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Preface and Outline of the thesis 

Preface and Outline of the thesis 
Cardiovascular diseases including coronary artery disease (CAD) and stroke are the leading 
cause of death worldwide. In 2001, the number of deaths from CAD alone was around 7.1 
million, comprising 12.2% of the 56.2 million people who died in this year.1 These statistics 
reflect the global epidemic of cardiovascular disease, which has a considerable impact on 
individuals and society as a whole. Population growth and aging, of which the latter also affect 
many Western countries including the Netherlands, will result in an increasing prevalence 
of cardiovascular disease and booster health care expenses. As a consequence of these 
statistics, worldwide research efforts have been undertaken to unravel the pathophysiological 
mechanisms that underlie cardiovascular disease, and more importantly to discover solutions 
to this increasingly important health care problem. These research efforts have resulted in 
many successful prevention and treatment modalities and therefore the mortality rates of 
cardiovascular disease in Western countries are steadily declining.2-4 In CAD, these modalities 
include, next to life-style modification programs, treatment with anti-platelet aggregation 
drugs, anti-hypertensive drugs and 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)-reductase 
inhibitors (statins) and invasive treatment strategies including coronary artery bypass grafting 
(CABG) and percutaneous coronary interventions (PCI).2,5-8 Nevertheless, a considerable 
level of risk to cardiovascular disease remains in patients subjected to these prevention and 
treatment options as we age. Moreover, changes in demographic population composition 
in combination with an increasing prevalence of diabetes and obesity in both Western and 
developing countries will contribute to an increasing burden of cardiovascular disease. In 
line with this, projections designed to predict causes of death till 2030 foresee that CAD will 
stay the main cause of death in all scenarios used.9 These scenarios indicate that although 
certain advances are made, there is an increasing need for improved prevention and treatment 
strategies for cardiovascular disease. The studies described in this thesis have a strong focus 
on the function of NR4A nuclear receptors in vascular disease and aim to contribute to a 
better understanding of cardiovascular disease and ultimately to new, innovative treatment 
options.

Part I contains a general introduction (Chapter 1) on atherosclerosis and vascular diseases 
closely related to atherosclerosis: restenosis and vein-graft disease. Next, the NR4A nuclear 
receptors are introduced by two published reviews. To better serve as an introduction of 
my thesis the reviews have been modified. The first review (Chapter 2) describes the 
structure of NR4A nuclear receptors as well as their expression regulation and function in 
macrophages and smooth muscle cells (SMC) in atherosclerosis and vein-graft disease. The 
second review (Chapter 3) focuses on NR4A function in metabolism and vascular cells, 
including endothelial cells and describes the current knowledge on 6-mercaptopurine 
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(6-MP), an active metabolite of the immunosuppressive drug azathioprine, that has been 
shown to enhance the transcriptional activity of NR4A nuclear receptors. 

Part II contains three chapters that cover several aspects on the expression and function 
of NR4A nuclear receptors in atherosclerosis. Chapter 4 describes the expression of all 
three NR4A nuclear receptors (Nur77, Nurr1 and NOR-1) in human atherosclerotic lesions 
and explores NR4A nuclear receptor function in cultured macrophages in inflammation and 
lipid-loading, key cellular processes in atherosclerosis. In Chapter 5, the expression and 
function of Nur77 in SMCs in arterial remodeling, a critical feature of vascular disease, 
including atherosclerosis, is studied. For this purpose transgenic mice that overexpress Nur77 
in arterial SMCs are subjected to contralateral, right carotid artery ligation, which results in 
flow-induced, outward remodeling of the left carotid artery. Next, the effect of 6-MP on 
monocyte/macrophage function in vitro and atherosclerotic lesion formation in ApoE*3-
Leiden mice is studied in Chapter 6. 

In Part III, a switch is made towards restenosis, a major complication of PCI including stent 
placement. In Chapter 7, we demonstrate expression of Nurr1 in human in-stent restenosis 
lesions and explore the function of Nurr1 in proliferation and inflammatory responses in 
SMCs in vitro and in wire-injury-induced restenotic lesion formation in mice. Also the 
association of Nurr1 genetic haplotypes with in-stent restenosis risk is described, linking 
bed-side restenosis to bench-side experiments. Chapter 8 describes the effects of 6-MP on 
restenotic, SMC-rich lesion formation in femoral arteries in a drug-eluting cuff model in 
mice, which is shown to involve Nur77. Finally, in Chapter 9 we describe the association of 
a single nucleotide polymorphism (SNP) in the p27kip1 gene, a downstream target of Nur77 
and Nurr1 in SMCs, with in-stent restenosis risk and demonstrate that this SNP modulates 
the promoter activity of this gene.

In the final part (Part IV), interesting selected aspects, and future perspectives of the NR4A 
nuclear receptors in atherosclerosis and restenosis, are discussed (Chapter 10, general 
discussion) along with a summary per chapter (Chapter 11). 
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Introduction on atherosclerosis and restenosis

1

Atherosclerosis
The underlying cause of cardiovascular diseases, like coronary artery disease (CAD) and 
stroke, is atherosclerosis. Well-known risk factors for atherosclerosis are described and 
include amongst others age, hypertension, diabetes, dyslipidemia, smoking and chronic 
inflammatory diseases. Beyond these systemic risk factors, local artery-defined factors are of 
importance, which is reflected by the tendency of atherosclerotic plaques to arise at locations 
in the vascular tree prone to turbulent blood flow such as bifurcations and curvatures.1 
Formation of atherosclerotic plaques is characterized by an accumulation of oxidized lipids 
and cellular debris accompanied by a chronic inflammatory response leading to increased 
inflammatory cell and smooth muscle cell (SMC) content and extracellular matrix deposition 
in the arterial vessel wall.2,3 Atherosclerotic plaques can grow in size over decades without 
clinical symptoms since arteries can preserve their luminal diameter and thus maintain 
arterial blood flow to distal organs by expansive, outward arterial remodeling.4 However, 
when atherosclerotic plaque growth exceeds this compensatory, outward remodeling the 
organ involved can become ischaemic especially in situations of increased oxygen demand, 
which results in clinical symptoms like angina pectoris (heart), angina abdominale (intestine) 
or claudicatio intermittens (leg). In case of plaque rupture, acute obstruction of blood flow 
can occur by thrombus formation, which results in infarction of the distal organ, for example 
myocardial infarction or stroke. 

The healthy arterial vessel wall consists of three layers: the intima, media and adventitia. The 
innermost intima is composed of a single-cell layer denoted as the endothelium, which separates 
the blood from other components of the vessel wall and is supported by the internal elastic 
lamina that separates the endothelium from the arterial media. The endothelium is crucially 
involved in regulation of vascular tone and permeability and prevents blood coagulation. 
The normal arterial media consists of SMCs and extracellular matrix components, which 
stabilize the arterial wall and generates vascular tone. The most outer layer of the artery is 
called the adventitia and consists of extracellular matrix components, (myo)fibroblasts and 
vasa vasorum. 

