer and adventitia. In each patient, 3 sections of each vein were
analyzed. An average score of the amount of Cp positive cells/vein was calculated by
multiplying the scores of all 3 sections and then dividing it by 3.
Notably, only those sections were analyzed, in which the total circumference of whole
the vein was visible.

Tissue processing and DNA extraction
DNA extraction from veins was performed according to the standard method with
optimized procedures. DNA concentration and purity were estimated
spectrophotometrically at optical density (OD) 260/280 using an Eppendorf
Biophotometer (Hamburg, Germany).

Chlamydophila detection by PCR
Cp was detected by PCR targeting the 16S-rRNA gene, using the sense primer
CP16S1 (5’ AAT AAT GAC TTC GGT TGT TAT TTA G 3’ (annealing temperature
55°C), anti-sense primer CP16S4 5’ CTC AAC CGA AAG GTC CG 3’ (annealing
temperature 55°C) and probe CHP 16S 5’GTA GTG TAA TTA GGC ATC TAA TA 3’.
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In addition, for specificity issues, we also determined the presence of C. trachomatis
DNA by plasmid sense primer 5’AGA GTA CAT CGG TCA ACG A 3’, anti-sense
primer 5’ TCA CAG CGG TTG CTC GAA GCA 3’, probe 5’ CGT GCG GGG TTA
TCT TAA AAG GGA T 3’, and chromosomal targeting (omp1 gene) by nested PCR
as described previously, using the NLO and NRO primers for initial amplification
followed by 1 microliter of the generated PCR product for nested amplification
(increasing sensitivity of the PCR), using the primers sero1A and sero2A generating
a PCR product of 1 KB which was checked for its length using agarose gel
electrophoresis.
For monitoring PCR sensitivity, serial dilutions from 10 to 0.01 IFU were used as
controls in each PCR.

Statistical analysis
Data analysis was performed with SPSS for windows version 11.5. The data were
normally distributed and student’s T test was used to calculate the significance of the
differences. A p-value (two sided) of less than 0.05 was considered to be significant.

RESULTS
Detection on Chlamydophila pneumoniae by immunohistochemistry.
For immunohistochemical validation of the RR-402 antibody, HeLa cells were
cultured with Cp (10 – 0.01 IFU) and subsequently embedded in paraffin and stained
with the RR-402 antibody. As can seen in figure 2A, numerous cells indeed stained
positive for RR-402.
We subsequently analyzed the RR-402 antibody in the human vein segments. In
non-perfused veins, Cp already was detected in the adventitia in 91% of all patients
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(Fig 2 B,D,3A). Notably Cp was detected only within macrophages (Fig 2 E), but not
all macrophages were Cp positive. In these non-perfused veins, the circular layer of
the media was positive for Cp in 64% of all patients (Fig 3B), whereas in the
longitudinal layer of the media Cp was detected in 23% of all patients (Fig 3C). No
Cp was detected in the intima (not shown). Remarkably, the amount of Cp positive
cells differed strongly between different patients in the circular layer, but especially in
the adventitia (Fig 3).
Subsequent perfusion under an arterial hydrostatic pressure of 60 mm Hg caused a
considerable dilatation of the vein and during perfusion complete loss of the luminal
endothelial cell layer, in agreement with our previous observations (18). Interestingly,
this perfusion resulted in an increase in the number of vein segments positive for Cp
in the circular layer, from 64 to 91% (see Fig 2C, 4A), while in the adventitia an
increase from 91% to 100% was found. The number of vein segments positive for Cp
in the longitudinal layer did not change after perfusion.
A
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Figure 2 Immunohistochemical staining for Cp in veins before and after perfusion. (A) Paraffin
embedded material of Cp cultured with HeLa cells (10 IFU). Arrows: cells with positive staining for RR402. (B) RR-402 staining of a microscopical section of a non-perfused vein. Cp is abundantly present
in the adventitia (arrows). Magnification 200×. (C) RR-402 staining of a microscopical section of
perfused veins after 2 h of perfusion. Cp then also is detected in the circular layer of the media.
Magnification 100×. Notably, B+C were derived from the same patient. (D) Negative control of RR-402
staining of a microscopical section of a non-perfused vein. Magnification 200×. (E) RR-402 staining of
a microscopical section of a non-perfused vein. Arrows: indicating Cp positive macrophages.
Magnification 400×.
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Figure 3 Percentage of Cp positive patients. The amount of Cp positive cells for each patient in A:
adventitia (ADV), B: circular layer (Circ. L.) and C: longitudinal layer (Long.L). No possitivity was found
in the intima.
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Perfusion did also induce a significant increase in the amount of Cp positive cells in
the circular layer of the media when compared with non-perfused veins (fig 4B), that
was not found in the adventitia, longitudinal layer of the media or the intima. This
increase was already found after 1h of perfusion, without further significant increase
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of the amount of Cp positive cells at longer time-points of perfusion.

