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ABSTRACT

Better treatment has led to a rapidly increasing population of cancer survivors. A growing body of clinical 
evidence has shown that radiotherapy is associated with adverse effects on the cardiovascular system, 
such as myocardial infarction and stroke, depending on the previous treatment site. However, there is a 
paucity of experimental evidence linked to these clinical findings since the pathology, not evident until 
years after exposure, precludes adequate investigation through cell- and animal-experiments.

We present a differential global gene expression strategy, by comparing irradiated with non-irradiated 
conduit arteries and veins, harvested simultaneously from the same patient during microvascular 
free tissue transfers for cancer reconstruction. We could thereby benefit from the true advantages of 
microarray technology, bypassing the common problem of inter-individual variability and furthermore 
exclude the influence of other risk factors and study the effect of irradiation only. Surgery at different 
time-points after radiotherapy did furthermore give us the opportunity to study temporal aspects, a 
key-factor for the understanding of delayed vascular disease. Temporal aspects of vascular alterations 
caused by irradiation are furthermore of importance for the timing of surgery in relation to radiotherapy, 
since there has been a debate about treatment order and timing between the two.

In paper I, we could demonstrate that preoperative, compared to postoperative, radiotherapy was 
associated with microvascular occlusion after autologous free tissue transfers for head and neck 
reconstructions, and furthermore increased with the time elapsed from last radiotherapy session to 
surgery. In paper II, we utilized Affymetrix® microarray technology to unravel gene expression patterns 
in irradiated, compared to non-irradiated, arteries. Based on Gene Ontology Tree Machine®-analysis, 
target genes were selected and further confirmed with RT-PCR and immunohistochemistry. A major 
part of differentially expressed genes related to increased NF-κB activation, confined to cells within 
the arterial wall. The observed NF-κB activation, together with invading macrophages and T-cells, was 
evident even years after radiation exposure. Since microvascular occlusions after free tissue transfers are 
more likely to occur on the venous side, further analyses were performed in veins in paper III, utilizing 
a Taqman® tissue low density array, including 45 selected target-genes involved in inflammation and 
coagulation. An acute NF-κB activation was detected in irradiated veins, confined to the endothelium, 
whereas in contrast to arteries, no sustained NF-κB activity was observed more than 15 weeks from 
last radiotherapy session. Neither was any detectable invasion of inflammatory cells observed. 
Immunohistochemistry indicated decreased staining of endothelial nitric oxide synthase (eNOS) in 
irradiated veins, compared to controls, in further support for an endothelial dysfunction caused by 
irradiation. A sustained activation was detected for plasminogen activator-1 (PAI-1) in irradiated veins. 
In study IV, we detected a decreased eNOS activity in endothelial cells after incubation with the free 
fatty acids (FFAs) palmitic and oleic, but not linolenic, acid, whereas a triglyceride-rich fat emulsion 
increased the eNOS activity. This is interesting since FFAs are markedly elevated during surgery.

With support from clinical and experimental data, we clearly advocate postoperative radiotherapy for 
microvascular reconstructive surgery, whenever possible for oncological reasons. Vascular inflammation 
may, together with increased PAI-1 gene expression observed in radiated veins, explain the increased 
risk for vascular complications when radiotherapy is administered prior to microvascular surgery. 
Moreover, the finding of a sustained NF-κB activation, together with presence of macrophages and 
T-cells, in irradiated arteries supports radiotherapy as an independent risk factor for cardiovascular 
disease and contributes to the search for therapeutic adjuncts to cope with the adverse effects of 
radiotherapy.   

Keywords: inflammation, irradiation, atherosclerosis, NF-κB, nitric oxide, microvascular reconstructive surgery
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Microvascular free tissue transfers have become routine in the practice of reconstructive 
surgery, mainly restoring tissue defects and function following cancer resection. Since 
cancer treatment often involves both radiation and surgery there has been a debate whether 
radiotherapy should be administered pre- or postoperatively, as it may affect patency of 
microvascular anastomoses and the healing process. However, the biology behind radiation-
induced vascular alterations needs to be elucidated. In the present thesis, a differential global 
gene expression strategy was used, harvesting radiated and non-radiated arterial biopsies 
before microvascular anastomosis, to study the underlying gene network mediating chronic 
vasculopathy in human blood vessels following radiotherapy. unravelling gene expression 
patterns behind radiation-induced vasculopathy will, in a broader sense, contribute to further 
understanding of recent epidemiological findings of vascular complications after intracoronary 
brachytherapy 1 as well as myocardial infarction 2 and stroke 3 following radiotherapy. This 
is important since improved cancer treatment and increased overall survival have contributed 
to a rapidly growing population of cancer-survivors. An emerging concept is that cancer is 
a manageable disease where the side-effects of treatment have to be taken seriously into 
account as cancer may not be the long-term problem for some patients 4. A growing body 
of evidence has shown that many cancer treatments, such as cytostatic drugs and radiation 
therapy, have potential adverse effects on the cardiovascular system and are likely to have 
significant effects on patient outcomes 5. Therefore, knowledge about these effects needs to 
be extended and has to be incorporated into the field of cardiovascular research. 

The practice of a reconstructive microsurgeon includes fine handling of radiated blood vessels 
during microvascular free tissue transfers 
for post-oncological reconstructions.  Since 
reconstructions can be made either directly 
or in a later phase, the irradiated blood 
vessels can be observed at different time-
points from radiation exposure. during 
dissection and suturing under microscope 
magnification, it is obvious that irradiated 
vessels develop characteristics of vascular 
inflammation, when compared to vessels 
outside the irradiated field (Figure 1). 
These observations led to a vast review 
of the literature about radiation-induced 
vasculopathy and furthermore to the 
question whether blood vessels undergo 
inflammatory changes with properties 
similar to atherosclerosis, that may explain 
the adverse cardiovascular events observed 
in epidemiological studies. 

INTRODUCTION

Figure 1. Microvascular anastomosis of non-irradi-
ated (left) and irradiated (right) 2.5 mm arteries.
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Vascular inFlammation

during inflammation, blood vessels play a central role in the immune response where vascular 
wall permeability is increased and plasma filtered out into the surrounding tissue. leukocytes 
marginate and come in close contact with an activated endothelium, which is required for 
extravasation. Changes in the endothelial cell (eC) barrier between the blood and the vessel-
wall is pivotal for the infiltration of immune cells and extravasation of plasma rich in antibodies 
and immunoactive proteins, such as complement 6. Chronic inflammation is a pathological 
condition characterized by mononuclear cell infiltration, tissue destruction, attempts at repair, 
angiogenesis and fibrosis. Chronic inflammation may be initiated by persistent bacterial 
infection, prolonged exposure to chemical agents or autoimmune disorders 7. Generally speaking, 
acute inflammation is mediated by granulocytes while chronic inflammation is mediated by 
mononuclear cells such as monocytes and lymphocytes. An important difference between acute 
and chronic inflammation is that removal of the stimulating agent in acute inflammation resolves 
inflammation, which is not the case in chronic inflammation 8. Today it is generally accepted 
that both innate and adaptive immune responses contribute to chronic inflammation that plays a 
decisive role in the development of atherosclerosis 9. however, chronic vascular inflammation 
following radiotherapy is poorly described. With support from several recent epidemiological 
studies, we know that there is an increased risk of cardiovascular disease not evident until years 
after radiotherapy for cancer treatment, suggesting an accelerated development of atherosclerosis 
at previous treatment sites 10, 11. Recently hoving and coworkers demonstrated that irradiation 
accelerated the development of atherosclerosis in Apoe knock-out mice and predisposed to 
the formation of an inflammatory and thrombotic plaque phenotype 12. However, experimental 
studies on vascular inflammation induced by irradiation have so far mainly studied the acute 
inflammatory response due to temporal limitations given by cell and animal experiments.

innate and adaptive immunity 
For the last two decades, it has been recognized that the key inflammatory cell in atherosclerosis 
is the monocyte/macrophage 13. More recently, the discovery of T-cells and autoantibodies in 
atherosclerotic plaques has broadened the scope  of involvement of immune response to include 
an interplay between the adaptive and innate immune systems 9, 14, 15.
The innate immune system is the body’s second line of defense against infection in the event 
that physical barriers fail to block the entry of pathogens. It is an evolutionary ancient, but 
highly effective, system of host defense. unlike the vertebrate antigen-specific adaptive immune 
system, the innate immune system is always “primed” and ready to respond to pathogens. Its 
activation involves the recognition of molecular signatures presented by pathogens to pattern 
recognition receptors (PRRs). These receptors recognize highly conserved pathogen associated 
molecular patterns (PAMPs) that enable the innate immune system to discriminate between 
“non-infectious self” and “infectious non-self” 16. The innate immune system also provides 
the effector mechanisms to respond to infections, and if necessary, the appropriate signals to 
activate the effector and memory B-cells and T-cells of the adaptive immune system 13.

The innate immune receptors are evolved by natural selection to identify PAMPs essential to 
microbes existence or pathogenicity 16. Beyond these infectious agents, there has been growing 
evidence in recent years that PRRs may recognize endogenous neo-antigens or self-antigens 
through a process of molecular mimicry. Several studies now implicate that PRRs are involved 
in the development of atherosclerosis 13. Selective disruption of some of these receptors in 
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animal models of atherosclerosis has begun to provide insight into the ligands and signaling 
pathways involved. Although the molecular identity of these endogenous ligands has remained 
somewhat elusive, several candidates have been suggested. The most extensively studied auto-
antigens are oxidized forms of low density lipoprotein, a modification believed to facilitate the 
unregulated uptake of these lipoproteins by macrophages in the artery wall 16. 

Nuclear factor kappa B (NF-κB)
NF-κB activation pathways
Nuclear Factor kappa B (NF-κB) is a transcription factor, first described in 1986 for κ light 
chain trancription in B cells 17, now known to exist in virtually all cell-types 18. The transcription 
factor NF-κB is crucial in a series of cellular processes, such as inflammation, immunity, cell 
proliferation and apoptosis. It consists of a group of five proteins, namely NF-κB1, NF-κB2, 
p65/RelA, c-Rel and RelB. In the resting state, NF-κB is sequestered in the cytoplasm of the 
cell through its tight association with inhibitory proteins called IκBs 19. The classical NF-κB-
activating pathway is induced by a variety of innate and adaptative immunity mediators, such 
as pro-inflammatory cytokines (TNFα, Il-1β), Toll-like receptors (TlRs) and antigen receptors 
(TCR, BCR) ligation 20. Whereas all these NF-κB inducers activate signal-transduction through 
different receptors and adaptor proteins, they all converge to the activation of the so called IκB-
kinase (IKK) complex. Once activated by phosphorylation, the IKK complex phosphorylates 
IκBα which is subsequently ubiquitinated and degraded. The freed NF-κB then translocates into 
the nucleus where it activates the transcription of target genes such as cytokines, chemokines, 
adhesion molecules and inhibitors of apoptosis 20, 21 (Figure 2).

Figure 2. NF-κB is a heterodimer containing two protein subunits that are normally held in an inactive 
state in the cytoplasm by the inhibitory component IκBα. NF-κB is activated by the degradation of its 
inhibitory component IκBα. Activation of NF-κB leads to the nuclear translocation of the active protein 
subunits and transcription of a number of proinflammatory mediators. Modified from Gloire et al, 
Biochemical Pharmacology 2006.
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until recently, only a single NF-κB signaling pathway (the classical pathway) was known. 
however, 2002 a second pathway leading to NF-κB activation was discovered. This pathway, 
now known as the alternative pathway, is activated by certain members of the TNF cytokine 
family but not by TNF-α itself. Several studies strongly suggest that the classical and alternative 
pathways to NF-κB activation have distinct regulatory functions, one that is mostly involved in 
innate immunity and the other in adaptive immunity 20. The transcription factor NF-κB thereby 
plays a major role in coordinating innate and adaptative immunity, cellular proliferation and 
apoptosis 21. In cases of dNA damage, the cytoplasmic NF-κB/IκB complex may as well be 
activated by a retrograde signaling pathway 22. 