Early in atherogenesis, endothelial cells become dysfunctional, which results in leakage and 
accumulation of low-density lipoprotein (LDL) in the subendothelial space that become 
oxidized by resident reactive-oxygen species (ROS). These dysfunctional endothelial cells 
express enhanced levels of adhesion molecules that provoke increased monocyte recruitment. 
Recruited monocytes differentiate into macrophages that express scavenger receptors, 
including scavenger receptor-A (SR-A) and CD36, enabling these cells to internalize oxidized 
LDL that are stored in lipid droplets. When these cells become loaded with lipid droplets they 
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get a foamy appearance when seen through the microscope and become so called ‘foam cells’. 
These foam cells are the main constituent of an early atherosclerotic lesion or ‘fatty streak’ 
and produce cytokines and chemokines that further propagate the inflammatory response. 
When such an early atherosclerotic lesion progresses to an advanced lesion, these ‘foam 
cells’ can become necrotic and contribute to necrotic core formation. SMCs dedifferentiate 
from a contractile to a synthetic phenotype and proliferate and migrate to the intima, where 
they form a substantial part of the lesion and contribute to fibrous cap formation. This fibrous 
cap, covered by endothelium prevents contact of thrombogenic plaque constituents with the 
blood stream. Due to the release of matrix-degrading enzymes like matrix metalloproteinases 
(MMP) by macrophages such a fibrous cap can become unstable or vulnerable, which may 
result in plaque rupture, thrombus formation and infarction of tissue distal of the artery 
involved.

Atherosclerosis-related pathologies: restenosis and vein graft disease
A close relation exists between atherosclerosis and vascular pathologies that occur after 
invasive atherosclerosis treatment modalities, including coronary artery bypass grafting 
(CABG) or percutaneous (transluminal) coronary angioplasty or intervention (PTCA or PCI). 
During the latter procedure, the culprit lesion that obstructs blood flow to a distal segment 
of the myocardium is treated by catheter-delivered intra-coronary high pressure balloon 
dilatation followed by stent placement. The main complication of this procedure is so-called 
‘in-stent restenosis’, which is the result of a response-to-injury of the artery involved.5 The 
injury response is evoked by de-endothelialization, crush of the plaque and stretch of the artery 
segment. The denudated arterial vessel wall recruits and activates platelets and leucocytes, 
which produce cytokines and growth factors that stimulate SMC proliferation, migration and 
extracellular matrix deposition. As opposed to atherosclerotic lesions, these lesions arise in 
weeks to months after the procedure and are mainly composed of SMCs and fibrous material. 
The discovery of pathophysiological mechanisms involved has resulted in the application 
of drug-eluting stents (DES) that target cellular proliferation and inflammatory responses.6 
Nowadays, sirolimus and paclitaxel-coated stents are frequently used, which has resulted in 
a significant reduction of in-stent restenosis incidence. However, the use of DES is associated 
with a higher incidence of in-stent thrombosis, a potentially fatal condition.7 

The surgical procedure of coronary artery bypass grafting (CABG) is an alternative treatment 
for coronary atherosclerosis. During CABG, culprit lesion(s) are bypassed by one or more 
grafts most frequently derived from a native saphenous vein or mammary or radial arteries. It 
is well-known that native arterial grafts have a better patency than saphenous vein grafts.8 The 
failure of venous grafts is caused by a vascular pathology called ‘vein graft disease’, which 
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is considered an accelerated form of atherosclerosis that is characterized by excessive SMC 
proliferation. Amongst others the high, pulsatile arterial blood pressure to which the vein 
grafts are exposed has been put forward as an important etiological factor in this disease.9 
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Abstract
Nur77, Nurr1 and NOR-1 form the NR4A subfamily of the Nuclear Hormone Receptor 
superfamily of transcription factors and have been described in the regulation of differentiation, 
proliferation, apoptosis and survival of many different cell types. The expression of NR4A 
nuclear receptors in vascular pathologies has only recently been revealed, where after 
studies on the functional involvement of NR4A receptors in vascular disease were initiated. 
This review summarizes our current view on involvement of Nur77, Nurr1 and NOR-1 in 
atherosclerotic vascular disease and discusses NR4A function in vascular response to injury.
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General introduction
Atherosclerosis is a pathological process in the arterial vessel wall, which evolves over decades 
during human life and is characterized by the accumulation of neointimal macrophages, foam 
cells and activated smooth muscle cells (SMC). Eventually, atherosclerosis may result in local 
obstruction of normal blood flow and causes diseases such as angina pectoris, myocardial 
infarction and stroke. Invasive interventions to treat obstructed vessels involve bypass 
surgery or percutaneous angioplasty with (drug-eluting) stents. Major complications of 
these treatments are (in-stent) restenosis and vein graft disease, pathologies characterized by 
lesions that develop relatively fast and that are composed predominantly of SMCs. Although 
atherosclerosis and SMC-rich pathologies are clinically and pathologically distinct, they do 
share similarities in the pathophysiological processes underlying these vascular diseases. 
Both vascular pathologies are inflammation-driven, involving monocyte recruitment and 
macrophage activation, and both show increased SMC proliferation coinciding with a SMC 
phenotype transition from quiescent, contractile cells to activated, proliferative SMCs.1-

3 In search for genes implicated in SMC phenotype transition, we have identified nuclear 
receptors of the NR4A subfamily.4 This review outlines our current knowledge regarding 
functional involvement of all three NR4A nuclear receptors in atherosclerosis and SMC-rich 
vascular pathologies.