n=12

Figure 4 B. Effect of perfusion on the average amount of Cp positive cells. Average amount of Cp
positive cells in the circular layer of all patients after different time points. Perfusion of 1,2, and 4 hours
were performed in different patients, and were compared with the non-perfused vein segments from
the same patient included/perfusion time point.

Detection on Chlamydophila pneumoniae by PCR
Remarkably, Cp PCR data of the veins were negative while positive controls, both
pure Cp DNA and DNA derived from embedded Cp cultured material (see above),
were positive with expected sensitivities. In addition, also the Ct plasmid and omp1
PCRs, performed for specificity, were negative.
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DISCUSSION
In the present study, we aimed to investigate the effect of perfusion of human
saphenous veins on the putative positivity for Cp. Surprisingly we found that nonperfused saphenous veins, used as a bypass graft, already were positive for Cp
protein in the adventitia in 91% of all patients using immunohistochemistry.
Remarkably, the amount of Cp positive cells differed strongly between different

% of C.p. positive patients

patients (Fig 4A).
100

100

91

Non perfused veins
Perfused veins

76
64

50
23

0

24

Long.L.

Circ.L.

ADV

Figure 4 A. Cp positivity in each patient. The amount of Cp positive cells in the different layers:
longitudinal layer (Long.L.), circular layer (Circ. L.), and adventitia (ADV). in non-perfused and
perfused veins..