NF-κB in vascular disease 
A variety of pathophysiological situations that affect cells of the vasculature, including en-
dothelial and smooth muscle cells, leads to the expression of genes that are dependent on NF-
κB. The beneficial and usually transient NF-κB-dependent gene expression may be exaggerated 
in pathological situations and results in impaired vascular cell function and damage to the ves-
sel wall 23.

eC activation has long been known as a key event for the onset of inflammatory disease proces-
ses, including atherosclerosis 24. NF-κB activation is regarded as one of the most important and 
early events of eC activation 25. Activated eCs are characterized by the expression of leukocyte 
adhesion molecules like, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1) and e-selectin 26-28. Selectin-mediated leukocyte rolling is required for 
the consecutive activation of the leukocytes by endothelial cell-bound chemokines. As a conse-
quence of activation, leukocyte integrins, another class of adhesion molecules, mediate cellular 
adhesion to the endothelial wall and finally, leukocytes transmigrate through the endothelium 
into the underlying tissue. The majority of transcriptionally regulated genes expressed in the 
endothelium in response to inflammatory mediators contain a NF-κB binding site in their pro-
moters 26, 28. Activated NF-κB has been shown to be present in human atherosclerotic plaques 
but absent in normal vessels devoid of atherosclerosis 29. Inhibition of NF-κB activation results 
in highly efficient inhibition of eC activation 30, 31 (Figure 3).

Leukocyte

Capture
Rolling

Slow rolling Adhesion
Transmigration

  Progressive activation

SELECTINS

Figure 3. Endothelial activation is a well-regulated sequence of events that involves many adhesion 
molecules and chemokines. Primarily selectins and integrins are involved in leukocyte capture, rolling, 
activation, and transmigration.

INTEGRINS
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Although there has been focus on the potential role of NF-κB in the regulation of endothelial 
and inflammatory cell responses in vascular pathology over the past decade, recent in vitro 
and in vivo studies highlights the importance of NF-κB in regulating SMC gene expression 
and cellular functions after injury. NF-κB is expressed in arterial SMCs after balloon injury 
and is responsible for the expression of several genes, including ICAM-1, VCAM-1, and 
macrophage chemoattractant protein (MCP)-1, the latter of which can mediate infiltration of 
monocytes 32. Vascular SMCs are important for structural integrity of the medial wall, but are 
also central to vascular remodeling in response to injury 33. The matrix remodeling associated 
with acute and chronic injury of the artery wall is dependent on matrix metalloproteinase 
(MMP) activity, that has proved to be partly NF-κB-dependent. Furthermore, inhibition of 
transcription factor NF-κB reduces MMP-1, -3 and -9 production by vascular SMCs 34. 
Monocyte/macrophage-derived cytokines and growth factors, eg, TNF-α , will further affect 
the integrity of the vascular wall by directly or indirectly stimulating SMC proliferation and 
migration via release of Il-6, for example 35. Monocytes and macrophages may also secrete 
matrix metalloproteinases at later stages of atherosclerosis 23.

Nitric oxide (NO)
Synthesis and role of nitric oxide isoforms
Nitric oxide (NO) is a pivotal signaling messenger in the cardiovascular system that has 
gained recognition as a modulator of vascular disease 36. NO regulates vascular tone, pro-
motes endothelial regrowth, inhibits proliferation of vascular SMCs, platelet adherence and 
leukocyte chemotaxis (Figure 4) 37. Reduced endothelium-derived NO bioavailability is im-
plicated in the development of vascular disease, although it is poorly understood whether this 
is a cause of, or a result of endothelial dysfunction. disturbances in the NO pathway cause 
endothelial dysfunction, leading to increased susceptibility to atherosclerosis, hypertension, 
hypercholesterolemia, diabetes mellitus, thrombosis and cerebrovascular disease 38, 39. 

nitric oxideL-Arginine + O2

Nitric Oxide 
Synthase

L-Citrulline

Inhibits SMC proliferation 
and migration

Inhibits platelet adherence Inhibits leukocytes 
chemotaxis

Promotes endothelial regrowthVasorelaxes

Figure 4. Vascular homeostasis controlled by pleiotrophic effects of nitric oxide. 
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NO is produced by a family of NO synthase (NOS) enzymes 39, of which three main iso-
forms, encoded on separate chromosomes, have been identified in humans and other or-
ganisms 38: a) neuronal NOS (nNOS) predominantly expressed in certain neurons and in 
skeletal muscle; b) endothelial NOS (eNOS) predominantly expressed in endothelial cells, 
and c) inducible NOS (iNOS) expressed by macrophage/monocyte cells. The three NOS 
isoforms have similar enzymatic mechanisms that involve electron transfer for oxidation 
of the terminal guanidin nitrogen of l-arginine (Figure 5). These enzymes all require se-
veral co-factors, including tetrahydrobiopterin (Bh4), nicotinamide-adenine-dinucleotide 
phosphate (NAdPh), flavin adenine dinucleotide, flavin mono nucleotide, Ca (2+), O2 and 
calmodulin. eNOS derived NO seems to have a protective effect against the pathogenesis of 
atherosclerosis 40. In contrast to eNOS, iNOS is involved in the innate immune system and 
expressed after stimulation by proinflammatory cytokines or lPS 41, 42. The iNOS promoter 
contains several binding sites for transcription factors such as NF-κB and activator protein-1 
43. Activation of iNOS can lead to a rapid production of large amounts of NO in both vas-
cular SMCs and macrophages that may have a protective role against both vascular injury 
44 and bacterial infection 45. Although protective in the normal defense of the vessel wall, 

excessive amounts of iNOS derived NO can 
be toxic and act proinflammatory 46, 47.
Taken together, data suggests that basal NO 
production by eNOS is associated with a 
protective role for the endothelium by exerting 
a tonic inhibition of inflammatory response 
and thereby preserving the endothelium 
in a quiscent state. However, excess or 
inappropriate production of iNOS derived NO 
is associated with inflammation and might 
thereby be deleterious. 

Nitric oxide in vascular disease
Mice lacking the endothelial isoform have endothelial dysfunction, are hypertensive 
and show a more severe outcome in response to vascular injury, cerebral ischemia, and 
hypercholesterolemic diet-induced atherogenesis 40. An early event in the pathophysiology 
of atherosclerosis is impairment of endothelial function that comes before structural changes, 
such as intimal hyperplasia. diminished levels of NO, one of the hallmarks of endothelial 
dysfunction, can occur through several mechanisms, such as reduced eNOS expression 
levels, reduced eNOS enzymatic activity, and reduced NO bioavailability 38, 40, 48. endothelial 
dysfunction is associated with an increased production of Reactive Oxygen Species (ROS) 
in the vasculature. Activation of endothelial NAdPh oxidase and formation of peroxynitrite 
during angiotensin-II-induced mitochondrial dysfunction modulates the balance between 
endothelial NO and ROS, which in turn may lead to development of endothelial 
dysfunction 49. Clinically, some of the coronary heart disease (Chd) risk factors, linked to 
endothelial dysfunction, are associated with decreased NO production, as evidenced by an 
abnormal coronary vasodilator response to acetylcholine challenge 38, 48. Moreover, recent 
findings indicate that coronary endothelial dysfunction in humans is characterized by local 
enhancement of oxidative stress without a decrease in basal NO release and support the 
hypothesis that local oxidative stress has a role in reduction of NO bioavailability in humans 
with coronary endothelial dysfunction 50, 51.
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CH2
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O
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Figure 5. Synthesis of nitric oxide.
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Plasminogen activator inhibitor-1 (PAI-1) 
The plasminogen activator (PA) system plays a key role in many important physiological 
and pathological processes, such as coagulation/fibrinolysis, inflammation, wound healing 
and malignancy. The enzyme plasmin is generated from its precursor plasminogen by the 
plasminogen activators t-PA or u-PA. Plasmin degrades fibrin deposits and contributes to 
the degradation of extracellular matrix proteins. The activity of the PA system is under 
tight control at different levels, such as regulation of gene expression, receptor-mediated 
accumulation of PAs at the cell surface, receptor-mediated degradation of PAs and inhibition 
by α2-antiplasmin and PA-inhibitors (PAIs). PAI-1, is the principal inhibitor of both t-PA 
and u-PA. It is produced by endothelial cells, smooth muscle cells, fibroblasts, monocytes/
macrophages, adipocytes, liver cells and cardiac myocytes. 

Inflammation shifts the hemostatic system in favor of thrombosis 52. Multiple mechanisms are 
at play including up-regulation of tissue factor leading to the initiation of clotting, amplification 
of the clotting process by augmenting exposure of cellular coagulant phospholipids, inhibition 
of fibrinolysis by elevating PA inhibitor 1 (PAI-1) and decreases in natural anticoagulant 
pathways, particularly targeted toward down-regulation of protein C through multiple 
mechanisms. There are, for instance, both Il-6 and NF-kB responsive elements in the PAI-1 
promotor 53. It has also been suggested that decreased levels of endothelium-derived NO may 
contribute to increased PAI-1 expression 54.
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radiation-induced VasculoPathy

The biology of radiation reactions of the skin, bladder and intestine is fairly well described, 
whereas there is a paucity of studies that describe the mechanisms behind radiation-induced 
vascular injury 55. A growing body of evidence, from a range of clinical disciplines, 
has recently shed light upon progressive, and sometimes occlusive, vascular alterations 
observed many years after radiation exposure in cancer survivors 2, 5, 10, 56-58. However, 
similarities and differences between various clinical settings are not described adequately 
together. Radiation-induced vasculopathy is often described as a progressive disease with 
gradual stenosis of conduit arteries accompaigned by neovascular proliferation, giving 
rise to a variety of adverse clinical outcomes, dependant on the previous treatment site. 
Radiation-induced vasculopathy is poorly described, due to the fact that symptoms often 
develop in a broad range of clinical areas such as breast oncology, haematology, head 
and neck oncology, neurology, etc. The pathology, not evident until years after exposure, 
precludes adequate investigation through cell- and animal-experiments and the availability 
of radiated human vascular biopsies is scarce. This has resulted in a lack of molecular 
characterization of the delayed vascular alterations. This phenomenon needs to be carefully 
studied as an entity with the rapidly increasing population of cancer survivors. If temporal 
aspects of various clinical findings are well understood,  differential gene expression studies 
in vascular biopsies provided from microvascular cancer reconstructions can contribute to 
novel insights into pathological changes behind radiation-induced vasculopathy. 

early signs of atherosclerosis in humans exposed to irradiation?
Results from epidemiological studies suggest that the pathogenesis is an induction or 
acceleration of atherosclerosis in conduit arteries located in the irradiated field, but data 
from studies on human subjects and tissue are scarce. The few non-invasive imaging 
studies, together with studies on human tissue support a disease that in many parts share 
properties with atherosclerosis 59-61.
Sugihara and coworkers could show, ex vivo, that NO-mediated endothelial–dependent 
relaxation is impaired in human cervical arteries, 4 to 6 weeks after irradiation 59. In addition, 
Beckman and collegues demonstrated that radiation therapy impairs flow mediated dilation 
(FMd), i.e. endothelium-dependent vasodilation, of conduit arteries 60. Both studies indicate 
that radiation-induced vasculopathy is associated with reduced endothelial NO, a generally 
accepted early sign of atherosclerosis 39.  Because released NO relax vascular smooth 
muscle and inhibit platelet adherence, thereby preventing the occurrence of ischemia 
and vascular occlusion, it has been suggested that endothelial dysfunction contributes to 
vascular abnormalities in irradiated tissues 59. This may partly be explained by the fact 
that radiated tissues suffer from chronic oxidative stress with increased production of 
ROS, also described as a possible cause of late tissue injury in general 62. Moreover, the 
overproduction of ROS under pathophysiologic conditions is today regarded as an integral 
part of atherosclerosis development 63. Most classical Chd risk factors contribute to 
oxidative stress, which causes a disruption in the balance between NO and ROS, resulting 
in a relative decrease of bioavailable endothelium-derived NO 64. This strongly implicates 
irradiation to be a risk factor for atherosclerosis (Figure 6).
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Support for a late response to irradiation with 
a progressive vascular damage is demon-
strated in a studie by dorrestijn and cowork-
ers, who showed an increased intima media 
thickening (IMT) 10 years after radiation ex-
posure of the carotid artery.  In a recent study 
by Russel and collegues, intima hyperplasia 
was clearly shown by immunohistochemis-
try of human conduit arteries at a mean of 4 
years following radiation exposure. Further-
more, there was an increase of inflammatory 
cell content in the intima of the irradiated ar-
teries following head and neck irradiation 61. 
Following the rapid development of high res-
olution imaging techniques, a growing body 
of morphological evidence has also contrib-
uted to an increased knowledge about vascu-
lar changes in previously irradiated tissues. 
After both cranial and midfacial irradiation, 
late vascular occlusions could be observed 
together with parallell networks of vascular 
proliferations 57, 65, 66. 

Molecular mechanisms involved in the late 
progressive disease, following irradiation, is 
poorly described, since animal and in vitro 
experiments only have the potential to detect 
acute effects of irradiation, representing  a 
different entity.    

clinical background
Restenosis following intracoronary irradiation
Vascular brachytherapy has been used for the prevention of restenosis after percutaneous 
coronary interventions. despite initial positive results, long-term follow-up has shown a pro-
gressive loss of benefit in clinical outcome after intracoronary irradiation. The results of a  
randomized study by Ferrero and collegues confirmed a delayed and progressive restenotic 
process after stent implantation and irradiation in de novo lesions 67. A delayed prothrom-
botic effect of irradiation may be involved since late stent thrombosis is described years after 
intracoronary brachytherapy 68. 