NR4A nuclear receptors: structure and regulation of function
The nuclear receptor superfamily comprises classical ligand-activated receptors, such as 
estrogen receptors (ERs), peroxisome proliferator-activated receptors (PPARs), liver X 
receptors (LXRs) and ‘orphan’ receptor subfamilies.5 The orphan NR4A subfamily includes 
three members, notably Nur77 (also called NR4A1, TR3, NGFI-B, NAK-1), Nurr1 (NR4A2, 
NOT) and NOR-1 (NR4A3, MINOR). Nuclear receptors consist of a central DNA-binding 
domain, a C-terminal ligand-binding domain and an N-terminal transactivation domain 
(Figure 1).6 The N-terminal domain diverges among the NR4A members in amino-acid 
composition (approximately 30% homology) and is involved in ligand-independent co-
activator recruitment.7,8 In contrast, the DNA-binding domain is well-conserved (over 
90% homology) and consists of two zinc-fingers that interact with the consensus response 
elements NGFI-B responsive element (NBRE; AAAGGTCA) as monomers and with the 
palindromic Nur-responsive element (NurRE; TGATATTTX6AAAGTCCA) as homo- 
and/or heterodimers in promoters of specific target genes.9 Furthermore, Nur77 and Nurr1 
can form heterodimers with retinoid X receptors to bind DR5 motifs that mediate retinoid 
responses.10 Based on structural analyses, the C-terminal ligand-binding domain of NR4A 
nuclear receptors is considered atypical, since the classical ligand-binding cavity in these 
subfamily members is filled with hydrophobic and aromatic amino-acid side chains and the 
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characteristic co-activator recruitment cleft is absent.11 Accordingly, classical ligands have not 
been identified for the NR4A nuclear receptors, emphasizing the importance of expression-
regulation, post-translational modification, transrepression and co-activator as well as co-
repressor recruitment for the functional activity of these ‘orphan’ receptors. Recently, a 
novel hydrophobic co-activator-binding surface has been identified in the ligand binding 
domain,12,13 and for Nurr1 it has been shown that peptides derived from the co-repressors 
NCoR and silencing mediator of retinoid and thyroid hormone receptors (SMRT) bind to 
this surface and reduce Nurr1 activity.14 Furthermore, several ‘small molecule’ activators that 
enhance the NR4A activity have been described, which are listed with their known functional 
characteristics in Table 1. Among these NR4A activators are 6-mercaptopurine (6-MP, a 
metabolite of the immunosuppressive drug azathioprine), prostaglandin A2 (PGA2) and 
certain 1,1-bis (3’-indolyl)-1-(p-substituted phenyl)-methanes (DIM-C) and benzimidazole 
derivatives.15-19 Except for PGA2, none of these compounds has been shown to interact 
directly with NR4A proteins.

Nur77 was identified as an ‘early response gene’ expressed in PC12 cells upon nerve 
growth factor stimulation,20 and thereafter, Nurr1 and NOR-1 were documented.21,22 The 
expression of each of the NR4A nuclear receptors has been shown to be regulated by diverse 
(patho)physiological stimuli, among which growth factors such as vascular endothelial 
growth factor (VEGF), platelet-derived growth factor-BB (PDGF-BB), epidermal growth 
factor (EGF) and thrombin, as well as inflammatory cytokines, lipopolysaccharide (LPS), 
lipoproteins including oxidized low-density lipoprotein (ox-LDL), fatty acids, prostaglandins 
and physical stimuli such as stretch.23-27 The rapid and transient induction of expression 
in response to environmental stimuli appears to be a hallmark of these nuclear receptors. 
Signaling pathways described in regulation of NR4A nuclear receptor expression involve 
protein kinase A, protein kinase C, calcium-calcineurin, nuclear factor kappa B (NF-κB), 
and mitogen activated pathway kinases (MAPK) pathways. These pathways ultimately lead 

Figure 1. Schematic representation of the 
structure of an NR4A nuclear receptor. The 
NR4A nuclear receptors consist of an N-terminal 
transactivation domain, a central DNA-binding 
domain (DBD), a hinge region and a C-terminal 
ligand-binding domain (LBD). The N-terminal and 
C-terminal domain contain activation function-1 
(AF-1) and AF-2 domains, respectively. The N-
terminal AF-1 domain has been shown to bind co-
activators (represented). Monomeric-binding of an 
NR4A nuclear receptor to the NGFI-B response 
element (NBRE) in the promoter of a target gene 
is represented.
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Table 1. NR4A activators. 
Compound NR4A domain 

involved 
Binding NR4A NR4A involved Cellular effects 

6-Mercaptopurine AF-1 unknown Nur77, Nurr1, NOR-1 Inhibition SMC growth19,24

Prostaglandin A2 LBD yes NOR-1 Unknown17

DIM-Cs LBD unknown Nur77 Cancer cell apoptosis15

Benzimidazole unknown unknown Nurr1 Unknown16

DIM-C: 1,1-bis (3’-indolyl)-1-(p-substituted phenyl)-methanes; LBD: ligand binding domain; AF-1: activation 
function-1 domain. 

to activation of transcription factors including cyclic adenosine monophosphate (cAMP) 
responsive element binding protein (CREB), activator protein 1 (AP-1), NF-κB, and 
myocyte enhancer factor 2 (MEF-2), which have been described to physically interact with 
NR4A promoters and induce NR4A expression.25,27,28 Post-translational modification and 
transrepression have been described to modulate functional activity of the NR4A nuclear 
receptors. For example, Nur77 is phosphorylated by protein kinase B/Akt on serine-350, 
which severely decreases its DNA-binding capacity,29,30 and sumoylation of Nurr1 by protein 
inhibitor of activated STATγ (PIASγ) has been shown to repress the transcriptional activity 
of this nuclear receptor.31 Furthermore, NR4A nuclear receptors are antagonized by the 
glucocorticoid receptor (NR3C1), most likely involving direct protein-protein interaction.32 
Remarkably little is know about direct downstream target genes of the NR4A nuclear 
receptors. Thus far, the only genes that have been shown to be directly regulated by the 
NR4A nuclear receptors are E2F1 (encoding a transcription factor involved in cell-cycle 
regulation and apoptosis), several genes involved in the hypothalamus-pituitary-adrenal-axis, 
and most recently some genes implicated in glucose metabolism in the liver.26,33-35 In vascular 
cells, plasminogen activator inhibitor-1 (PAI-1) is the only described direct target of Nur77 
in endothelial cells.36 Although this review outlines the role of NR4A nuclear receptors in 
vascular disease, it should be noted that these receptors are functional in numerous other cell 
types, for example Nurr1 has been shown to be essential in dopaminergic differentiation of 
neuronal cells.37

NR4A expression and function in macrophages in vascular disease 
Macrophages are involved in initiation, progression and rupture of atherosclerotic lesions. 
During atherosclerosis, monocytes are locally recruited to the arterial vessel wall and 
differentiate into macrophages. These intimal macrophages scavenge modified lipid particles 
and become lipid-laden foam-cells. Throughout progression of atherosclerosis, macrophages 
produce pro-inflammatory cytokines, chemokines, growth factors and matrix-degrading 
enzymes resulting in a local environment promoting inflammatory responses, cellular 
migration and proliferation in the vessel wall.3 Recently, we and others revealed in addition 
to NR4A expression in human SMCs and endothelial cells (EC),24,38-41 expression of Nur77, 