A high prevalence (67%) of Cp e.g. has also been described in circulating
macrophages in the adventitia of coronary arteries (19). Two seroepidemiological
studies have shown that at least 75%-80% of the patients are seroposite for Cp in
case of coronary artery stenosis (20;21). Macrophages seem to play an important
role in the transportation of Cp bodies. Indeed, we have found Cp exclusively within
macrophages in the veins studied. It is also known that the adventitia frenquently
contains macrophages, which thus can explain the high number of patients positive
for Cp (22).
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Remarkably, DNA analysis for Cp was negative in these veins. This is in contrast
with a recent study of Wong et al. who could detect Cp DNA in saphenous veins,
although in only 12% of the patients (12). However, it is known from literature that the
amount of Cp positive vessels is significant higher using immunohistochemistry than
based on DNA analysis (23). Regarding the differences in the amount of Cp positive
veins, we can not exclude a priori that the prevalence of Cp in veins in England
(study Wong (12) is different compared with its prevalence in the Netherlands (our
study). Furthermore, the presence of Cp antigen in the absence of Cp DNA suggests
that antigens, rather than viable bacteria, persist in atherosclerotic lesions (24). This
suggests that antibiotical therapy in this respect might not be successful.
It always has to be taken into account that positive immunohistochemical results can
be explained by aspecific cross-reactivity (25). E.g. one might suggest that the Cp
antibody cross-reacts with a macrophage epitope as we only detected Cp positivity
within macrophages. However, we found that not all macrophages were Cp positive.
We also found a significant increase of Cp in the circular layer of the media
subsequent to perfusion (Fig.5B). This might also point to a role of Cp in graft failure,
but to establish this, follow-up studies are warranted.
It has been shown indeed that monocyte-derived macrophages can serve as a
vehicle of dissemination of Cp. It has been hypothesized that those infected
monocytes might migrate out of the vasa vasorum into the adventitia of human
saphenous vein grafts (26). Alternatively, it was put forward that Cp does not
selectively enter via the luminal side of the veins, but also enters into the adventitia of
the perfusion vein wall via the vasa vasorum (27). This latter suggestion is in line with
our results showing the numerous Cp positive cells in the adventitia and the
significant increase of Cp positivity after perfusion in the circular layer of the media,
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but not in the longitudinal layer. Notwithstanding this, we cannot rule out the
possibility that during perfusion influx of infected monocytes via the luminal side of
the vein also contributes to the occurrence of Cp positive monocytes/macrophages in
the longitudinal layer of the media. Our data are in favor of the hypothesis that
migration of Cp positive macrophages into the vein wall contributes to local
inflammation and finally to the narrowing of veins (28; 29).
It has been indicated that Cp can affect immune reactions. On the short-term infected
macrophages might secrete inflammatory cytokines (7). Furthermore, Cp can activate
the innate immune system via Toll-like receptors (TLRs), the sensors of innate
immunity (30).
On the long-term Cp infection might also affect the development or progression of
atherosclerosis in veins through altering the functional characteristics of a variety of
cell types populating atherosclerotic lesions (31). In particular Cp can induce foam
cell formation and activate monocytes to oxidize lipoproteins, converting them to
highly atherogenic forms (32). Furthermore, Cp may trigger antibody-mediated
cytotoxicity through an immunological cross-reaction between itself and autoantigens
(33). Macrophages can undergo cytolysis, resulting in the release of infectious
elementary bodies (34), which are capable of infecting and replicating within all
atheroma cell types, including resident macrophages and smooth muscle cells. The
latter eventually results in vascular smooth muscle cell proliferation (35).
Pilot clinical trials of preventive antibiotic treatment in patients with coronary disease
did not find a beneficial effect of the intervention (36; 37). This observation may be
explained by the fact that Cp is present within macrophages, mostly as residual parts
of Cp. This is likely also the case in the veins we have studied, and may explain the
absence of Cp DNA.
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In conclusion these observations therefore suggest that anti-inflammatory therapy
rather than antibiotic treatment may be more beneficial in vein graft patients, as it has
been hypothesized that Cp has pro-inflammatory effects on the affected vessels (36;
37).
REFERENCES
1. Grayston JT. Infections caused by Chlamydia pneumoniae strain TWAR. Clin Infect Dis
1992;15:757-61.
2. Grayston JT. Background and current knowledge of Chlamydia pneumoniae and
atherosclerosis. J Infect Dis 2000;181:402-10.
3. Morre SA, Stooker W, Lagrand WK, van den Brule AJ, Niessen HW. Microorganisms in the
aetiology of atherosclerosis.J Clin Pathol 2000;53:647-54.
4. Summersgill JT, Molestina RE, Miller RD, Ramirez JA. Interactions of Chlamydia pneumoniae
with human endothelial cells. J Infect Dis 2000;181:479-82.
5. Dechend R, Maass M, Gieffers J. Chlamydia pneumoniae infection of vascular smooth muscle
and endothelial cells activates NF-kappa B and induces tissue factor and PAI-1 expression: a
potential link to accelerated arteriosclerosis. Circulation 1999;100:1369-73.
6. Miller SA, Selzman CH, Shames BD, Shames BD, Barton HA, Johnson SM, et al. Chlamydia
pneumoniae activates nuclear factor kappa B and activator protein 1 in human vascular
smooth muscle and induces cellular proliferation. J Surg Res 2000;90:76-81.
7. Netea MG, Selzman CH, Kullberg BJ. Galama JM, Weinberg A, Stalenhoef AF, et al. Acellular
components of Chlamydia pneumoniae stimulate cytokine production in human blood
mononuclear cells. Eur J Immunol 2000;30:541-49.
8. Kaperonis EA, Liapis CD, Kakisis JD, Dimitroulis D, Papavassiliou VG. Inflammation and
atherosclerosis. Eur J Vasc Endovasc Surg 2006;31:386-93.
9. Ezzahiri R, Stassen FR, Kurvers HR, Dolmans V, Kitslaar PJ, Bruggeman CA. Chlamydia
pneumoniae infections augment atherosclerotic lesion formation: a role for serum amyloid P.
APMIS 2006;114:117-26.
10. Azenabor AA, Job G, Adedokun OO. Chlamydia pneumoniae infected macrophages exhibit
enhanced plasma membrane fluidity and show increased adherence to endothelial cells. Mol
Cell Biochem 2005;269:69-84.
11. Danesh J, Collins R, Peto R. Chronic infections and coronary heart disease: is there a link?.
Lancet 1997;350:430–36.
12. 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;33:152–56.