Myocardial infarcion following chest-irradiation
Several cohort studies have shown that adult survivors who received mediastinal irradiation 
for childhood and adolescent cancer, such as Hodgkin disease, have an increased risk of 
cardiovascular death, including Chd 69. Critical Chd occurs decades after radiotherapy, and 
its incidence is increased in patients with “classical” risk factors, such as smoking, hypertension 
and obesity 70. Breast cancer irradiation, at least with some of the older radiotherapy regimens, 

NO

FMD

IMT

Intimal 
hyperplasia

MI & Stroke

Sugihara et al
Circulation 
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has been associated with a significant excess of non breast cancer mortality, mainly from 
cardiovascular disease 71, 72. There is strong support for a late, progressive disease in a study 
by darby and coworkers who could demonstrate that left- compared to right-sided breast-
cancer was associated with Chd, but not until more than ten years after irradiation 2.

Stroke following intracranial- and neck-irradiation
An increased risk of stroke has been reported after cranial radiation exposure for brain tumours 
in childhood or adolescence 73, 74 as well as after neck irradiation for Hodgkin disease and 
head and neck cancer treatment in adults 3 75 76, 77.
Modern imaging technologies have been able to identify occlusions of medium sized cerebral 
vessels in previously irradiated fields, often accompaigned by a fine collateral network of 
new vessels 57, 65, 66, 78. Post mortem histological findings of irradiated cerebral blood vessels 
have shown prominent features, such as fibrous thickening of the intima with foam cells in 
the absence of inflammatory vasculitis 79. 

Other adverse vascular manifestations following radiotherapy
There have also been several case-reports of other vascular manifestations possibly related 
to irradiation, such as arterial and venous stenosis affecting the axillary and inguinal regions 
after irradiation of breast and pelvic cancer, respectively 58, 80, 81.
 
Radiation retinopathy is another complication that occurs in patients irradiated for midfacial 
tumors 82. It has been shown that irradiation induces both an acute transudative and slowly 
progressive occlusive vasculopathy together with parallell networks of dysfunctional 
neovascularization 83, eventually leading to blindness. 

Impaired microcirculation
The healing of free vascular grafts in irradiated graft beds is characterized by an increased risk 
of defective wound healing, related to impaired microcirculation. It has been demonstrated 
that irradiation induces microvascular dysfunction 84. Morphological changes of decreased 
microvascularization are also seen in previously irradiated graft beds. Schultze-Mosgau and 
collegues could demonstrate that both number and diameter of capillaries were reduced in the 
irradiated graft bed tissue 85 and furthermore that vascularization of the graft bed decreased 
continuously as a function of the total dose and time after radiotherapy 86.

Experimental findings
experimental studies of radiation-induced vasculopathy have so far focused on acute effects, 
mainly in cell culture experiments 87-89 and animal models 90-95. The high radiation sensitivity 
of the vasculature has previously mainly been linked to endothelial dysfunction 87, 89, 92, 96. 
Previous in vitro studies suggest that radiation induces endothelial activation characterized 
by activation of the transcription factor NF-κB 97, 98 resulting in alterations in adhesion 
molecule expression 97, 99, cytokine and chemokine production 88. The activated endothelium 
is prone to atherosclerosis and have prothrombotic properties, by promoting leukocyte- or 
platelet-endothelial cell adherence 99, 100, leukocyte infiltration into tissue 97, 101, and thrombus 
formation 102 (Figure 7). 
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deiner and coworkers showed in a porcine restenosis model that intracoronary irradiation 
initially inhibits cell proliferation, but cellular and molecular inflammatory processes are 
enhanced within the arterial wall by activation of NF-κB. This proinflammatory effect of 
radiation has been suggested to be responsible for the observed delayed proliferation and the 
resulting late lumen loss 103. However, there are few studies in humans that describe gene 
expression alterations in arteries exposed to therapeutic doses of radiotherapy. 

temporal aspects of radiodamage
Immediately after radiation exposure the pathological processes of radiation injury begin, but 
the histological and clinical features may not become apparent until weeks, months, or even 
years after treatment. In the lung, for example, changes detected 6 weeks after irradiation are 
mild even after a high dose but after 6 months there can be a widespread fibrosis. Radiation 
injury is commonly classified as acute or late, according to the time from irradiation to 
appearance of symptoms. Acute (early) effects are those that are observed during the course of 
treatment or within weeks after treatment. late effects emerge months to years after radiation 
exposure 55. The terms acute and late effects have been used for convenience in radiation 
therapy. However, the underlying molecular and cellular processes are complex and lead to a 
range of events, the definitions may therefore be more operational than mechanistic 104. early 
symptoms may not be apparent in some organs that develop late injury, such as the kidney, 
where trauma or surgery months or years after irradiation can precipitate acute breakdown of 
tissue that previously has been functioning normally 55. 

Acute effects of radiation exposure
The acute radiation damage is most prominent in tissues with rapidly proliferating cells, 
such as the epithelium of the skin and alimentary tract. Symptoms develop when functional 
cells are lost as part of normal tissue turnover and are not replaced because of damage to the 
stem-cell compartment. In tissues such as the skin and gut, there is compensatory prolifera-
tion by stem cells, which are more tolerant to irradiation than other types of cells, followed 
by replacement of functional cells and recovery. Symptoms therefore generally subside, often 
during the course of radiotherapy. 

The ionisation events and free radicals produced by irradiation cause damage to vital cellular 
components. dNA damage from irradiation commonly leads to death of cells within the first 
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few divisions. Cell death during mitosis is generally caused by unrepaired or improperly 
repaired chromosomal damage. Cell death may also occur by apoptosis. Some acute re-
sponses, such as erythema of the skin and increased intracranial pressure in the central 
nervous system, probably involve mechanisms other than cell death 55. 

Late effects of radiation exposure
late effects develop months or years after treatment. The symptoms may be mild or severe, 
self-limiting, or progressive, and may develop gradually or suddenly. Some studies have 
reported progression of late effects 20–34 years after radiation therapy 105. late effects tend 
to occur in tissues with a slow turnover of cells, such as adipose tissue, muscle, brain, kid-
ney, and liver, and in sites of slow turnover within tissues that contain rapidly-proliferating 
cells, such as the wall of the intestine. The lesions are diverse pathologically, but include 
fibrosis, necrosis, atrophy, and vascular damage 55. 

late effects develop through complex interacting processes that are not yet well under-
stood. Irradiation of tissues activates a rapid molecular response. Part of this response is 
the production of cytokines, which leads to an adaptive response in the surrounding tissue 
with cellular infiltration. damage to the vasculature and release of vasoactive cytokines 
enables fibrin to leak into the tissues, which promotes collagen deposition. Overall, the 
response has the features of wound healing with waves of cytokines produced in an attempt 
to heal the injury 106, 107. leukocyte adhesion to endothelial cells and thrombi can block the 
vascular lumen, as can growth of endothelial-cell colonies during vascular regeneration, 
which may lead to loss of cells dependent on those vessels. Conversely, death of paren-
chymal cells can lead to atrophy of the vasculature supplying them 55. The response may 
be perpetuated by cell loss, dysregulated interactions between cell populations, or hypoxia 
108. In tissues such as the lung, accelerated senescence of stromal cells and their infiltra-
tion into sites of damage results in further fibrotic consolidation in susceptible tissues 109. 

In other tissues, such as the brain, necrosis is the most serious complication 55. Cancer is 
another late effect that may occur after previous radiation exposure 110, but is not further 
discussed in this thesis.

Temporal aspects of radiation induced vasculopathy
Temporal aspects of various clinical findings strongly suggest a slowly progressive 
vasculopathy to be involved. Other types of tissues appearently suffer from chronic 
inflammatory changes years after irradiation 55, 62, but such changes are poorly described 
for the vasculature. It is likely to assume that a chronic inflammatory response may be 
involved in the progressive vasculopathy. during the last two decades increased knowledge 
about vascular inflammation in atherosclerosis has been obtained 15. A plausible assumption 
would be that a radiation-induced progressive inflammatory response of the vasculature 
may share properties with atherosclerosis.  However, the strong epidemiological support 
for a radiation-induced progressive vasculopathy, with outcomes similar to atherosclerosis-
related disease, needs to be linked to experimental evidence of a vascular pathology caused 
by long term effects of radiotherapy. The shortcomings of experimental evidence, only 
describing acute effects, needs to be adequately extended to also include late effects on the 
vasculature (Figure 8). 
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microVascular reconstructiVe surgery

Free flap surgery
Microsurgery uses the operating microscope or high-powered loupe magnification to enable 
suturing of anastomoses in small blood vessels and nerves, during free tissue transfers. 
Microvascular autologous free tissue transfers, also referred to as free flaps, are used for 
reconstruction of large or complex tissue defects when other options such as primary 
closure, healing by secondary intention, skin grafting, or local/regional tissue transfer are 
not adequate. Microvascular reconstructive surgery is an important tool to achieve complex 
reconstruction by proceeding with free tissue transfer from distant sites. Free tissue transfer 
includes flaps such as isolated transfers, composite tissue transfers, functioning free muscle 
transfers, vascularized bone grafts and toe transplantation etc. In particularly for large or 
complex defects of the face and oropharynx, after tumor resection, free tissue transfer may 
be the only option for closure of the defect. 

History and development
Microvascular surgery can be dated back to the 19th century when eck performed a 
microvascular anastomosis to create  a porta-cava shunt in dog 111.  
In 1959, Seidenberg and coworkers described the first revascularized autologous tissue 
transfer with an immediate reconstruction of the cervical esophagus by a revascularized 
isolated jejunal segment 112. during  the 1960s, as microsurgical techniques were improved 
113, successful anastomoses of small vessels were presented and brought to clinical use for 
digital artery repairs and finger replantations.

during the early 1970s, plastic surgeons ushered in many new microsurgical innovations that 
were previously unimaginable. Traditionally, tissue defects had been reconstructed by the 
use of flaps, a piece of autologous tissue which carries its own blood supply and is moved to 
cover a tissue defect. however, the technique was limited by the dependence on available flap 
options with vicinity to the actual defect. By the the use of microvascular surgical technique, 
Taylor and daniel performed the first human vascularized skin-transfer of a superficial groin 
flap and coined the term “free flap”114, 115. The introduction of free flap surgery became 
a paradigm shift for reconstructive surgery, enabling reconstructions of large and complex 
tissue-defects by the use of composite tissue grafts from distant parts of the body, in one-
stage operations, with low donor site morbidity. The type of flap used could be tailor-made to 
fulfill the needs for type of tissue required and the size and location of the defect.

In the 1980s, emphasis was placed on improved function with autologous tissue transplantation, 
which is exemplified by mandibular reconstructions for cancer. Composite grafts consisting of 
soft tissue and bone aided in stabilizing the mandible, assisted with mastication, and allowed 
for reliable coverage. lower extremity reconstruction after trauma and cancer has been another 
intense area of microsurgical practice. during the 1990s autologous tissue transplantation 
became a common option for breast reconstruction. Today, microsurgical techniques have 
become an integral part of the armamentarium for plastic surgeons, allowing for complex 
tissue coverage and functional reconstructions after trauma or oncologic resections.  

Techniques to monitor free flap vitality depend on the tissue composition and location of 
the flap. Specific monitoring techniques include evaluation of color, capillary refill, turgor, 
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surface temperature, presence of bleeding and auditory assessment of blood flow, such as 
ultrasound doppler. use of these techniques depends on whether the flap has a fasciocutaneous 
component, is covered with a skin graft, or is buried and inaccessible to visual assessment. 
Many times an implantable doppler probe or other devices can be installed during surgery to 
provide better monitoring of circulation in the postoperative period.