Table 1. NR4A activators.
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Nurr1 and NOR-1 in human atherosclerotic lesion macrophages.23,27 We demonstrated that 
NR4A nuclear receptors are expressed in macrophages present at areas of plaque activation 
and progression such as the shoulder region, where plaque rupture frequently occurs. In 
these macrophages NR4A proteins localize predominantly to the nucleus, suggesting these 
transcription factors to be active in this cellular compartment.23 In cultured macrophages 
NR4A nuclear receptor expression is regulated by stimuli relevant to atherogenesis. Robust 
and early transient expression of all NR4A nuclear receptors was demonstrated in human and 
murine primary and cell-line-derived macrophages in response to LPS and tumor necrosis 
factor-α (TNF-α), interferon-γ, phorbol 12-myristate 13-acetate (PMA), granulocyte-
macrophage colony stimulating factor (GM-CSF) and various modified lipids including ox-
LDL.23,27,42 Promoter studies revealed direct involvement of NF-κB in expression of Nur77 in 
macrophages in response to LPS.27 

Subsequently, the function of NR4A nuclear receptors has been studied in macrophages. In 
atherogenesis macrophage apoptosis is a relevant cellular process43 and both Nur77 and NOR-
1 have been shown to promote apoptosis in T cells.44 In LPS stimulated murine macrophages 
Nur77 has been shown to be involved in pan-caspase inhibitor zVAD-mediated apoptosis.45 
In the latter study, zVAD was shown to inhibit proteasomal degradation of the transcription 
factor MEF-2, resulting in enhanced MEF-2 binding to the Nur77 promoter and increased 
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Figure 2. NR4A expression and function in human vein graft disease models. (A) Upper panel: A 
schematic representation of the venous vessel wall showing the inner and outer SMC layers, in which 
the SMCs are oriented longitudinally (Lo) and circularly (Ci) respectively. Lower panel: Radioactive in-situ 
hybridization of Nur77 mRNA expression (black silver grains) in non-supported human vein segments 
after 1 hour of perfusion under arterial pressure in a loop of the extracorporal circulation during bypass 
surgery. Nur77 expression is predominantly localized to the circular (Ci) SMC layer. Original magnification 
200x. Dotted lines indicate the border between Lo and Ci SMC layers. Nuclei were counterstained with 
hematoxylin (blue). (B) The expression of Nur77 protein after transduction of saphenous vein SMCs with 
Nur77-adenovirus was detected by Western blotting. In Nur77-transduced cells exposed to stretch, SMα-
actin, calponin, and p27Kip1 protein levels are higher than in mock-transduced cells. Figure 2A, B: Modified 
from de Waard et al (2006).
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Nur77 expression. The pro-apoptotic effect of zVAD was mimicked by overexpression of a 
Nur77 variant lacking the DNA-binding domain, which is consistent with data obtained on 
Nur77-mediated apoptosis in cancer cells requiring translocation of Nur77 from the nucleus 
to mitochondria.46 Although a number of observations have been made on the involvement 
of NR4A nuclear receptors in macrophage apoptosis, further studies are required to fully 
appreciate their function in this process. 

Disruptive, pro-inflammatory gene expression and foam-cell formation in atherosclerotic 
macrophages is related to vascular lesion progression and plaque instability. It has been 
shown that overexpression of Nur77 in a murine macrophage cell-line results in a pro-
inflammatory response involving enhanced expression of inducible I-kappa-B kinase (IKKi), 
an NF-κB activating protein.47 It should be noted, that even though the murine promoter of 
IKKi contains a functional NBRE, the human IKKi-promoter does not comprise this NBRE. 
In human THP-1 macrophages we have shown that overexpression of Nur77, Nurr1 or NOR-
1 results in a substantial downregulation of the pro-inflammatory cytokines interleukin-1β 
(IL-1β) and IL-6 and chemokines IL-8, monocyte chemoattractant-1 (MCP-1), macrophage 
inflammatory protein-1α (MIP-1α) and MIP-1β. Furthermore, overexpression of the NR4A 
nuclear receptors was shown to result in reduced ox-LDL loading. In agreement with these 
data, short hairpin (sh)RNA-mediated knockdown of Nur77 or NOR-1 results in augmented 
inflammatory responses and increased lipid loading in these cells. The latter findings indicate 
that endogenous NR4A nuclear receptors are involved in inhibitory feedback mechanisms 
operational in these processes. The underlying mechanism of inhibition of human 
macrophage foam-cell formation and inflammatory responses by NR4A nuclear receptors 
may involve reduced monocyte to macrophage differentiation, which is consistent with 
reduced expression of scavenger receptor A (SR-A), CD36 and CD11b in NR4A gain of 
function experiments in these cells. Another explanation for NR4A-mediated reduction of 
inflammatory responses in macrophages may be inhibition of the NF-κB pathway. Indeed, 
Nur77 has been identified in a genome-wide screen designed to discover inhibitors of the NF-
κB pathway in monocytes. In that study, it was demonstrated that overexpression of Nur77 in 
HEK293 cells potently reduces expression of NF-κB-reporter constructs in response to IL-1β 
and TNF-α.48 In addition, Harant and Lindley have shown in T cells, that Nur77 is involved 
in inhibition of NF-κB-mediated IL-2 and IL-8 promoter activity, probably through binding 
of Nur77 to the p65 subunit of NF-κB, an interaction confirmed by co-immunoprecipitation 
experiments.49,50 

In summary, we propose that, even though NR4A nuclear receptors are expressed in 
atherosclerotic lesion macrophages and are induced by atherogenic stimuli, these nuclear 
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receptors inhibit human macrophage foam-cell formation and pro-inflammatory cytokine 
as well as chemokine production.23 Although the latter conclusion seems paradoxical, 
comparable atheroprotective functions involved in controlling vascular pathologies have 
been described for other nuclear receptors, like the PPARs and the LXRs.51,52 

Expression and function of NR4As in vascular SMCs 
Vein graft disease, (in stent) restenosis and other SMC-rich lesions are composed of activated, 
proliferating SMCs that narrow the vessel lumen. Underlying mechanisms of SMC activation 
in these pathologies are inflammation and injury to the vessel wall. We and others have 
shown that Nur77, Nurr1 and NOR-1 are induced in human SMCs following activation by 
inflammatory cytokines and growth factors.4,41,53 In line with these in vitro data, NR4A nuclear 
receptors are expressed in human vascular, atherosclerotic lesions 38,39,41,53  and NOR-1 has 
been shown to be transiently expressed in porcine coronary SMCs in response to balloon 
dilatation.41 In addition, we have shown that venous SMCs exposed to mechanical stretch, an 
important pathological stimulus at the onset of vein graft disease, results in increased Nur77 
expression levels. Accordingly, SMCs in vein segments exposed to perfusion under arterial 
blood pressure also show enhanced Nur77 expression, predominantly in the outer, circularly 
oriented SMC layer (Figure 2A).24 Of note, NR4A nuclear receptors are not expressed in 
medial SMCs of normal healthy vessels.