134

13. Colpan ME, Attar A, Colpan A, Karahan C, Seckin S, Sargon MF, et al. Chlamydia
pneumoniae infection related atherosclerotic clinical variables on carotid stenosis. J Clin
Neurosci 2004;11:389-94.
14. Lindholt JS, Osterdard L, Henneberg EW. Failure to demonstrate Chlamydia pneumoniae in
symptomatic abdominal aortic aneurysms by a nested polymerase chain reaction (PCR). Eur.
J Vasc Endovasc Surg 1998;15:161–64.
15. Campbell LA, O’Brien ER, Cappucino AL, Kuo C-C, Wang S-P, Stewart D, et al. Detection of
Chlamydia pneumoniae TWAR in human coronary atherectomy tissues. J Infect Dis
1995;172:585–88.
16. Sessa R, Di Pietro M, Schiavoni G, Nicoletti M, Soda G, Nardoni S, et al. Detection of
Chlamydia pneumoniae in atherosclerotic coronary arteries. Int J Immunopathol Pharmacol
2004;17:301-06.
17. 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.
18. Stooker W, Niessen HWM, Baidoshvili A, Wildevuur WR, van Hinsbergh VWM, Fritz J, et al.
Perivenous support reduces early changes in human vein grafts: studies in whole blood
perfused human vein segments. J Thorac Cardiovasc Surg 2001;121:290–97.
19. Vink A, Pasterkamp G, Poppen M, Schoneveld A.H, de Kleijn D.P, Roholl P.J, et al. The
adventitia of atherosclerotic coronary arteries frequently contains Chlamydia pneumoniae,
Atherosclerosis 2001;157:117–22.
20. Romano Carratelli C, Nuzzo I, Cozzolino D, Bentivoglio C, Paolillo R, Rizzo A. Relationship
between Chlamydia pneumoniae infection, inflammatory markers, and coronary heart
diseases. Int Immunopharmacol 2006;6:848-53.
21. Yavuz MT, Yavuz O, Yazici M,Guler S, Ozhan H, Albayrak S, Coskun A. Interaction between
Chlamydia pneumoniae seropositivity, inflammation and risk factors for atherosclerosis in
patients with severe coronary stenosis. Scand J Clin Lab Invest 2006;66:523-34.
22. Laine P, Kaartinen M, Penttilä A, Panula P, Paavonen T, Kovanen PT. Association between
myocardial infarction and the mast cells in the adventitia of the infarct related coronary artery.
Circulation 1999;99:361–69.
23. Jackson LA, Campbell LA, Schmidt RA, Kuo CC, Cappuccio AL, Lee M, et al. Specificity of
detection of Chlamydia pneumoniae in cardiovascular atheroma: evaluation of the innocent
bystander hypothesis. Am J Pathol 1997;150:1785–90.
24. Meijer A, Roholl PJ, Gielis-Proper SK, Ossewaarde JM. Chlamydia pneumoniae antigens,
rather than viable bacteria, persist in atherosclerotic lesions. J Clin Pathol 2000;53: 911-16.
25. Peeling, R. W., S. P. Wang, J. T. Grayston, F. Blasi, J. Boman, A. Clad, et al. Chlamydia
pneumoniae serology: interlaboratory variation in microimmunofluorescence assay results. J
Infect Dis 2000;181:426–29.