Complications and risk factors
The most common serious complication in free flap surgery is loss of the venous outflow (e.g. 
a clot forms in the vein that drains the blood from the flap) 116. loss of arterial supply is less 
common, but also serious. Both venous thrombosis and arterial occlusion will cause necrosis 
of the flap if not rapidly detected and fixed 116, 117. Postoperative close monitoring of the flap is 
therefore important 118. If detected early, loss of either the venous or arterial blood supply may 
be corrected 117, 118. Other complications which may occur during any surgery are hematoma, 
infection, wound dehiscence etc. This could occur in the zone of reconstruction as well as at 
the donor site where the flap was harvested. usually donor sites are selected where the harvest 
will cause the least amount of disability. Many of the postoperative complications following 
radiotherapy can be related to the circulation, whether it is the conduit vessel-anastomosis for 
flap-survival or the microcirculatory environment decisive for the ingrowth of the transferred 
tissue without infections and delayed wound healing. Impaired microcirculation of previously 
radiated tissue beds may not enable an adequate ingrowth of the transferred tissue and thereby 
contribute to the scenario of a “floating flap” 119 (Figure 9). 

however, risk factors for flap necrosis are difficult to evaluate due to contradictory results 
presented in different retrospective studies and controlled prospective studies are difficult 
to perform. Previous studies have shown that the effect of irradiation on microvascular 
anastomosis is uncertain with some experimental work suggesting decreased patency rates 
of irradiated vessels 120-124 whereas most clinical studies show high free flap success rates 

Figure 9. Complications related to impaired circulation: (1) Venous thrombosis precludes adequate 
outflow, leading to venous stasis. (2) Occlusion of arterial anastomosis prevents inflow to the flap. (C) 
Impaired ingrowth of the flap due to impaired microcirculation in the wound-bed at the recipient-site.  
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in radiated patients 125-127. Kroll and coworkers specifically addressed the question if prior 
irradiation increases the risk of total or partial free flap loss. The study showed that total and 
partial flap loss was more common for head and neck reconstructions at previously irradiated 
sites than in patients without previous irradiation. However, the groups were heterogeneous, 
also including breast reconstructions with lower radiation doses, and the finding was not 
statistically significant in the overall material 126. 

head and neck cancer treatment
Combined modality treatment - surgery and radiotherapy
The most predominant destructive cancer of the head and neck that needs to be reconstructed 
is squamous cell carcinoma, although a variety of other tumors do exist, ranging from 
basal cell carcinoma to infiltrating adenoid cystic carcinoma and malignant melanoma.  
An unfortunate situation in the head and neck region is that indiscriminate margins cannot 
be resected without significantly affecting vital neighboring structures and creating large 
tissue-defects, with need for surgical  reconstruction128. Radiation has long been used 
as treatment in combination with surgery for head and neck malignancies. Radiotherapy 
and chemotherapy are being used more frequently as the primary modality of treatment, 
especially for cancer of the upper aerodigestive tract 129, 130. Survival rates for certain 
advanced lesions treated primarily with chemotherapy and radiotherapy are comparable 
to those achieved with primary radical surgery. As the use of these therapies increases, the 
reconstructive surgeon may be facing smaller defects rather than the massive holes left by 
traditional primary radical resections. unfortunately, the side effects of these modalities on 
local soft tissue and wound healing can be damaging. This is especially true for radiotherapy. 
As a result, local flaps in the vicinity of the targeted area become less useful. Therefore, 
healthy tissue from outside the irradiated field in the form of distant pedicled flaps or free 
tissue transfer becomes more appropriate for reconstructive use 128.

Pre- versus post-operative radiation in cancer treatment
It is still unclear whether radiotherapy should be performed before or after surgery in many 
head and neck cancer types. Postoperative radiotherapy tends to be superior in terms of 
loco-regional control, whereas preoperative radiotherapy decreases the risk of subsequent 
development of distant metastasis or metachronous tumours. There is no evidence of increased 
survival rates whether radiotherapy is administered pre- or postoperatively 131 and often the 
local tradition determines the order of different treatment modalities. However, surgery in 
previously irradiated tissues seems to be related to increased postoperative morbidity 132. 
 
Head and neck cancer reconstruction 
Reconstructive surgery of the head and neck is both technically challenging and rewarding, 
especially when performed in previously irradiated tissues. Restoration of both form and 
function is the ultimate goal. Although defects of the head and neck region present a 
challenge, successful cosmetic and functional results can be achieved with both local and 
free tissue flaps. The flexibility of free tissue transfer has dominated this area and continues 
to be the method of choice for reconstruction of sizable defects with superior outcome 
concerning cosmetics, speech and alimentation, all that may significantly impact a patient’s 
quality of life 128. 
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usually, flaps with long vascular pedicles are 
desired since vascular anastomoses often are 
coupled to vessels at the anterior aspect of 
the neck (Figure 10). The traditionally most 
used flap for soft tissue defects is the radial 
forearm free flap. This is a useful and versatile 
fasciocutaneous flap with thin, pliable skin, 
based on the radial artery. The anterior lateral 
thigh (AlT) flap is another fasciocutaneous flap 
that has gained popularity over the recent years. 
The flap is located over the middle third of the 
thigh, anterior and lateral to the vastus lateralis 
and the rectus femoris muscles, respectively. 
The flap is supplied by perforators from the 
descending branch of the lateral circumflex 
femoral artery and venae comitantes, and can 
be raised as a perforator flap, allowing minimal 
disruption of the underlying musculature. The 
fibula flap, supplied by the peroneal artery 
and vein, is the most commonly used flap for 
mandible- and other bone-reconstructions. 
Other common options for composite bone- 
and soft tissue-reconstructions are iliac crest 
and scapula flaps. Rectus abdominis muscle 
can be used for large midfacial defects and 
vascularized jejunal grafts for esophageal 
reconstruction, with preserved peristaltic 
function (Figure 11). 

surgical stress
Surgical stress and inflammation
Surgical trauma produces alterations in the 
metabolic and immune responses of patients 
during surgery and in the postoperative period. 
like most physiological responses, the injury 
response is a dynamic process. The initial pro-
inflammatory immune response is mediated 
primarily by the innate immune system and 
may in severe cases lead to a systemic inflam-
matory response syndrome (SIRS). The innate 
immune response is followed by a compen-
satory anti-inflammatory or immunosuppres-
sive phenotype that is mediated primarily by 
the adaptive immune system and predisposes 
the host to postoperative infections. In some 
susceptible individuals, this can lead to sepsis, 

Figure 11. Donor-sites for various free flaps 
used for head and neck reconstruction.

Figure 10. Potential recipient-vessels for micro-
vascular anastomosis in head and neck recon-
struction.
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multiple organ dysfunction syndrome (MOdS) and death. The SIRS–compensatory anti-
inflammatory response syndrome (CARS)–MOdS paradigm is shown in Figure 12. 133

The cytokine cascade activa-
ted in response to surgical 
trauma is NF-κB mediated 
134 and consists of a com-
plex biochemical network 
with diverse effects on the 
injured host. Proinflamma-
tory cytokine production in 
the intraoperative and early 
postoperative periods is initi-
ated both at the site of injury 
and systemically, as part of 
the acute-phase response 133. 
The response is essential for 
wound healing, but an exag-
gerated production of proin-
flammatory cytokines from 
the primary site of injury can 
manifest systemically as he-

modynamic instability or metabolic derangements. These cytokines include TNF-α and 
interleukin-1β (Il-1β), which are primarily responsible for the nonhepatic manifestations 
of the acute-phase response, including fever and tachycardia. In turn, TNF- α  and Il-1β 
stimulate the production and release of other cytokines, including Il-6 135, 136. Il-6 pri-
marily regulates the hepatic component of the acute-phase response resulting in the gene-
ration of acute-phase proteins, including C-reactive protein and fibrinogen. Clinically, the 
release of Il-6 has been shown to correlate with the duration of surgery and to the severity 
of tissue trauma 137. Furthermore, elevations in Il-6 levels have been correlated with the 
subsequent development of postoperative complications 133. 

Surgical stress and lipolysis
during surgical stress, both an increase in stress hormones and the systemic inflammatory 
response affect the metabolism and cause elevated levels of free fatty acids (FFAs) 138, 

139. Surgical trauma is accompained by a number of metabolic alterations including 
hypermetabolism, protein and fat catabolism and increased glucose mobilization 140. 
The lipolysis response to trauma, with increased FFAs, is mainly mediated by hormone 
sensitive lipase and humoral factors, i.e. cytokines. It has also been reported that patients 
exposed to trauma exhibit increased lipoprotein lipase (lPl) activity, but the relevance 
is unclear 141. With surgical stress, the response involves mobilization of both plasma 
glucose and FFAs simultaneously in both the fed and fasted states. In the fasted state 
FFAs increases to a greater extent. In the fed state on the other hand, the surplus of energy 
substrates is compounded by lipolysis by lPl, with high local FFA concentrations. An 
accelerated rate of de novo synthesis of FFAs can also contribute to increased hepatic 
TG production 140.
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Figure 12. Model of injury for systemic inflammatory response 
syndrome (SIRS) to major surgery, compensatory anti-
inflammatory response syndrome (CARS), and multi organ 
dysfunction syndrome (MODS). Modified picture from Ni 
Choileain et al, Arch. Surg. 2006.
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Surgical stress and vascular response 
Surgery causes a local microcirculatory inflammatory response, characterized by a 
pronounced leukocyte adherence and accumulation at the endothelial lining of blood 
vessels. This is associated with an increase in microvascular permeability, reflecting the 
underlying disruption of endothelial integrity 142. Several studies have indicated that the 
integrins and selectins implicated in inflammatory processes appear to be involved in the 
immune response to trauma 133, 143, 144. Combined with the capillary leakage caused by 
proinflammatory cytokine release and increased NO production, the interaction between 
adhesion molecules and polymorphonuclear leukocyte attachment results in microcirculatory 
obstruction and failure of transcapillary exchange, with tissue and cell damage due to cellular 
hypoxia and accumulation of metabolites 133. In a recent study by our group, we have studied 
the  inflammatory response in adipose tissue (AT) during coronary artery bypass surgery. 
Immunohistochemistry stainings showed a high number of Cd68 positive cells, attached 
to the vascular endothelium and extravasating into the surrounding tissue after surgery. An 
acute-phase inflammatory response was observed in AT during surgery, with increased gene 
expression of Il-6 together with other NF-κB related genes 134. 

Taken together, we know that surgery contributes to a systemic inflammatory response 
and increased lipolysis resulting in excess levels of FFAs with the ability to potentiate the 
inflammatory response in AT 134, 145. elevated plasma levels of FFAs have  also recently been 
shown to activate NF-κB in endothelial cell culture, resulting in reduced NO production, and 
may thus serve to link pathways involved in inflammation and endothelial dysfunction 146. 
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HYPOTHESIS AND AIMS

The main hypothesis is that radiotherapy, together with operative stress, exerts negative 
effects on vascular function.  

The principal objective of this thesis is to characterize temporal aspects of inflammatory 
induced vasculopathy, following radiotherapy, in microvascular reconstructive surgery.

The specific aims are:

I.   -to assess whether preoperative radiotherapy is associated with increased adverse 
outcome in microvascular reconstructive surgery and to assess the temporal aspects 
of radiotherapy.

II.  -to characterize differences, in global gene expression, between irradiated and non-
irradiated human conduit arteries.

III.  -to investigate temporal aspects of inflammation, endothelial activation and 
prothrombotic response in irradiated human conduit veins.

IV.  -to evaluate the effect of certain free fatty acids, compared to a a triglyceride-rich 
fat emulsion, on endothelial nitric oxide production in endothelial cell culture.
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MATERIALS AND METHODS

study patients
From 1984 until 2002, 221 consecutive immediate free flap reconstructions were performed after 
head and neck cancer resection in 216 patients at Karolinska university hospital. All patients 
were operated in one stage where the tumor resection and neck dissection were performed by 
a head and neck surgeon and the reconstruction by a reconstructive plastic surgery team. Of 
these cases, 194 operations were performed with, and 27 without, preoperative radiotherapy. 
depending on the radiotherapy center, the preoperative radiation dose was 64 gy in 147 
cases, 54 Gy or less in 45 cases and uncertain in two cases.  The reasons for refraining from 
preoperative radiotherapy were type of tumours ( n=14), no radiotherapy available (n=5) or lack 
of compliance to radiotherapy treatment (n=1). In 7 cases the reason for surgery without any 
preoperative radiotherapy could not be explained.  

To study the time dependence of complications the material was subsequently divided into three 
groups; operated within 4 weeks (n=27), between 4 and 6 weeks (n=88) and more than 6 weeks 
(n=78) after the last radiotherapy session. The range in time from radiotherapy to surgery in 
the third group was 7 to 900 (median 10) weeks. Only direct cancer reconstructions, including 
cancer recurrences, were studied. 

human vascular specimens
Before performing microvascular anastomosis, biopsies were harvested from the irradiated 
cervical donor artery and from the non-irradiated recipient artery of the transferred tissue 
(Figure 13). Biopsies were freed from surrounding tissue and surgical material under a dissec-
tion microscope. Care was taken to ensure that the endothelium was not damaged during tissue 
preparation. Immediately after excision, biopsies were placed in RNA later® (Qiagen), frozen 
and stored at –80°C until RNA extraction. For analysis of histology and immunohistochemistry, 
biopsies were fixed in 10% formalin and embedded in paraffin until analysis. 
Thirteen pairs of arterial biopsies were harvested during head and neck cancer reconstruction 
with microvascular free tissue transfer in 13 preopera-
tivelly irradiated patients for gene expression analy-
ses. For analysis of histology and immunohistochem-
istry, irradiated and non-irradiated arteries from three 
patients were harvested. Fifteen pairs of venous biop-
sies were harvested during cancer reconstruction with 
microvascular free tissue transfer in 15 preoperatively 
irradiated patients for gene expression analysis. For 
analysis of immunohistochemistry, irradiated and 
non-irradiated veins from four patients were har-
vested. demographic data are described in respective 
paper. The study was approved by the ethical Com-
mittee of Stockholm and was performed in agreement 
with institutional guidelines and the principles of the 
declaration of helsinki. 