The NOR-1 promoter region contains three functional cAMP responsive elements (CRE) that 
are essential for NOR-1 expression in SMCs in response to growth stimuli.41,53,54 Functional 
studies with anti-sense oligonucleotides directed against NOR-1 resulted in reduced 
proliferation of human coronary SMCs.41 Moreover, SMCs isolated from NOR-1-deficient 
mice show repressed proliferation after PDGF stimulation, whereas reconstitution of these 
cells with NOR-1 partly rescued the proliferation rate of these cells.53 In the latter study, the 
cell-cycle proteins cyclin D1 and cyclin D2 were decreased in SMCs isolated from NOR-
1-deficient mice. In contrast to the effects observed for NOR-1 on SMC proliferation, we 
have shown that overexpression of Nur77 inhibits proliferation of both arterial and venous 
SMCs, and that knockdown of endogenous Nur77 with small interfering (si)RNA results in 
enhanced proliferation. In addition, Nur77 directs SMCs to a more differentiated phenotype, 
as demonstrated by enhanced expression levels of SMC-specific markers calponin and smooth 
muscle α-actin (SMα-actin) (Figure 2B).24,38 In agreement with these in vitro observations, 
we have shown that transgenic mice that express Nur77 in the vessel wall under control of 
the arterial SMC-specific promoter SM22α are protected against SMC-rich lesion formation 
in a carotid artery ligation model. Mice that express a dominant-negative variant of Nur77 
lacking the N-terminal transactivation domain, which blocks the transcriptional activity of all 
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three NR4A family members, show enhanced lesion formation upon carotid artery ligation.38 
Although the detailed regulation of cell-cycle mediators by Nur77 remains largely unknown, 
we have shown that inhibition of proliferation by Nur77 is accompanied by upregulation of 
the cell-cycle inhibitor p27Kip1 and downregulation of cell-cycle protein cyclin A.

The NR4A-activator 6-MP enhances the activity of Nur77 (see Table 1), and we have 
shown that treatment of stretch-activated venous SMCs with increasing concentrations of 
6-MP results in a dose-dependent inhibition of proliferation.24 This effect of 6-MP on SMC 
growth was diminished when Nur77 was knocked down in these cells with siRNA, indicating 
functional involvement of Nur77 in 6-MP-mediated inhibition of proliferation. In addition to 
6-MP-mediated inhibition of proliferation, we have shown that 6-MP enhances expression 
levels of the SMC-markers calponin and SMα-actin and cell-cycle inhibitor p27Kip1, similar as 
observed in Nur77-overexpressing SMCs. Thus, although Nur77 is expressed in atherosclerotic 
lesion SMCs, this nuclear receptor inhibits proliferation and increases expression of SMC 
markers and as such promotes a quiescent SMC phenotype. These downstream effects are 
mimicked by treating SMCs with the NR4A activator 6-MP and were shown to be dependent 
on endogenous Nur77 expression in these cells. Furthermore, inhibition of the transcriptional 
activity of all three NR4A nuclear receptors by overexpressing a dominant-negative variant 
enhances SMC proliferation. 

Conclusions
Nur77, Nurr1 and NOR-1 are expressed in vitro in response to growth factors, cytokines, 
pro-inflammatory stimuli, oxidized lipids and mechanical strain. In agreement with this 
observation, the NR4A nuclear receptors are expressed in human atherosclerotic lesions in 
macrophages, SMCs and endothelial cells as well as in vein segments exposed to arterial 
blood pressure. Although expressed under pathological conditions, we propose that NR4A 
nuclear receptors are involved in inhibitory feedback mechanisms that are active in activated 
vascular cells. In human macrophages, NR4A nuclear receptors reduce foam-cell formation 
and inflammatory responses and in SMCs Nur77 inhibits proliferation and promotes 
differentiation. Furthermore, Nur77 inhibits SMC-rich lesion formation in transgenic mice 
challenged by carotid artery ligation, whereas inhibition of all three NR4A nuclear receptors 
augments lesion formation. 
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Abstract
Purpose of review The nuclear orphan receptors Nur77 (NR4A1), Nurr1 (NR4A2) and 
NOR-1 (NR4A3) are known to be involved in T-cell apoptosis, brain development, and the 
hypothalamic-pituitary-adrenal axis. Here, we review our current understanding of the NR4A 
nuclear receptors in processes that are relevant to vascular disease.
Recent findings NR4A nuclear receptors have recently been described to play a role in 
metabolism by regulating gluconeogenesis, lipolysis, energy expenditure, and adipogenesis. 
The function of NR4A nuclear receptors has also extensively been investigated in cells 
crucial in vascular lesion formation, such as macrophages, endothelial cells (ECs) and smooth 
muscle cells (SMCs).
Summary The involvement of NR4A nuclear receptors in both metabolism as well as in 
processes in the vessel wall supports a substantial role for NR4A nuclear receptors in the 
development of vascular disease. 
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Figure 1. Schematic representation of hypothesized involvement of 
NR4A nuclear receptors in vascular disease and metabolism
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Introduction
NR4A nuclear receptors are expressed in several tissues throughout the human body and are 
involved in specific processes. For example, Nurr1 plays a key role in development of the 
brain,1 Nur77 and NOR-1 are functionally involved in thymocyte selection,2 and Nur77 has 
been described in cancer cell apoptosis.3,4 Recently, it has been shown that all NR4A nuclear 
receptors are expressed in human atherosclerotic lesions, fasted liver, skeletal muscle and 
adipose tissue (Figure 1). Here we review our present understanding of the NR4A nuclear 
receptors in relation to metabolism and vascular disease. 