135

26. 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. Prog Cardiovasc Dis 1991;34:45–68
27. Hoymans VY, Bosmans JM, Ursi D, Martinet W, Wuyts FL, Van Marck E, et al.
Immunohistostaining assays for detection of Chlamydia pneumoniae in atherosclerotic arteries
indicate cross-reactions with nonchlamydial plaque constituents. J Clin Microbiol
2004;42:3219-24.
28. Kazar J, Kovacova E, Koncova K, Cvachova S, Mongiellova V, Lietava J, et al.Chlamydia
pneumoniae antibodies and markers of inflammation in patients with cardiovascular diseases.
Bratisl Lek Listy 2005;106;341-44.
29. Haranaga S, Yamaguchi H, Friedman H, Izumi S, Yamamoto Y. Chlamydia pneumoniae
infects and multiplies in lymphocytes in vitro. Infect Immun 2001;69;7753–59.
30. Bulut Y, Faure E, Thomas L, Karahashi H, Michelsen KS, Equils O, et al. Chlamydial heat
shock protein 60 activates macrophages and endothelial cells through Toll-like receptor 4 and
MD2 in a MyD88-dependent pathway. J Immunol 2002;168:1435-40.
31. Campbell L.A, Kuo C.C. Chlamydia pneumoniae and atherosclerosis. Semin Respir Infect
2003;18;48–54.
32. Kalayoglu MV, Hoerneman B, LaVerda D. Cellular oxidation of low-density lipoprotein by
Chlamydia pneumoniae. J Infect Dis 1999;180:780-90.
33. Mayr M, Kiechl S, Willeit J. Infections, immunity, and atherosclerosis: associations of
antibodies to Chlamydia pneumoniae, Helicobacter pylori, and cytomegalovirus with immune
reactions to heat-shock protein 60 and carotid or femoral atherosclerosis. Circulation
2000;102:833-39.
34. Fryer RH, Schwobe EP, Woods ML, Rodgers GM. Chlamydia species infect human vascular
endothelial cells and induce procoagulant activity. J Investig Med 1997;45:168-74.
35. Sasu S, LaVerda D, Qureshi N, Golenbock DT, Beasley D. Chlamydia pneumoniae and
chlamydial heat shock protein 60 stimulate proliferation of human vascular smooth muscle
cells via toll-like receptor 4 and p44/p42 mitogen-activated protein kinase activation. Circ Res
2001;89:244-50
36. Anderson JL, Muhlestein JB. ACADEMIC (Azithromycin in coronary artery disease:
elimination of myocardial infarction with chlamydia). Clin Cardiol 1998;21:429-31.
37. Muhlestein JB, Anderson JL, Carlquist JF. Randomized secondary prevention trial of
azithromycin in patients with coronary artery disease: primary clinical results of the
ACADEMIC study. Circulation 2000;102:1755-60.

  
  
  
  
  
  
  
136

Chapter 8
Discussion

137

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
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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.
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Nederlandse samenvatting
Atherosclerose
Atherosclerose is een aandoening waarbij slagadervernauwing optreedt door het
ontstaan van zogenaamde atherosclerotische plaques. Atherosclerotische plaques
ontstaan door de opeenhoping van vetachtige stoffen in de intima. Zowel
ontstekingscellen als ontstekingsmediatoren spelen een belangrijke rol bij de
pathofysiologie

van

atherosclerose.