Figure 13. Harvest of paired biopsies 
before microvascular anastomosis for 
free flap reconstructions. 

Analysis
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cell culture
The endothelium-derived cell line eAhy926 (a kind gift from dr. C.-J.S. edgell, university of 
North Carolina, Chapel hill, NC), that has proved to be representative for studies of eNOS 147, 
was used. Cells were cultured in dubecco´s modified eagle medium (dMeM) supplemented 
with 10 % fetal calf serum, hAT (100 µmol/l hypoxanthine, 0.4 µmol/l aminopterin and 16 
µmol/l thymidine), penicillin and streptomycin as described 148.

rna-extraction
extraction of RNA was performed using the Qiagen RNAeasy Mini kit® including an oncolumn 
dNase digestion step. RNA quality was analyzed by microcapillary electrophoresis using an 
Agilent Bioanalyzer®, whereas the amount of RNA was determined by uV spectrophotometry 
with a Nanodrop®  Nd-1000 uV-Vis Spectrophotometer. Only patients with acceptable RNA 
amount and quality in both irradiated and non-irradiated biopsies were selected for further 
cdNA-synthesis. cdNA was synthesized from total RNA using Invitrogen SuperScript II 
reverse transcriptase®. RNA and cdNA were stored at –80°C. 

Microarray, gene expression profiling and target gene selection
Initial gene expression profiling was performed on arterial biopsies using Affymetrix® 
human genome u133 2.0 Plus oligonucleotide microarrays, as described at http://www.
affymetrix.com/support/technical/datasheets/human_datasheet.pdf. due to a limited supply 
of RNA from the human biopsies, there was only sufficient RNA to perform six microarrays 
consisting of irradiated and non-irradiated arteries from three patients. data generated from 
Affymetrix®

 
arrays were used to identify clusters of altered gene expression in irradiated 

arteries compared with non-irradiated arteries from the same patient. Highly differentially 
expressed genes were subjected to enrichment testing using gene Ontology Tree Machine 
(gOTM) as described at http://bioinfo.vanderbilt.edu.gotm in order to detect up- and 
downregulated genetic networks. For each gene ontology term, a hypergeometric test was 
used to compare observed and expected number of regulated genes. Terms with a significant 
overrepresentation of observed genes were selected for further investigation. Raw signal 
intensities were normalized using both the MAS5-algorithm, gCOS (Affymetrix®) and the 
robust multi-array averaging algorithm 149. 

After normalization of microarray data using both MAS5 and the robust multi-array averaging 
algorithm, genes above and below a common threshold were identified when irradiated and 
non-irradiated biopsies were compared. Of the highly differentially regulated genes, further 
selection of target genes was performed according to biological processes identified from 
gOTM analysis (Figure 14). 

rt-Pcr
differential expression in selected target genes were confirmed by real time (RT) -PCR 
by using a Taqman® low density array (TldA) with a 48-gene configuration, to analyze 
45 candidate genes and three house-keeping genes. The selection of three house keeping 
genes was performed after using a Taqman®  endogenous Control Plate on three samples. 
cdNA from arterial biopsies were run down all eight channels of ten identical TldAs from 
the same production batch. data derived across these TldAs were normalized against the 
house keeping gene 18S showing negligible variation between the microarrays. Relative 
quantification (RQ) values were generated from the TldA analysis performed in triplicates.
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Figure 14. Processing Affymetrix® Human Genome U133 2.0 Plus oligonucleotide microarrays.
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Since Affymetrix® microarrays were not used for veins, TldA constituted the initial gene-
array platform, where results from selected target genes with increased expression were 
further confirmed by traditional Taqman® RT-PCR for separate gene expression assays. gene 
expression results are presented as delta Ct values (dCt) and delta delta Ct-values (ddCt). 
dCt-values were obtained by subtracting Ct-values of target genes from ct-values of the 
most stable house-keeping gene, gAPdh. For ddCT-values, additional subtractions were 
performed between irradiated and non-irradiated dCt-values.

immunohistochemistry
Irradiated and non-irradiated arteries and veins were immediately fixed in formalin in the 
operation theatre and kept over-night for embedding in paraffin and sectioning the following 
day. The 10µm cut sections were fixed in formalin and boiled in Tris-edTA-buffer at 750 W 
and further heated for 20 min at 360 W to unmask epitopes. After blocking of endogenous 
peroxidase (0.5% hydrogenperoxidase in TBS) and unspecific binding (5% sera in TBS), 30 
min respectively, the sections were incubated with a primary antibody or matched isotype 
control at 4° C overnight. The following primary antibodies were used; rabbit anti-human 
p65 (geneTex diluted 1:400) to detect NF-κB activity, monoclonal mouse anti-human 
Cd68 (dAKO diluted 1:800) for analysis of macrophages, monoclonal rabbit anti-human 
Cd3 (dAKO diluted 1:800) for analysis of T-cells, monoclonal rabbit anti-human MMP-
1 (genetex diluted 1:25), monoclonal mouse anti-human vWF (dAKO diluted 1:400) to 
visualize the endothelium and monoclonal mouse anti-human NOSIII (Transduction diluted 
1:800) to detect eNOS. The sections were then incubated with biotinylated goat anti-
rabbit or horse anti-mouse Ig G, followed by avidin-biotin peroxidase and developed with 
diaminobenzidine. Sections were counterstained with hematoxylin. Two types of controls 
were used: isotype matched controls and controls without primary antibodies. No positive 
staining could be observed in any of the controls. 
In arterial biopsies, additional double labeling, immunofluorescence technique was per-
formed. The tissue sections were deparaffinized, boiled in citrate buffer for 20 minutes, and 
then cooled to room temperature for 20 minutes. After washing in PBS, sections were incu-
bated with blocking serum (5% goat serum albumin in PBS) for 30 minutes at room tempera-
ture. Rabbit anti-p65 polyclonal antibodies (geneTex diluted 1:400) and mouse anti-Cd68 
(dAKO diluted 1:800) were used as primary antibodies. Negative controls were incubated in 
1% bovine serum albumin alone. All sections were incubated with a mixture of the primary 
antibodies over night at 4°C. After washing with PBS, bound antibodies were visualized 
by use of a mixture of indocarbocyanine (red colour)-conjugated goat anti-rabbit antibody 
(Jackson Immuno Research laboratories Inc, diluted 1:1000) and Alexa 488 (green colour)-
conjugated donkey anti-mouse (Molecular Probes, diluted 1:500) applied for 60 minutes at 
room temperature. After washing with PBS, the nuclei of all sections were counterstained 
with 4’,6-diamidino-2 phenylindole (blue color; Boehringer Ingelheim, diluted 1:10 000) for 
1 minute and sections were then mounted with glycerol: PBS, 2:1.

Fatty acid preparation and cell culture incubation
Fatty acid-BSA complexes were prepared by the method of Spector and hoak 150. In brief 25 
mg of free palmitic acid (16:0), oleic acid (18:1) and linolenic acid (18:3) (Sigma Chemical 
Co, St louis, MO) were dissolved in 7.5 ml hexane (Merck, darmstadt, germany) and 
800 mg celite (Sigma) was added. The solvent was evaporated under N2 during continuous 
stirring. When the solvent had evaporated completely, FFA-free BSA (Sigma) (0.25mmol/l, 



          Vascular inflammation following irradiation

33

dissolved in 25 ml of 160 mmol/l of phosphate buffer saline (PBS), ph 7.4), was added. The 
mixture was stirred for 1 hour at room temperature under N2. After centrifugation at 800 g 
for 5 minutes, the supernatant was decanted carefully. Samples containing fatty acid-BSA 
complexes were filtered and stored in aliquots under N2 at -20°C. The same procedure was 
carried out with BSA without adding FFAs to produce a BSA control.

Semi-confluent cultures of eA.hy926 were incubated with dMeM containing Intralipid 
(2.5, 5, 10, 20 and 40 mg/l), fatty acid-BSA complexes with a constant BSA/FFA ratio (10, 
50, 100, 400 and 800 µmol/l) or BSA alone for 2 hours. A BSA control, containing the same 
amount of BSA as the fatty acid-BSA complexes, was studied for each FFA concentration. 
After 2 hours cells were washed with PBS and harvested in PBS containing 1 mM edTA. 
After 2 minutes of centrifugation at 15000 rpm, pellets were stored at -80°C.
 
nos activity 
Thawed cells were adjusted to identical protein concentrations and analysed with a citrulline 
assay, i.e. NO activity assay, based on the biochemical conversion of radiolabelled l-arginine 
to l-citrulline, together with the stoichiometric production of NO (Figure 15). eNOS activity 
is expressed as counts per minute (cpm) of detected l-citrulline. Five separate experiments 
were performed for each concentration of fatty acid or BSA control, respectively. Cell pellets 
were analysed in triplicate. Two to five separate experiments were run for each concentration 
of Intralipid

®
 and cell pellets were analysed in duplicate. 
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Figure 15. Endothelial cell culture incubations followed by nitric oxide (NO) detection based on the 
conversion of L-arginine to L-citrulline.
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statistical analysis
In Paper I, Chi-square analysis and Fisher´s exact test were used for binary variables to test 
statistical significance also described with odds ratios (OR) with 95% confidence intervals 
(CI). For continuous variables Kruskal-Wallis one way analysis of variance was used. logistic 
regression was used to study temporal aspects of radiotherapy in relation to complications. 

In Paper II-III  Wilcoxon signed-rank test was used to test differences between irradiated 
and non-irradiated arteries. due to the limited number of patients and multiple testing, a 
conservative alpha criterion was used to minimize the risk of type 1 errors where. Only 
gene expression results were considered statistically significant if log-values of relative 
quantification (RQ) from all patients differed from zero with an error rate of at most 
p=0.0015 to guarantee a family error rate of less than 0.05. Mann Whitney test was used to 
test differences between biopsies defined as either acute or late effects, depending on the time 
elapsed from last radiotherapy session to harvest.

In Paper IV one-way ANOVA was used to test linear trends in NO production during 
increasing FFA concentrations. The activity of eNOS after incubations with Intralipid is 
expressed as percentage (%) of eNOS activity of cells incubated with dMeM only. due to 
a variation in the number of experiments of each concentration studied, the non-parametric 
Jonckheere-Terpstra test was used to test a linear trend in NO activity of increasing Intralipid 
concentrations. 
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RESULTS AND COMMENTS

Clinical outcome following radiation therapy - temporal aspects (I)
The results consist of two main findings. First, we found an association between preoperative 
radiotherapy and flap failure. Second, a relationship between time elapsed from the last 
radiotherapy session to surgery and postoperative complications could be shown.
Out of 221 consecutive immediate free flap reconstructions, 22 complete and 8 partial flap 
necroses occurred in the group that had received preoperative radiotherapy compared to none 
in the preoperatively non-irradiated group. No major differences in demographic and clinical 
characteristics, with potential impact on outcome, were seen between the groups. The most 
common reason for a vascular compromised flap was venous thrombosis. 

In order to study whether the time elapsed between end of radiotherapy and surgery had 
any significance regarding postoperative events, the material was subsequently divided into 
three groups: patients operated within 4 weeks, between 4 and 6 weeks and more than 6 
weeks after the last radiotherapy session.  No major differences in demographic and clinical 
characteristics, except prevalence of smoking, were seen between the three groups. Among 
reconstructions performed after preoperative radiotherapy, there was a significant linear 
trend of increased flap-loss (Figure 16), infections and delayed wound healing (Figure 17) 
related to time elapsed between the last radiotherapy session and surgery. The incidence of 
fistulas was not significantly related to time elapsed between the last radiotherapy session and 
surgery. All complications were independent of the radiation dose given. 
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Figure 16. Flap loss related to time 
elapsed between last radiotherapy ses-
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Figure 17. Infections, fistulas and delayed wound-healing, 
in percent, related to time elapsed between last radio-
therapy session and surgery. 
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The results regarding flap-necrosis are likely to be related to malfunction of the anastomosis. 
The results regarding temporal aspects of general wound complications, such as infection 
and delayed wound-healing, are mainly related to impaired healing of the flap into the 
irradiated tissue bed, possibly associated with impaired circulation following radiotherapy. 
One of the few studies performed on irradiated human blood vessels demonstrates that 
NO-mediated endothelium-dependent relaxation is decreased by radiotherapy 4-6 weeks 
after irradiation 59. The reduced NO bioavailability may partly explain the adverse clinical 
outcome since it has been shown that the potent NO inhibitor, N(w)-nitro-l-arginine 
methylester, promotes thrombus formation in microvascular anastomosis 151. 