NR4A nuclear receptors
The nuclear hormone receptor superfamily comprises 49 human receptors, which are classified 
into 7 subfamilies based on amino-acid homology.5 Nur77 (also indicated as NR4A1, TR3, 
NGFI-B), Nurr1 (NR4A2, NOT) and NOR-1 (NR4A3, MINOR) are members of the NR4A 
subfamily and consist, like other nuclear receptors, of an N-terminal activating function-1 (AF-
1) domain, a central two zinc-finger DNA binding domain (DBD), and a C-terminal ligand 
binding domain (LBD).6 So far, ligands have not been identified for NR4A nuclear receptors, 
and therefore these receptors are classified as orphan receptors. Crystallography of the LBD of 
Nurr1 demonstrated that the ligand binding pocket of this receptor is filled with hydrophobic 
amino-acid side chains, and revealed an atypical co-activator cleft.7 It has therefore been 
proposed that the LBD of Nurr1 is nonfunctional in the view of ligand interactions, although 
an induced fit of (small) unknown ligands may not be excluded. Since the LBD of Nurr1 is 
highly homologous to the LBD of Nur77 and NOR-1, it seems likely that the LBDs of all 
NR4A nuclear receptors function similarly. NR4A nuclear receptors bind as monomers to the 
NGFI-B (nerve growth factor-induced clone B) response element (NBRE; AAAGGTCA), 
and as homodimers to the Nurr1 response element (NurRE; TGATATTTn6AAATGCCA) 
in promoters of direct target genes.8 In addition, Nur77 and Nurr1, but not NOR-1, can 
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heterodimerize with the retinoid X receptor (RXR) and bind to the DR5 response element 
(AGGTTCACCGAAAGGTCA).9 NR4A nuclear receptors also influence gene transcription 
through transrepression mechanisms, as has recently been shown for Nurr1, which inhibits 
matrix metalloproteinase-1 (MMP-1) expression through repression of the activity of E26 
transformation specific sequence-1 (ETS-1), a transcription factor involved in MMP-1 
expression.10 Similarly, NR4A nuclear receptors have been demonstrated to be involved 
in repression of NF-κB.11-13 NR4A nuclear receptors are ‘immediate early genes’, and are 
transiently and rapidly induced by a wide variety of stimuli, such as cytokines, growth factors 
or physical stimuli. Transcription factors described to drive expression of NR4A nuclear 
receptors are CREB (cAMP response elements binding protein), activator protein-1 (AP-1), 
nuclear factor kappa-B (NF-κB), and myocyte enhancing factor-2 (MEF-2).14-16 In addition 
to tightly regulated expression, post-translational modifications are important in modulating 
NR4A transcriptional activity. For example, phosphorylation of Nur77 by Akt at serine-350 
inhibits its DNA binding capacity, and consequently decreases the transcriptional activity of 
Nur77.17

NR4A nuclear receptors in metabolic processes.
Obesity and diabetes involve dysregulated lipid and glucose metabolism and are major 
risk factors for vascular disease.18 With regard to the role of NR4A receptors in glucose 
metabolism, expression of all three NR4A nuclear receptors is induced in cultured mouse 
hepatocytes by glucagon, and in the liver of fasted mice.19 This induction of Nur77, Nurr1 and 
NOR-1 is mediated through activation of CREB, a transcription factor important in hepatic 
gluconeogenesis. Nur77 subsequently induces expression of the gluconeogenic enzymes 
glucose-6-phosphatase (G6pc) and fructose biphosphatase 1 (Fbp1). Other proteins involved 
in glucose metabolism and found to be induced by Nur77 are Fbp2, glucose transporter Glut2 
(Slc2a2), enolase3 (Eno3), and glycosylphosphatidylinositol 1 (Gpi1). Nur77 induces G6pc, 
Slc2a2, and Eno3 by direct binding to functional NBREs in the promoter region of these 
murine genes, whereas the mechanism for induction for Fbp1 and Gpi1 by Nur77 remains 
to be investigated. Furthermore, Pei et al. demonstrated that overexpression of Nur77 in 
mouse liver results in an increase in gluconeogenesis and an increase in blood glucose after 
fasting.19 In addition, expression of a dominant-negative mutant of Nur77, which inhibits 
transcriptional activity of NR4A nuclear receptors results in both fasting and random fed 
diabetic mice in reduced expression of Fbp1 and Slc2a2, and these mice have lowered blood 
glucose levels. The effects of the NR4A nuclear receptors in gluconeogenesis observed in 
this study are shown to be independent of peroxisome proliferator-activated receptor-γ-
coactivator-1α (PGC-1α), which is considered a major transcriptional regulator of hepatic 
gluconeogenesis.20 Skeletal muscle is important in lipid and glucose utilization, and is a major 



38 39

Introduction to NR4A nuclear receptors

3

contributor to energy expenditure in the human body. Activation of adrenergic receptors (AR) 
by β-AR agonists in skeletal muscle cells induces lipolysis and increases energy expenditure. 
β-AR agonists also induce expression of NOR-1 and Nur77 protein in C2C12 skeletal muscle 
cells. Small interfering (si) RNA-mediated knockdown of Nur77 in skeletal muscle cells 
reduces expression of several genes involved in lipolysis and energy expenditure, most 
importantly glucose transporter 4 (Glut4), uncoupling protein 2 (UCP2), UCP3, CD36, 
caveolin 3 (Cav3), and AMP-activated protein kinase γ3 (AMPKγ3). Accordingly, lipolysis 
is reduced in skeletal muscle cells in which Nur77 was knocked down. These data were 
further supported by in vivo findings showing that knockdown of Nur77 in mouse tibialis 
muscle attenuates UCP3 expression. Furthermore, Nur77 and NOR-1 are expressed during 
myogenesis of C2C12 cells and knockdown of NOR-1 in skeletal muscle cells using siRNA 
increases myostatin mRNA expression. Consequently, it is proposed that NOR-1 plays a 
role in the regulation of skeletal muscle mass.21,22 Finally, it has been demonstrated that all 
three NR4A family members are expressed in murine white and brown adipose tissue, and 
are induced in the early phase of adipogenesis.23-25 In the latter process, Nur77 is involved in 
clonal expansion of pre-adipocytes through cyclin D1 and cyclin E2.26 In conclusion, it has 
been shown that NR4A nuclear receptors play specific roles in distinct metabolic processes 
(Figure 1). Since dysregulation of lipid and glucose metabolism is important in development 
of vascular disease, it will be crucial to further dissect the relevance of NR4A nuclear 
receptors in metabolism of liver, skeletal muscle and adipose tissue.

NR4A nuclear receptors in macrophages and vascular cells
Vascular disease is mainly caused by atherosclerosis and involves predominantly 
macrophages, T-cells, endothelial cells (ECs), and smooth muscle cells (SMCs) that interact 
with each other in the vessel wall. Central in atherosclerosis are macrophages that scavenge 
modified lipoproteins present in dysfunctional arteries. Eventually these macrophages 
become lipid laden ‘foam cells’ that secrete cytokines resulting in SMC recruitment and 
more macrophage accumulation. This inflammatory process results in further activation and 
damage of the endothelial cell layer, which aggravates the progression of atherosclerosis. 
NR4A nuclear receptors play key roles in macrophages, SMCs, and ECs as described in the 
next paragraphs.