Atherosclerotische

plaques

worden

onderverdeeld in stabiele en instabiele plaques. Stabiele plaques hebben een relatief
beperkte vetophoping en een relatief dikke bedekkende bindweefselkap. Instabiele
plaques hebben daarentegen een relatief grote vetophoping, een dunne bedekkende
bindweefselkap en/of talrijke ontstekingscellen in de bindweefselkap. De instabiele
plaques zijn gevaarlijk omdat ze kunnen resulteren in een plaqueruptuur of plaqueerosie met als mogelijk gevolg thrombusvorming op de plaque. Dit kan resulteren in
het afsluiten van het bloedvat. Indien dit optreedt in een kransslagader kan dit
resulteren in een acuut hartinfarct. Ontstekingscellen kunnen onder andere door het
activeren van matrix metalloproteïnasen een verzwakking van de bindweefselkap
induceren Op deze manier kan de ontsteking dus bijdragen aan het ontstaan van
instabiele plaques.
Atherosclerose van kransslagaders
Aftakkingen van de op het hart liggende kransslagaders gaan de hartspier in en
worden dan de zogenaamde intramyocardiale arteriën. In Hoofdstuk 2 hebben we
de accumulatie van een advanced glycation endproduct (AGE), namelijk N (carboxymethyl)lysine (CML), onderzocht in de intramyocardiale arteriën. AGE’s zijn
het product van non-enzymatische versuikering van eiwiten. AGE’s ontstaan onder
andere bij het ouder worden. Bij mensen met diabetes verloopt dit in een versneld
tempo. We vonden nu significant meer accumulatie van CML in de intramyocardiale
vaten in hartinfarct patiënten vergeleken met controle patiënten.
In een hartinfarct model in de rat, waarin een acuut myocardinfarct (AMI)
geïnduceerd werd door het afbinden van de linker kransslagader, vonden we die
CML deposities in de intramyocardiale vaten niet eerder dan op dag 5 na
hartinfarct.

Dit geeft aan dat

het

door de ontstekingsreactie die optreedt na het

hartinfarct CML accumulatie wordt geïnduceerd en niet door ischemie / reperfusie
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in de eerste dagen na het infarct. Dit werd bevestigd in geïsoleerde endotheelcellen
waar

ischemie en/of reperfusie niet in CML vorming resulteerde. Dit maakt het

onwaarschijnlijk dat bij patiënten met een AMI,

CML al vóór het infarct is

geaccumuleerd in de intramyocardiale vaten. Bovendien vonden we in hartinfarct
patienten geen verschillen in CML accumulatie in de intramyocardiale bloedvaten
tussen geïnfarceerde en niet-geïnfarceerde gebieden. Dit kan verklaard worden op
basis van een globaal ischemie effect, dat, naast de ontstekingsreactie, in het hele
hart optreedt na een infarct
Zoals boven beschreven is een

hartinfarct meestal het gevolg van een

plaqueruptuur en/of trombus in de kransslagaders, met name in instabiele plaques.
In Hoofdstuk 3 hebben we de aanwezigheid van mast cellen (MC) in de intima en
media van instabiele en stabiele coronaire (kransslagader) laesies onderzocht, op
verschillende tijdstippen na het hartinfarct. Het aantal MC in de intima was in beide
groepen gelijk,

ongeacht de plaquestabiliteit. Er werden

evenmin verschillen

gevonden in de intima van controle patiënten en patiënten met een acuut (tot 5
dagen) of chronisch (tot 14 dagen) MI. In de media van zowel acute als chronische
hartinfarctpatiënten was het aantal MC echter significant hoger dan in de
controlegroep.
Een significant verhoogd aantal MC werd ook gevonden in de media van de acute en
chronische hartinfarctpatiënten ten opzichte van controle groep bij het evalueren van
instabiele en stabiele plaques afzonderlijk. Bij

patiënten met een chronisch

hartinfarct vonden we een significant groter aantal mediale MC in instabiele laesies
vergeleken met stabiele laesies. Bovendien vonden we frequenter instabiele plaques
in de kransslagaders van patiënten met chronisch MI in vergelijking met controles en
acute MI patiënten. Deze bevindingen suggereren dat de aanwezigheid van MCs in
de media van epicardiale