The results regarding temporal aspects are supported by a study of Schultze-Morgan and 
collegues who strongly advocate the use of a primary reconstruction after a time interval 
of 4-6 weeks following preoperative radiotherapy. Their conclusion is based on biopsies 
taken from the graft, the irradiated graft bed, and the transition area between graft and 
irradiated graft bed. The vascularization of the graft bed decreased continuously, both as a 
function of the total dose of, and time elapsed from, radiotherapy 86. 
Taken together, the results advocate postoperative radiotherapy administration 
whenever possible for oncological reasons. Otherwise, early reconstruction within 6 
weeks is recommended, if radiotherapy has already been administered. The underlying 
mechanisms behind impaired vascular function, following radiotherapy, need to be further 
investigated.

Sustained NF-κB activation in irradiated arteries (II)
The results obtained using Affymetrix® human genome u133 2.0 Plus oligonucleotide 
microarrays showed a significant overrepresentation in gene Ontology terms associated 
with angiogenesis, apoptosis, coagulation and inflammation. Further results using TldA-
analysis showed synchronous regulation, either up or down, for 13 genes; CCl3, CCl8, 
CXCl2, duSP5, FgFR2, hMOX1, hOXA9, Il-6, MMP-1, PTX3, Rdh10, SOd2 and 
TNFAIP3. The strongest down-regulation was seen for the regulatory homeobox gene 
hOXA9 whereas the strongest up-regulation was seen for the matrix metalloprotease 
MMP-1. The majority of highly expressed genes included chemokines, such as CCl2, 
CCl3, CCl8 and CXCl2, interleukines and associated genes such as Il-6 and TNFAIP3. 
Increased expression of the acute phase protein PTX3 was also seen in all samples. The 
leucocyte adhesion molecules ICAM-1, VCAM-1 and Sele, also associated with an in-
nate inflammatory response, were up-regulated in all, but one, samples. Further analysis 
was performed to detect variations between acute (4-7 weeks) and late (20-500 weeks) ef-
fects of radiotherapy. CCl2, CCl8, Il-1B, ICAM-1 and Sele showed a tendency towards 
acute high expression and lower late expression. Sustained high expression of inflamma-
tory genes was in particular seen for CCl3, CXCl2, Il-6, Il-8, TNFAIP3 and PTX3. 
Immunohistochemistry, with representative biopsies, showed enhanced nuclear staining 
for p65 in irradiated, compared with non-irradiated, arteries even when more than three 
years had elapsed between last radiotherapy session and surgery. Invasion of T-cells and 
macrophages in the arterial wall was seen and vWF-staining showed that the endothelium 
was morphologically intact. Staining for MMP-1 showed increased protein expression in 
irradiated arteries, compared to controls, colocalized with Cd68-positive cells. Immuno-
fluorescence showed that the p65 subunit was localized to the nuclei in irradiated arteries. 
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The generation of a hypothesis from an initial global gene expression approach versus hy-
pothesis-driven research has been discussed intensely over the last decade since microarray 
and other high throughput technologies have gained popularity 152, 153. Our process clearly 
demonstrates that gene expression data may not lead to the final answer, since many differ-
entially expressed genes represent down-stream effects. Furthermore, gene expression data 
could only indicate that NF-κB -activation was involved (Figure 18), whereas the activation 
by translocation of the p65/p50 complex into the cell nucleus is not transcriptionally regu-
lated. This has been clearly demonstrated as a protein synthesis inhibitor did not prevent 
the NF-κB activation pathway, indicating that de novo protein synthesis was not required 
154. However, by additional use of double labelling with immunofluorescence technique, we 
were able to confirm NF-κB activation, associated with a major part of the gene expression 
pattern (Figure 19).   

What is the relevance of persistent NF-κB activation? experimental studies of cells and 
animals often suffer from irrelevant, often supralethal, doses of ionizing radiation. Studying 
clinically relevant doses of ionizing radiation, only three transcription factors appear to be 
responsive (i.e. activated) after ionizing radiation. These are p53, NF-κB, and the SP1-related 
retinoblastoma control protein 154, none of which has been studied in human vasculature. Our 
study extend the results from previous in vitro and animal studies, where we demonstrate 
arterial NF-κB activation for the first time in man and equally important, a sustained 
activation highly relevant for the disease panorama of cardiovascular disease years after 
radiation exposure.

Interpreted together with the generally accepted involvement of NF-κB activation in 
atherosclerosis, we believe that our findings in part may explain cardiovascular disease, seen 
years after irradiation 4, 5. Further support  for radiotherapy as a cardiovascular risk factor is 

Figure 18. Increased expression of NF-kappaB related genes in irradiated arteries.
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Figure 19. NF-κB-activation by nuclear translocation seen with co-localization of p65 (red) and DAPI (blue) 
in the cell nucleus (purple) in irradiated arteries (B, D) compared to non-radiated arteries (A, C), both from 
the same patient four years after radiotherapy. Co-staining for CD68 (green) only present in irradiated 
arteries. Arrows: p65 nuclear stains. Arrowheads: p65 nuclear staining positive cells co-expressed with 
CD68 in the cytoplasm. Arrowhead asterisk: p65 expression in the cytoplasm. Bar = 10 µm. 
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a recent study by Russel and collegues, demonstrating that intimal thickness was significantly 
increased in irradiated conduit arteries 61, which may be linked to our data since IKKβ-dependent 
NF-κB pathway evidently controls vascular inflammation and intimal hyperplasia 155.  

The action of the different proteins stimulated by NF-κB activation needs to be further 
studied in the context of radiation-induced stress. Recently, a study that attracted a lot of 
attention was published with some evidence for multiple small radiation doses to increase 
the chemo-attractant (MCP-1) concentration proportionally to cumulative dose. This was 
driven by radiation-induced monocyte death, suggesting it to be a cause of radiation-induced 
atherosclerosis 156. Interestingly, MCP-1 (also known as CCl2) was one of the selected 
target-genes in our study, with a nearly ten-fold increase in irradiated, compared to non-
irradiated arteries. MCP-1, transcribed by NF-κB activation, may be of particular interest 
since it mediates the infiltration of monocytes into the arterial wall 32.

Endothelial activation and impaired fibrinolysis in irradiated veins (III)
gene expression profiling with TldA, including 45 candidate genes involved in inflam-
mation and coagulation, showed increased expression of cytokines and leukocyte adhesion 
molecules associated with activation of the transcription factor NF-κB in pooled samples of 
cdNA from recently irradiated veins (4-15 weeks from last radiotherapy session). less dif-
ference was detected in pooled samples of cdNA from veins harvested >30 weeks after last 
radiotherapy session. Confirmational analyses using RT-PCR for e-selectin and Il-6, showed 
a significant increase of gene expression in radiated, compared to non-radiated, veins. The 
inflammatory response decreased in biopsies harvested >15 weeks after the last radiotherapy 
session (Figure 20a). Immunohistochemistry with p65 staining only confirmed endothelial 
NF-κB activation within the acute phase (Figure 20b), whereas Cd68 and Cd3 staining did 
not show any significant difference in infiltration of macrophages between irradiated and 
non-irradiated veins at any time-point. Results from TldA indicated decreased expression of 
eNOS in irradiated, compared to non-irradiated, veins. however, this result could not be con-
firmed by RT-PCR, but immunohistochemistry showed staining of eNOS in the endothelium 
of non-irradiated veins, but was absent in irradiated veins. Staining for vWF indicated that the 
defect was on a functional level with a morphologically intact endothelium in both irradiated 
and non-irradiated veins (Figure 20c). Results from the TldA did also show an activation of 
plasminogen activator inhibitor (PAI-1) in irradiated veins. Results were further confirmed 
with RT-PCR showing sustained increased expression of PAI-1. RT-PCR, but not TldA, 
showed borderline increased expression in irradiated veins for plasminogen activator tissue 
(tPA). No significant difference in gene expression could be observed between irradiated and 
non-irradiated veins for tissue factor (TF) and thrombomodulin (ThBd) (Figure 20d).  

The development of thromboembolic complications in response to systemic inflammation: 
i.e. infection, trauma and malignancies, reflects that inflammation shifts the hemostatic me-
chanisms in favor of thrombosis in the venous circulatory system. Multiple mechanisms are 
at play including endothelial dysfunction, up-regulation of tissue factor, inhibition of fibrino-
lysis etc 52. In study I, we hypothesized that the high radiation sensitivity of the vasculature 
was mainly linked to endothelial dysfunction, as previously shown 59, 87, 89. The bulk of data 
is confined to isolated arterial rings and cultured cells, respectively. One of the few studies 
that has been performed on human blood vessels demonstrates that NO-mediated endotheli-
um-dependent relaxation is decreased by radiotherapy 4-6 weeks after irradiation, but only 
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demonstrated in arteries 59. The results of the present study indicate endothelial activation of 
veins illustrated by an acute inflammatory response with increased cytokine and leukocyte 
adhesion molecule expression together with NF-κB activation confined to the endothelium. 
This is supported by several in vitro and animal studies suggesting that radiation induces en-
dothelial activation characterized by activation of the transcription factor NF-kB 94, 98 resul-
ting in alterations in leukocyte adhesion molecule expression 97, 99, cytokine and chemokine 
production 88. The activated endothelium has thrombogenic properties, thereby promoting 
leukocyte- and platelet-endothelial cell adherence 99, 100 and thrombus formation 102. In vi-
tro studies have also shown that radiation affects the vascular endothelium negatively with 
enhanced pro-adhesive properties together with abnormal coagulation and fibrinolysis 157. 
With support from the work by Sugihara and coworkers, we know that radiotherapy decrease 
eNOS activity in arteries 59. In the present study, we extend these data to include veins, 
where immunohistochemistry showed a similar decrease of eNOS with a morphologically 
intact endothelium. This difference could not be confirmed with further RT-PCR, possibly 
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Figure 20 a. Scatterplots of ddCt-values of E-se-
lectin (SELE) and Interleukin-6 (IL-6) in relation 
to time between last radiotherapy session and 
surgery (n=15). 
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Figure 20 b. Immunohistochemical p65-staining, 
indicating endothelial activation in veins irradiated 
within three months. Arrows: p65 nuclear stains. 
Bar = 50 μm. 
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Figure 20 c. Immunohistochemical eNOS-staining 
of the endothelium in non-irradiated (A) but not in 
irradiated veins (B). Non-irradiated (C) and irradi-
ated (D) veins showed positive staining for vWF, 
indicating a morphologically intact endothelium. 
Bar=20 µm. 
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Figure 20 d. RNA expression of genes involved in 
coagulation and fibrinolysis in irradiated and non-
irradiated veins presented as dCt-values (differ-
ence in Ct-values between target- and housekeep-
ing-gene) TF=tissue factor, PAI-1=plasminogen 
activator inhibitor-1, THBD=thrombomodulin and 
t-PA=plasminogen acitvator tissue.
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due to posttranslational modifications or to the minor contribution of endothelial cells of the 
total cell content within analyzed biopsies. Since NO not only control vascular tone, but also 
prevents formation of thrombosis, we believe that reduced NO may contribute to the observed 
adverse clinical outcome, since inhibition of NO caused thrombus formation in microvascular 
anastomosis 151. The observed acute transient inflammation is possibly related to endothelial 
activation, with endothelial dysfunction and furthermore imbalance in the plasminogen activa-
tor system. The identification of both Il-6 and NF-kB responsive elements in the PAI-1 pro-
motor 53 may partly explain the increased expression of PAI-1. It has also been suggested that 
decreased levels of endothelium-derived NO may contribute to increased PAI-1 expression 54.  
however, the reason for the sustained PAI-1 expression is not clear. Noteworthy, there may be 
therapeutical implications of our finding since PAI-1 inhibition has emerged as a novel drug-
target and suggested for patients at high risk for vascular thrombosis 158. There are also several 
lines of evidence to support the use of fibrinolytic drugs to prevent microvascular thrombosis 
159, 160, but since NO deficiency may also cause thrombosis 151, the efficacy of these drugs in 
irradiated blood vessels is unknown and needs to be further investigated.