Macrophages
NR4A nuclear receptors are induced in monocytes and macrophages in response to atherogenic 
stimuli, such as oxidized low-density lipoprotein (ox-LDL), lipopolysaccharide and tumor 
necrosis factor-α (TNF-α).27-30 Expression of Nur77, Nurr1 and NOR-1 is observed in 
atherosclerotic lesion macrophages, particularly in areas of plaque activation and remodeling, 
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suggesting involvement of these transcription factors in plaque progression.28,29 In mouse 
RAW macrophages, it has been shown that Nur77 may function as a pro-inflammatory 
mediator, which involves induction of inducible I-kappa-B kinase (IKKi/IKKε).30 This 
induction of IKKi is mediated through direct binding of Nur77 to the NBRE sequence of the 
murine promoter region of the latter gene. We have demonstrated in cultured human THP-1 
derived macrophages that overexpression of NR4A nuclear receptors decreases inflammatory 
cytokine expression.28 Interleukin-1β (IL-1β), IL-6, IL-8, macrophage inflammatory protein-
1α (MIP-1α), MIP-1β, and monocyte chemoattractant protein-1 (MCP-1) are downregulated 
in macrophages overexpressing NR4A nuclear receptors. Moreover, overexpression of 
NR4A nuclear receptors in macrophages results in decreased ox-LDL loading consistent with 
reduced expression levels of scavenger receptors SR-A and CD36. In agreement with these 
data, knockdown of Nur77 or NOR-1 in macrophages using short hairpin (sh) RNA increases 
inflammatory cytokine expression and enhances ox-LDL uptake in these cells. The latter 
finding indicates that endogenous NR4A nuclear receptors may be involved in inhibitory 
feedback mechanisms that modulate macrophage activation. We proposed that NR4A nuclear 
receptors exert their effect on inflammatory gene expression at least in part by transrepression 
of NF-κB. The latter hypothesis is in line with reports that Nur77 reduces the transcriptional 
activity of NF-κB, which could be explained by direct binding of Nur77 to the p65 subunit 
of NF-κB.11-13 In addition to the effects of Nur77 observed on inflammation and lipid loading, 
it has also been described that Nur77 is involved in macrophage cell death.31 In conclusion, 
these transcription factors are involved in macrophage cell death, have an inhibitory role in 
inflammatory cytokine secretion, and inhibit foam cell formation (Figure 2). We therefore 
propose that NR4A nuclear receptors inhibit adverse processes in lesion macrophages and 
consequently may protect against atherogenesis.

Smooth muscle cells
SMCs are under ‘normal’ conditions quiescent, contractile cells that regulate blood flow, 
blood pressure, and vessel wall stability. Upon local inflammation or vascular damage these 
functional SMCs become activated, and start migrating and proliferating into the intimal 
compartment of the vessel wall. NR4A nuclear receptors are expressed in activated SMCs in 
atherosclerotic lesions and other vascular pathologies, such as vein-graft disease and recently 
we have shown that Nur77 is expressed in the murine vessel wall during cuff-induced SMC-
rich lesion formation, already 6 hours after injury up to 7 days later.32-35 Silencing of NOR-1 in 
SMCs using anti-sense oligonucleotides results in attenuated proliferation after activation of 
these cells with serum.34 This is in agreement with the finding that SMCs derived from NOR-
1-deficient mice show repressed proliferation. This decreased proliferation is accompanied 
by a decrease in expression of cell cycle proteins cyclin D1 and cyclin D2, although the 
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precise regulation by NOR-1 of the latter proteins remains to be investigated.36 We have 
shown that Nur77, unlike NOR-1, plays an inhibitory role in SMC proliferation, since Nur77 
overexpression in both venous and arterial SMCs results in reduced proliferation. Inhibition 
of the activity of all three NR4A nuclear receptors by overexpression of a dominant-negative 
variant of Nur77 results in enhanced SMC proliferation. Inhibition of SMC proliferation 
by Nur77 is accompanied with increased expression of the cell cycle inhibitor p27Kip1 and a 
decrease in cell-cycle protein cyclin A.32,33,35 Furthermore, overexpression of Nur77 increases 
expression of calponin and smooth muscle (SM)-α actin, indicating that Nur77 induces a 
more differentiated SMC phenotype.33 Transgenic mice that overexpress Nur77 in the arterial 
vessel wall under control of the arterial SMC-specific promoter-fragment of SM22α show 
decreased vascular lesion formation, both after carotid artery ligation and upon femoral 
artery cuff placement.32,35 Moreover, mice overexpressing the dominant-negative variant of 
Nur77 develop larger lesions, indicating that endogenous NR4A nuclear receptors protect 
against excessive SMC proliferation (Figure 2).

Endothelial cells
NR4A nuclear receptors are induced in ECs by several stimuli, such as hypoxia, TNF-α, 
IL-1β, and vascular endothelial growth factor (VEGF).37-39 VEGF treatment of endothelial 
cells has also been shown to decrease phosphorylation of Nur77 at its negative regulatory 
site serine-350.37 At present, the only gene known to be directly regulated by Nur77 in ECs 
is plasminogen activator inhibitor-1 (PAI-1), which is an important inhibitor of vascular 
fibrinolysis. Nur77 has been shown to induce PAI-1 expression through directing binding 
to an NBRE in the promoter region of the PAI-1 gene, whereas ECs that overexpress a 
dominant-negative variant of Nur77 show abrogated PAI-1 expression in response to 
TNF-α.40 Inhibition of NOR-1 expression by anti-sense oligonucleotides decreases EC 
proliferation and migration upon VEGF stimulation.38 We have shown that overexpression 
of Nur77 using adenoviral vectors arrests the cell cycle of ECs in the G1 phase of the cell-
cycle upon serum stimulation, and we proposed that Nur77 is involved in maintenance of 
vascular integrity.41 Zeng et al. have demonstrated that silencing of Nur77 decreases VEGF-
induced proliferation of ECs.39 In line with these data, overexpression of Nur77 was shown 
to enhance EC survival and proliferation, accompanied with induction of cyclin A, cyclin D1, 
proliferating cell nuclear antigen (PCNA) and transcription factor E2F. Furthermore, it was 
shown that Nur77 is induced in ECs during angiogenesis and that overexpression of Nur77 
enhances this process. Finally, angiogenesis is decreased in Nur77-deficient mice, both upon 
VEGF stimulation as well as in transplanted melanoma tumors, leading to an inhibition of 
tumor growth. In summary, it has been shown that Nur77 and NOR-1 modulate EC growth, 
survival, and angiogenesis (Figure 2). 
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Enhancement of the activity of NR4A nuclear receptors by 6-mercaptopurine
Azathioprine is the pro-drug of 6-mercaptopurine (6-MP) and is used as an immunosuppressive 
drug in autoimmune conditions, such as inflammatory bowel disease and after organ 
transplantation.42 It has recently been shown that 6-MP enhances the transcriptional activity 
of NR4A nuclear receptors.43,44 This effect of 6-MP is mediated through the N-terminal AF-1 
domain and most probably involves changed recruitment of co-activators, such as TRAP220,45 
which subsequently increase the transcriptional activity of NR4A nuclear receptors. Venous 
and arterial SMCs show a dose-dependent inhibition of proliferation in response to 6-MP. 
Knockdown of Nur77 using siRNA in these cells reduces the anti-proliferative effect of 6-MP, 
demonstrating that the inhibitory effect of 6-MP on proliferation is at least partially mediated 
through involvement of Nur77.33,35 In addition, 6-MP treatment of venous SMCs was shown 
to increase expression of calponin and SMα-actin, indicating that the cells differentiated to a 
more quiescent SMC phenotype which is also observed in SMCs overexpressing Nur77.33 To 
study the effect of 6-MP in vascular lesion formation in vivo, we applied 6-MP locally using 
a perivascular drug-eluting cuff around the femoral artery, and observed that 6-MP inhibits 
SMC-rich lesion formation in mice. To evaluate the contribution of Nur77 it was demonstrated 
that the effect of 6-MP was even stronger in transgenic mice overexpressing Nur77 under 
control of the SM22α promoter, while 6-MP had no effect on vascular lesion formation in 
mice expressing a dominant-negative variant of Nur77 in arterial SMCs.35 Treatment of 
endothelial cells with 6-MP induces expression and activation of hypoxia inducible factor-1α 
(HIF-1α), and this is partially mediated through NR4A nuclear receptors. In the latter study, 
6-MP enhances VEGF levels and capillary tube formation of endothelial cells.46 Together, 
the protective effect of 6-MP on endothelial cell survival and the growth-inhibitory effect of 