kransslagaders kan bijdragen aan het ontstaan van een

MI via hun plaque-destabiliserende eigenschappen.  
Beide studies, de deposities van CML in de intramyocardiale vaten alsmede de
aanwezigheid van MC in de epicardiale kransslagaders onderschrijven derhalve de
rol van de ontsteking bij het ontstaan van een hartinfarct op verschillende niveau’s.
Falen van de veneuze bypass graft
De rol van ontstekingsmediatoren.
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Coronary Aortic Bypass Grafting (CABG, bypass operatie) is één van de meest
gebruikte therapieën bij de behandeling van vernauwde kransslagaders. Bij zo’n
operatie worden zowel arteriële (slagaderlijke) als veneuze (aderlijke) omleidingen
(grafts) gebruikt. Een belangrijk nadeel van het gebruik van veneuze grafts is dat de
veneuze grafts in vergelijking met arteriële grafts eerder falen. Dit wordt onder
andere veroorzaakt door beschadiging van de venewand waardoor

versnelde

atherosclerose van de vene optreedt op de langere termijn. Hierin speelt het
complementsysteem een belangrijke rol. Het is bekend dat bij atherosclerose in het
algemeen niet alleen pro-inflammatoir complement geactiveerd is, maar dat er ook
endogene complement remmers geactiveerd zijn, zoals bijvoorbeeld C4bp en C1
inhibitor (C1INH). In Hoofdstuk 4 beschrijven we de rol van C4bp in een ex vivo
perfusie model van venen, waarbij menselijke venen met autoloog bloed werden
geperfundeerd onder arteriële druk. We vonden een voortdurende toename
C4bp en het pro-inflammatoire

van

C3d in de mediale laag van de vene tot 4 uur

perfusie. Interessant is dat de aanwezigheid van C4pb was veel uitgebreider dan
C3d, implicerend dat C4pb mogelijk deposities van C3d remmen. Echter na 6 uur
perfusie vonden we een sterke afname van

C4bp. We vonden ook dat het

wegvangen van zuurstofradicalen tijdens de perfusie door het toevoegen van Nacetylcysteine (NAC) aan het perfusaat de aanwezigheid van C4bp in de vene weer
significant liet stijgen. Dit suggereert dat oxidatieve stress geïnduceerd door de
perfusie, de aanwezigheid van het anti-inflammatoire C4bp in de media remt.
Blootstelling van een veneuze graft aan arteriële bloeddruk veroorzaakt derhalve niet
alleen ontsteking maar activeert tegelijkertijd ook endogene ontstekingsremmers .
Therapeutisch interventie van veneuze graft falen: C1-inhibitor en PX-18.
C1-inhibitor (C1INH) is een remmer van de klassieke route van complement, die ook
endogeen geproduceerd wordt in vaten. Wij hebben de rol van C1INH nader
bestudeerd in veneuze graft falen in Hoofdstuk 5. Hiervoor werden veneuze grafts
geperfundeerd in een ex vivo opstelling met gehepariniseerd autoloog bloed van
dezelfde patiënt waarbij in het ene deel van de perfusies gezuiverd humaan C1INH
was toegevoegd.

Ook hebben we het

perfusie bloed

geanalyseerd op de

concentratie van C1INH. In de groep geperfundeerd met bloed en C1INH vonden we
significant hogere C1INH bloedspiegels en significant meer deposities van C1INH in
de venewand.   In de controle groep veranderde de concentratie van C1INH in het
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bloed niet significant. Opvallend was dat toevoeging van C1INH aan het perfusaat
resulteerde

in een significante vermindering van verlies van endotheelcellen en

deposities van C3d en C4d in de vene, met name in de circulaire laag, vergeleken
met venen geperfundeerd zonder C1INH. De toediening van C1INH remde ook de
intima verdikking van de veneuze graft in een in vivo model van atherosclerotische
muizen op de lange termijn. Dit suggereert derhalve dat

C1INH toediening aan

patiënten die een CABG ondergaan beschermend zou kunnen werken, ook op de
langere termijn.
Eerder is aangetoond dat bij vene graft falen naast ontsteking ook apoptose (het
proces

van

geprogrammeerde

celdood)

een

belangrijke

rol

speelt.