Endothelial dysfunction caused by free fatty acids (IV) 
In paper IV, eNOS was studied in eC culture. Preincubation with Intralipid resulted in a 
concentration-dependent activation of eNOS, whereas the activity of eNOS decreased after 
incubation with palmitic acid (16:0) and oleic acid (18:1) (Figure 21), but not linolenic acid 
(18:3) (data not shown). These findings supports the suggestion that impaired endothelial 
function is due to elevated levels of FFAs rather than triglycerides, a hypothesis presented 
by Steinberg and coworkers 161. The present study extends the results of Steinberg and a 
previous study by our group, which showed that FFAs (16:0, 18:1 and 18:3) and Intralipid  
but not very low density lipoprotein impaired endothelial dependent vasorelaxation of aortic 
rings 162. The results of the pres-
ent study indicate that the effect 
on eNOS vary between differ-
ent FFAs. Interestingly, the main 
fatty acid in Intralipid  is lino-
lenic acid which gives further 
strength to the lack of inhibition 
of eNOS by this FFA. The results 
of the present study support the 
study by Moers and coworkers 
who showed inhibition of NO by 
palmitic acid (16:0) in huVeCs 
using a bioassay 163 and the study 
by davda and coworkers who 
showed inhibition of eNOS by 
oleic acid (18:1), using a citrul-
line assay in cultured bovine pul-
monary artery endothelial cells 
164. Interestingly, a month after 
our publication, another study 
was published where palmitic 
and oleic acid was demonstrated 
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Figure 21. Changes in NO activity in EAhy926 endothelial 
cells after incubation with palmitic acid (16:0) [●] and oleic acid 
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to impair NO production in endothelial cells, mediated through IKKβ activation. Moreover, 
linoleic acid (18:2) also induced IKKβ activation, but linolenic acid (18:3) was not studied 146. 
With the exception for experiments by davda and coworkers 164, no study previous to ours has 
been studying FFAs in their physiologically true context, i.e. bound to albumin. The previous 
studies were performed at low concentrations of fatty acids (10-100µmol/l) that were free in 
a true sense and toxic negative effects on eNOS could therefore not be excluded. Our data also 
clearly illustrate that the essential polyunsaturated fatty acid (PuFA) linolenic acid does not 
have a detrimental effect on eNOS. This is supported by the fact that essential PuFAs have 
been proposed to inhibit atherosclerosis 165, possibly due to enhanced eNOS activity 166. One 
possibility behind the decreased eNOS activity may also be inhibition of cofactors, necessary 
for the conversion of l-arginine to l-citrulline and NO, such as NAdPh, oxygen , Ca(2+), 
calmodulin and BH4. esenabhalu and coworkers studied endothelial cells treated with bovine 
serum albumin-conjugated FFA and found reduced Ca(2+) signaling. In agreement with the re-
duced Ca(2+) signaling, the Ca(2+)-dependent activity of eNOS was reduced and was proposed 
to contribute to vascular dysfunction in atherogenesis 167.

Following the last decades intense research concerning the metabolic syndrome, a detrimental 
role of FFAs on endothelial cell function has been elucidated. It has been shown that release 
of FFAs from adipocytes block the insulin signal transduction pathway and induce endothelial 
dysfunction due to increased generation of ROS 168. It has recently been suggested that TlRs, 
initiators of cellular activation and inflammation, exert a potential link between inflammation 
and atherosclerosis 169. Studies have shown that the saturated palmitic acid, but not the 
unsaturated linoleic acid, induces an inflammatory NF-kB response 145, 170 and that palmitic 
acid, which is released from adipocytes, via macrophage-induced lipolysis, serve as a naturally 
occurring ligand for TlR4 145. The novel role that has been identified for saturated FFAs, as 
TlR-activators 145, is of particular importance since the identification of new ligands for TlRs 
represent a link between the metabolic syndrome and atherosclerosis 13. 
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GENERAL  DISCUSSION

irradiation as a risk factor for vascular disease  
We initially hypothesized that preoperative radiotherapy was associated with an increased 
risk for microvascular occlusion following reconstruction with free tissue transfers. Scarce 
experimental data suggest decreased patency rates of irradiated vessels 120-124 whereas a significant 
relationship has not been confirmed in clinical studies 125-127, possibly due to low number of flap 
failures and preoperatively irradiated patients in previous studies. The local treatment protocol 
at Karolinska university hospital has over the last decades generated a cohort of  preoperatively 
irradiated patients where a relationship between preoperative radiotherapy and flap-failure 
could be observed, and further supported when analyzed together with other studies available 
in the literature 171. Furthermore, we could observe increasing rates of microvascular occlusions 
with increased time elapsed from irradiation to surgery. We therefore hypothesized that the 
observed clinical outcome was caused by radiodamage to the vasculature, with time identified 
as a key-factor. By reviewing the literature, we could summerize several clinical findings, such 
as myocardial infarction, carotid wall thickening and stroke, confirming that radiotherapy is 
associated with adverse cardiovascular outcome in a time-dependent manner 2, 56, 69, 77.

From our material, obtained during microvascular reconstructions, we have been able to com-
pare irradiated human vessels with non-irradiated controls from the same patient, harvested at 
the same time, and thereby benefited from the true advantages of modern microarray technol-
ogy, bypassing the common problem of inter-individual variability. Surgery at different time-
points after radiotherapy has furthermore given us the opportunity to study temporal aspects of 
irradiation, a key-factor for the understanding of the clinically observed late onset of vascular 
disease, since previous animal and cell experiments cannot demonstrate long-term effects. Fur-
thermore have late effects, caused by irradiation of the human vasculature, never been studied 
with modern tools of molecular biology. The identification of temporal aspects of radiation-
induced vasculopathy could be of direct clinical importance for the timing of cancer resection 
and microvascular reconstructive surgery, where anastomosis to small vessels requires optimal 
vascular function in order to be patent. However, given the obtained material at hand, we be-
lieve that the identification of vascular alterations caused by irradiation in general would be 
equally important for a steadily increasing population of cancer survivors.

A growing body of evidence has shown that the treatments, such as cytostatic drugs and 
radiotherapy, have potential adverse effects on the cardiovascular system and are likely to have 
significant effects on patient outcome. Therefore, knowledge about these effects needs to be 
incorporated into the field of cardiovascular research 4. It has been suggested that radiation-
induced vasculopathy is a slowly progressive occlusive vasculopathy, not clinically evident 
until years after exposure 2, 57, 69. The slow progression is further supported by morphological 
studies that has demonstrated radiotherapy to be associated with delayed, increased IMT and 
intima hyperplasia 56, 61, representing early signs of atherosclerosis. In addition, studies have 
demonstrated that irradiated arteries are associated with reduced endothelium-derived NO 
production 59, 60, a generally accepted early sign of atherosclerosis 39. 



Martin Halle

44

even though chronic inflammation in irradiated tissues is well described 55, 62 and the last two 
decades of cardiovascular disease have focused on the pivotal role of the interplay between 
blood vessels and the immune system, there is a paucity of studies that have linked radiation-
induced chronic inflammation to the delayed progressive disease seen in blood vessels, years 
after radiation exposure. Results from the present thesis, supported by recent data from Russel 
and collegues, clearly demonstrate that irradiation of human conduit arteries contributes to 
endothelial activation, followed by invasion of inflammatory cells with sustained NF-κB 
activation within the arterial wall and subsequent intimal hyperplasia formation. evidently, 
the results are independent from other risk factors, since observations are compared to internal 
controls, and strongly indicate irradiation to be an independent risk factor for development 
of atherosclerosis (Figure 22). 

Activation of NF-κB in radiation-induced vasculopathy 
NF-κB activation is regarded as one of the most important and early events of eC activation 25 
and the role of NF-κB has been extended by evidence that highlights the importance of NF-
κB in regulating SMC gene expression within the arterial wall. high levels of NF-κB are 
also present in SMCs of arteriosclerotic lesion 172. Results from our immunohistochemistry 
stainings indicate that NF-κB is activated in virtually every cell within the arterial wall. 
One possible explaination may be the “radiation-induced bystander effect” that refers to 
interactions between physically separated cells through two main routes: direct cell-cell 
communications through gap-junctions or cytokine signalling through extracellular matrix 173. 
It appears that different tissues possess different irradiation sensitivity toward the activation 
of NF-κB in vivo 154. With the exception for a sole experiment in porcine by deiner and 
coworkers 103, there is to our knowledge no other study that has described vascular NF-
κB activation, caused by irradiation, in vivo. While activation of NF-κB by irradiation can 
be affected by tissue types, distinct molecular components and signaling events have been 
implicated under different experimental settings. These include protein tyrosine kinases, 
protein kinase C, ROS, the g-protein Ras, ataxia telengiectasia-mutated gene, dNA-protein 
kinase, IκB kinase and the ubiquitin–proteasome pathway 154. Of particular interest, with 
regard to the mechanism for activation of NF-κB by irradiation, is the possibility that nuclear 
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dNA damage may be directly involved in the activation of the cytoplasmic NF-κB/IκB complex, 
that is, a novel nuclear-to-cytoplasmic, retrograde signaling pathway. huang and coworkers (2000) 
demonstrated multiple lines of evidence for the existence of such a signaling pathway induced by 
another anticancer agent, camptothecin, most likely relevant for irradiation, also known to cause 
double strand brakes (dSBs) with subsequent activation of nuclear kinases 174, 175. By reviewing 
published observations, it is apparent that there is no consensus on the activation mechanism 
for irradiation effects on NF-κB, especially at clinically relevant doses. It is unclear whether 
radiation-induced dSBs represent the initiating signal event or whether other stresses, such 
as ROSs, mediate this activation. different radiation doses seem to invoke distinct signaling 
events to cause activation of NF-κB. More complicating is the undetectable nature of NF-
κB activation in many normal tissues after whole body irradiation, even at a relatively high 
doses (up to 8.5 gy). Many diploid human normal cell types are also refractory to NF-κB 
activation following irradiation in vitro, even though TNF-α can efficiently activate NFκB 
in these cells. These observations contrast with findings that many human cancer cell lines 
derived from different tissue types are permissive for activation of NF-kB by irradiation in 
vitro. Therefore, it has been a call for further in-depth analyses of signaling pathways and 
differential irradiation sensitivity of human normal versus cancerous cell types for activation 
of NF-κB 154. 

Thus, in the context of radiation damage, what is the relevance of our finding with activated 
NF-κB, one of the most studied proteins with several potential mechanisms for activation 176? 
Since both cytostatic drugs and radiotherapy may contribute to cardiovascular complications 
of cancer therapy 4, 5, it may not always be clear which exposure is responsible for the adverse 
cardiovascular outcome as they are often administered together. In the present experimental 
setting of differential gene expression with internal controls, our data show that NF-κB is 
clearly activated in human blood vessels by 
irradiation only.
           
Inflammation in arteries 
versus veins
despite similar radiation doses and de-
mographic data, a distinct difference was 
observed when arteries and veins were 
compared, especially regarding temporal 
aspects. Both gene expression and immu-
nohistochemistry data revealed a sustained 
NF-κB activation in arteries, wheras a tran-
sient NF-κB response was observed in veins, 
during the acute phase only (Figure 23). 
Moreover, morphological analyses revealed 
a sustained NF-κB activation in different 
celltypes, including invading inflammatory 
cells, within the arterial wall, whereas a 
transient NF-κB activation, confined to the 
endothelial surface, was observed in veins. 
This is interesting since, in contrast to arte-
ries and venules, there are few studies that 
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describe inflammatory properties in conduit veins. eriksson and coworkers demonstrated 
that the endothelium of large veins in mice have powerful NF-κB-related acute inflamma-
tory properties, with increased expression of cell adhesion molecules, that are distinct from 
the less inflammatory reactive aortic endothelium. Beside the indisputable effects caused by 
flow and pressure dynamics, this may partly explain why venous thromboembolic compli-
cations are more common in acute inflammatory conditions such as infections, trauma and 
malignancies where a reactive venous endothelium can respond strongly to the systemic in-
flammatory stimulus in these situations 177, 178. Most likely, the reactivity of the endothelium 
plays a pivotal role, which may be supported by the recent finding that circulating levels of 
soluble P-selectin is a predictive marker for venous thromboembolism 179. In this context it 
is important to mention that endothelial cells in the systemic vasculature have either of two 
basic phenotypes; arterial or venous, derived from separate sets of embryonic precursor cells 

with distinct gene expression profiles 180, evidently maintained throughout development with 
functional diversities between endothelium in arteries and veins 181. however, as just men-
tioned, the occurrence of thrombosis on the venous, rather than the arterial, side is of course 
dependent on blood flow and pressure dynamics. It is therefore important to study how arte-
ries and veins react to the effect of an equally strong, external inflammatory stimulus, where 
the inflammatory impact of flow and pressure dynamics may be of less importance compared 
to the impact exerted by high-dose irradiation. 

In contrast to veins, the arteries seem to be more prone to chronic inflammation, illustrated by 
sustained NF-κB activation together with invasion of T-cells and monocytes, differentiated to 
macrophages, none of which could be observed in irradiated veins. This is in accordance with 
respective disease panoramas seen in different types of blood vessels: i.e. veins react with 
thromboembolism during acute systemic inflammation and arteries are more prone to chronic 
inflammation, eventually leading to atherosclerosis. Still it has been clearly demonstrated 
that vein-grafts implanted in an arterial context may undergo atherosclerosis 182. The major 
cause for vein graft failure though is neointimal hyperplasia, caused by SMC proliferation, 
likewise dependant on NF-κB activation 183. However, the restenotic potential for arteries 
compared to veins in a similar situation, when used as grafts in coronary artery by-pass 
surgery, seems to be a point of discussion 184, 185 and strengthen the need for further studies 
comparing inflammatory alterations in conduit arteries to veins. 

Timing and influence of surgery 
Several lines of evidence confirm that surgery contributes to an innate immune response 
followed by detrimental effects on eC function 133. high plasma Il-6 concentrations are 
consistently found in trauma and post-operative patients and correlated well with the severity 
of injury 137, 186. In a recent study by our group, we could demonstrate that AT may potentiate 
the inflammatory response, during coronary artery bypass surgery. NF-κB activation could be 
clearly demonstrated in AT, with a high number of Cd68 positive cells, attached to the vascular 
endothelium, extravasating into the surrounding tissue after surgery, clearly illustrating the 
disruption of endothelial integrity 134. There are several lines of evidence to the fact that 
surgical stress contributes to an increased rate of lipolysis in AT with excess levels of FFAs, 
with the potential to enhance inflammatory reactions by TlR-ligation 145, 170 and by inducing 
oxidative stress 168. Our results also indicate a direct detremental effect of palmitate and oleate  
on eC function, through an inhibitory effect on eNOS. This may be explained by a couple 
of recent studies, demonstrating that the saturated FFA palmitate induce endothelial NF-κB 
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signaling, via a mechanism that involves activation of TlR4 and that the TlR4 signaling 
pathway might be a key mediator of the deleterious effects of palmitate on endothelial NO 
signaling 187, 188. Furthermore, it was shown that activated endothelial NF-κB, induced by 
palmitate, is dependent on NAdPh oxidase-generated superoxide 188, which supports the 
fact that ROS activates NF-κB 189 even in eCs. It is therefore possible that increased levels of 
FFAs, by TlR4-ligation, may potentiate the NF-κB-related AT inflammation and furthermore 
NF-κB-related endothelial activation, observed during surgery 134. 

Moreover, Felländer and collegues showed that the lipolysis rate in AT is accelerated during 
surgery as catecholamines modulate AT lipolysis via alpha- and beta-adrenoceptors 80, 139, 190. 
However, they also found a vasoconstriction in the microcirculatory bed induced by surgical 
trauma, but independent of the adrenergic system 190. The results in Study IV, with support 
from more recent studies, indicate a direct detremental effect by some FFAs on endothelial 
cell function, through an inhibitory effect on endothelial nitric oxide synthase. We believe 
that the excess levels of FFAs during surgery, resulting in decreased levels of NO, due to 
inhibition of eNOS, may in part explain the surgically induced vasoconstriction, independent 
of the adrenergic system 190.

We can conclude that there are several factors, during preoperatively irradiated head and 
neck reconstructions, that may explain the high rate of postoperative complications, possibly 
related to inflammation and impaired vascular function. The long operations, often exceeding 
8 hours, are also related to increased innate inflammatory response 137, 191 that exerts a 
direct detrimental effect on the microcirculation 133. We also know that surgery increases 
the concentration of FFAs 138, 139, with the potential to enhance the inflammatory response 
through NF-κB activation and reduced endothelial NO production by some FFAs 146, 187, 
presumably by the generation of ROS 168, 188. extremely high levels of FFAs are seen during 
surgery in the fasted state 133 which is of particular interest for the preoperatively irradiated 
head and neck cancer patient, often suffering from a deteriorated nutritional status due to 
irradiation of the oral cavity 192. In addition, it is generally accepted that irradiation contributes 
to a localized inflammatory response with increased generation of ROS and an induced, 
localized endothelial dysfunction 55, 59. To conclude, both surgery and radiotherapy exert 
detrimental effects on endothelial cell function, through a NF-κB activated inflammation 
with reduced bioavailability of NO, most likely by the generation of ROS. The additive 
effect, of both radiotherapy and surgery, on vascular function can explain the observed 
adverse post-operative outcome and is thereby biological support to our suggested regimen 
with postperative, rather than preoperative, radiotherapy administration. 

The majority of head and neck-cancer cases is caused by squamous cell carcinoma, where 
a combined modality treatment of surgery and radiotherapy is most common. There is no 
concensus according optimal timing of radiotherapy in relation to head and neck cancer-
surgery, due to the heterogeneity of different head and neck cancer subtypes as well as 
comparable survival rates, for pre- and postoperative radiotherapy treatment 131. The treatment 
tradition at Karolinska university hospital has over the last decades favoured a preoperative 
radiotherapy treatment-regimen when surgery and radiotherapy are combined, but was, with 
respect to our findings, recently changed to a postoperative radiotherapy treatment regimen 
for squamous cell carcinomas of the oral cavity. Since previous studies have not been able 
to prove any differences in survival rates, comparing pre- to postoperative treatment 131, we 
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believe that postoperative morbidity following surgery in irradiated tissues has to be taken into 
account in the decicion of treatment order. Whenever radiotherapy needs to be administered 
preoperatively for oncological reasons, we recommend that microvascular surgery shall be 
performed within six weeks from the last radiotherapy session. If microvascular reconstructions 
need to be performed late after radiotherapy, due to secondary reconstructions and relapse 
of cancer, we conclude that there is a highly increased risk for occlusion of microvascular 
anastomoses. due to increased PAI-1 gene expression, the beneficial use of fibrinolytic drugs, 
to prevent microvascular thrombosis 159, 160, may be concidered.

Future perspectives
As cancer therapy improves and more patients survive longer, we need to direct research 
towards elucidating the processes that lead to complications of therapy. The National Cancer 
Institute (NCI) in the united States has identified long-term survival from cancer as one of the 
new areas of public health emphasis, particularly “studying adverse long-term or late effects 
of cancer and its treatment” (http://plan.cancer.gov/public/ survivor.htm#studying). Research 
efforts, studying molecular and cellular changes in pathways leading to overt damage of 
normal tissue by radiotherapy and surgery, have been pointed out as important areas of future 
research. The NCI Radiation Research Program sponsored a workshop to survey studies of 
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mechanisms underlying late effects of radiotherapy and to discuss the prospects for treatment 
given after irradiation to help tissue healing. One of the conclusions were that “we need to 
identify patterns of gene expression related to radiodamage and furthermore to investigate 
appropriate timing of interventions to arrest or prevent complications”. “efforts to develop 
and evaluate new therapies to prevent or reduce injury to normal tissue will be facilitated by 
increased understanding of the mechanisms by which treatments for radiotoxicity work, and 
from greater knowledge of why radiation damage does or does not heal” 193. 

There are several possible therapeutical options to ameliorate the adverse effects to the vas-
culature caused by radiotherapy. Ophthalmic histopathologic studies suggest that the detri-
mental effects caused by radiotherapy are related to eC damage, transudation, occlusion, and 
neovascularisation 83. Therefore, a humanized monoclonal antibody to vascular endothelial 
growth factor (VegF), bevacizumab (Avastin®), has recently been successfully tested to 
decrease vascular permeability and inhibit neovascularisation following irradiation. Reduc-
tion of permeability of retinal arteries was associated with resolution of edema, hemorrhages 
and exudates with improvement in visual acuity. The authors suggest investigation of anti-
VegF medication for other sites of radiation-induced vasculopathy 194. This is interesting 
since VegF, previously named vascular permeability factor, seem to play a pivotal role in 
disruption of the integrity of the  vessel wall during inflammation 195. In our irradiated arte-
ries, VegF-expression was clearly increased. This is not surprising since it is well-known 
that NF-κB activates VegF-expression 195, 196 and inhibition of NF-κB conversely decreases 
levels of VegF production 197.

Since we identified NF-κB activation in both arteries and veins, together with increased 
expression of PAI-1 in veins, it may be a more realistic option to use statins, since some 
statins might have an anti-inflammatory effect by inhibiting both NF-κB and PAI-1 gene 
expression 53, 198. Statins are well established drugs with comparably few side-effects and has 
already been shown to reduce endothelial activation in irradiated endothelial cell culture 199.

Another accessible approach that has already been used to ameliorate normal tissue radiation 
effects is treatment with adult stem cells. This can be in the form of bone marrow transfusion 
(i.e., haematopoietic plus mesenchymal stem cells), mesenchymal stem cells, or the 
mobilisation of autologous stem cells into the circulation by growth factors, e.g., granulocyte 
colony stimulating factor. These strategies have already been tested in preclinical models of 
radiation injury in skin, salivary glands, intestine and oral mucosa 200, but may be extended 
to include the vasculature, since mobilization of endothelial progenitor cells (ePCs) has been 
shown to improve endothelial dysfunction 201. This  hypothetical role of ePCs in endothelial 
radiation injury may be supported by the ameliorated radiation response that is seen in skin 
and gut, where there is a compensatory proliferation within local stem-cell compartments for 
cell death caused by irradiation.

Noteworthty, we have only discussed the role of the endothelium and the media within this 
thesis, whereas the adventitia has not been mentioned, despite contribution to the RNA-
content in analyzed biopsies. Traditional concepts of vascular inflammation are considered as 
”inside-out” responses centered on the monocyte adhesion, and lipid oxidation hypotheses, 
where the latter probably is less relevant in our patient cathegory. Growing evidence supports 
a new paradigm of an ”outside-in” hypothesis, in which vascular inflammation is initiated 
in the adventitia and progresses inward toward the intima 202, 203, evidently through the 



Martin Halle

50

induction of adventitial myofibroblast migration by the influence of ROS 204. Interestingly, 
the hypothesis that the adventitia is a functional homeostatic regulator in cardiovascular 
disease pathogenesis was originally postulated by the influence of irradiation in the setting 
of restenosis after percutaneous coronary angioplasty 205 206. More recently, the role of the 
adventitia was also discussed in the setting of abdominal aortic aneurysm (AAA) development 
in areas of neoangiogenesis,  induced by an atherogenic diet 207. In fact, angiogenesis is a 
recognised feature of the atherogenic process, with intimal neovascularisation arising most 
frequently from the dense network of vessels in the adventitia, adjacent to a plaque, rather 
than from the main artery lumen. New blood vessels may have an active role in plaque 
metabolic activity and promote its growth beyond the critical limits of diffusion from the 
main artery lumen 208, 209. The adventitia hallmarks of the “outside-in” hypothesis include 
populations of the adventitia with exogenous cell types, including monocytes, macrophages, 
and lymphocytes, the phenotypic switch of adventitial fibroblasts to migratory myofibroblasts, 
and increased vasa vasorum neovascularisation 202. In fact, some of these characteristics is in 
accordance with our morphological findings from immunohistochemistry stainings as well 
as from macroscopic observations (Figure 1), and also exerts a potential area for further 
investigations.
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CONCLUSIONS

Preoperative radiotherapy is associated with increased risk of graft-failure in I. 
microvascular reconstructive surgey. The risk of microvascular occlusion, infection 
and delayed wound-healing is increased when more than six weeks elapse from last 
radiotherapy session to surgery. 

Arteries exposed to radiotherapy demonstrate sustained inflammatory gene-expression, II. 
related to activation of the transcription factor NF-κB, together with invasion of Cd3 
and Cd68 positive cells into the arterial wall.     

Irradiated veins demonstrate transient inflammatory changes, together with sustained III. 
prothrombotic properties, including increased plasminogen activator-1 (PAI-1) gene-
expression and decreased endothelial nitric oxide synthase (eNOS). 

Activity of eNOS decreases after incubation with palmitic and oleic, but not linolenic, IV. 
acid and is conversely increased after incubation with a triglyceride-rich fat emulsion 
in endothelial cell culture.

Taken together, the results emphasize the importance of radiotherapy as a risk factor for both 
atherosclerosis and thrombosis. Both clinical and experimental data advocate postoperative 
radiotherapy, whenever possible, during planning for microvascular reconstructive surgery. 
If radiotherapy for oncological reasons must be administered preoperatively, the increased 
risk of microvascular occlusion after more than six weeks from last radiotherapy session 
should be considered.
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