Het

ontstekingseiwit secretoir type II fosfolipase A2 (sPLA2-IIA) speelt een belangrijke rol
in

atherosclerose van arteriën.   sPLA2-IIA is niet alleen pro-inflammatoir maar

induceert ook celdood onafhankelijk van een ontstekingsreactie.   PX-18 (2-N, N-bis
(oleoyloxyethyl)

amino-1-ethaansulfonzuur)

is

een

sPLA2-IIA

remmer

met

celbeschermende eigenschappen.   We onderzochten eerder de rol van PX18 in het
acute myocardinfarct en vonden dat PX18 niet alleen het acute fase eiwit sPLA2-IIA
remt, maar ook apoptose van hartspiercellen voorkomt onafhankelijk van sPLA2-IIA.
We hebben in Hoofdstuk 6 onderzocht wat het effect is van PX18 in het ex vivo
perfusie model van humane venen   
We hebben aangetoond dat toevoeging van PX18 aan het perfusie bloed een
duidelijke vermindering van perfusie geïnduceerd verlies van endotheelcellen gaf in
vergelijking met venen die geperfundeerd waren zonder PX18. Dit ging gepaard met
een duidelijke afname van sPLA2-IIA in de media van de veneuze graft die
geperfundeerd waren. We hebben vervolgens onderzocht of PX-18 endotheelcellen
van veneuze grafts kon beschermen tegen apoptotische celdood. Hiervoor hebben
we human umbilical vein endothelial cells (HUVEC's) blootgesteld aan mechanische
stretch gedurende 24 uur in aan-of afwezigheid van PX-18. We vonden dat PX18
significant de stress-geïnduceerde caspase-3 activatie (een marker van apoptose)
in HUVEC's in vitro verminderde, onafhankelijk van sPLA2-IIA. Deze resultaten
suggereren dat PX18 het endotheel van veneuze graft beschermt tegen perfusie
geïnduceerde afwijkingen die voor een deel

verklaard kunnen worden door de

remming van apoptose van endotheelcellen, ook onafhankelijk van sPLA2-IIA.
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Deze studies in venen suggereren derhalve dat anti-inflammatoire therapie, b.v. C1remmer en / of PX18 een gunstig effect kunnen hebben in patiënten die een bypass
operatie ondergaan met veneuze grafts.

Vein graft falen: de rol van de infectie.
Het is bekend dat Chlamydia pneumoniae (Cp) infectie betrokken is bij het proces
van atherosclerose van

arteriën. Zo veroorzaakt Cp infectie van humane

endotheelcellen een transendotheliale migratie van ontstekingscellen in vitro en
activeert het de

secretie van ontstekingsmediatoren. Zo is aangetoond dat

menselijke macrofagen geïnfecteerd met Cp in verhoogde mate inflammatoire
cytokines afgeven. Ook is

Cp DNA aangetoond in vene grafts in 12% van alle

patiënten die een bypass operatie ondergaan en werd dit in 38% van de patienten
gevonden die uiteindelijk vene graft falen hadden. In Hoofdstuk 7 hebben we
onderzocht wat het effect is van perfusie van menselijke venen op Cp positiviteit.   In
niet-geperfundeerde venen was Cp aanwezig in macrofagen in de adventitia van
VSM grafts in 91% van alle patiënten (aangetoond middels een RR-402-antilichaam)
Het aantal positieve cellen verschilde duidelijk tussen de verschillende patiënten. In
de media van niet-geperfundeerde venen vonden we Cp macrofagen zowel in de
circulaire laag in 64% als in de longitudinale gladde spierlaag in 23%. Er werd geen
positiviteit van Cp in de intima gevonden. Perfusie resulteerde vervolgens in een
significante toename van Cp positieve cellen in de circulaire laag van de media van
64 % naar 91%, maar niet in de longitudinale laag of de intima,  terwijl in de adventitia
een stijging van 91% tot 100% werd gevonden. Aangezien Cp DNA in deze venen
middels PCR niet werd gedetecteerd, suggereert dit dat antigenen in plaats van
levend Cp persisteren in de aderwand. Dit suggereert dat antibiotische therapie
tegen Cp derhalve niet zinvol zou zijn in veneuze bypass operaties.
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