Figure 2. Schematic representation of hypothesized 
involvement of nuclear receptor Nur77 in atherosclerosis
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this drug on SMCs involving NR4A nuclear receptor activity may support the hypothesis that 
NR4A nuclear receptors are bona fide targets to treat SMC-rich pathologies.

Conclusion
The interplay of metabolic processes regulated by NR4A nuclear receptors in liver, muscle and 
adipose tissue requires more research to establish the eventual effect on metabolic homeostasis. 
In the vessel wall, NR4A nuclear receptors may have a protective role in vascular lesion 
formation, involving inhibition of inflammation, reduced foam cell formation, and protection 
against SMC-rich lesion formation. Although at present the signaling pathways of NR4A 
function involved in metabolism and vascular disease are not fully unraveled, we propose 
that local activation of Nur77 is a rational approach to treat vascular lesion formation
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Abstract
Objective Atherosclerosis is an inflammatory disease in which macrophage activation and 
lipid loading play a crucial role. In this study, we investigated expression and function of 
the NR4A nuclear receptor family, comprising Nur77 (NR4A1, TR3), Nurr1 (NR4A2) and 
NOR-1 (NR4A3) in human macrophages.
Methods and Results Nur77, Nurr1 and NOR-1 are expressed in early and advanced human 
atherosclerotic lesion macrophages primarily in areas of plaque activation/progression as 
detected by in-situ hybridization and immunohistochemistry. Protein expression localizes to 
the nucleus. Primary and THP-1 macrophages transiently express NR4A nuclear receptors 
in response to lipopolysaccharide and tumor necrosis factor-α. Lentiviral overexpression of 
Nur77, Nurr1 or NOR-1 reduces expression and production of interleukin-1β (IL-1β) and IL-
6 pro-inflammatory cytokines and IL-8, macrophage inflammatory protein-1α (MIP-1α) and 
MIP-1β and monocyte chemoattractant protein-1 chemokines. In addition, NR4A nuclear 
receptors reduce oxidized low-density lipoprotein uptake, consistent with downregulation of 
scavenger receptor-A, CD36 and CD11b macrophage marker genes. Knockdown of Nur77 
or NOR-1 with gene-specific lentiviral short-hairpin RNAs resulted in enhanced cytokine 
and chemokine synthesis, increased lipid loading and augmented CD11b expression, 
demonstrating endogenous NR4A nuclear receptors to inhibit macrophage activation, foam-
cell formation and differentiation.
Conclusion NR4A nuclear receptors are expressed in human atherosclerotic lesion 
macrophages and reduce human macrophage lipid loading and inflammatory responses 
providing further evidence for a protective role of NR4A nuclear receptors in atherogenesis.
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Introduction
Atherosclerosis is a chronic inflammatory disease, involving deregulation of both immune 
system and lipid metabolism.1,2 Macrophages, imperative in the innate immune system, are 
involved in the initiation, progression and rupture of atherosclerotic lesions, as well as in the 
initiation of smooth muscle cell (SMC)-rich pathologies like restenosis.3,4 At the onset of 
atherosclerosis, monocytes are locally recruited to the arterial vessel wall, where these cells 
differentiate into macrophages. These intimal macrophages ingest modified lipid particles and 
become lipid-laden foam-cells that form a so-called fatty streak. In advanced atherosclerotic 
lesions, macrophages are localized primarily around a central lipid core and at the shoulder 
region of the plaque. At the latter site, which is known to be prone to rupture, these cells may 
be involved in destabilization of the lesion.5 Throughout the progression of atherosclerosis, 
macrophages produce pro-inflammatory cytokines, chemokines, growth factors and matrix-
degrading enzymes and are consequently crucial in the chronic inflammatory process in the 
diseased vessel wall.6,7 Detailed knowledge on the molecular mechanisms involved in the 
inflammatory and metabolic processes in macrophages is essential to develop novel drug 
therapies against atherosclerosis. We hypothesized that NR4A nuclear receptors are key 
regulatory factors involved in modulation of these specific processes in macrophages. 

The NR4A nuclear hormone receptors were first described as early response transcription 
factors expressed upon stimulation by growth factors.8-10 This NR4A subfamily comprises 
three members, notably Nur77 (NR4A1, TR3, NGFI-B, NAK-1), Nurr1 (NR4A2, NOT) 
and NOR-1 (NR4A3, MINOR).11 Like other nuclear receptors, NR4A nuclear receptors 
contain a central DNA-binding domain, comprising two zinc-fingers, that bind the consensus 
response element NBRE (AAAGGTCA) as monomers and the palindromic NurRE element 
(TGATATTTX6AAAGTCCA) as homo/heterodimers in promoters of specific target genes.12 
Furthermore, nuclear receptors consist of an N-terminal domain mediating transactivation and 
a C-terminal ligand-binding domain. Specific ligands for the NR4A family of transcription 
factors have not been identified, classifying them as orphan nuclear receptors.13 At the C-
terminal domain both Nur77 and Nurr1 can heterodimerize with RXRs and mediate retinoid 
responses.14 The NR4A family members have been shown to be functionally involved in T-
cell and cancer cell apoptosis15-17 and in dopaminergic differentiation of neurons.18

In search for genes involved in SMC activation in atherogenesis, we revealed induction of 
Nur77 and NOR-1 expression in in vitro–activated SMCs.19 Furthermore, we have shown 
expression of all three NR4A nuclear receptors in atherosclerotic lesions and in cultured 
human SMCs and endothelial cells (ECs).20,21 We demonstrated that Nur77 overexpression 
in vitro inhibits proliferation of both SMCs and ECs. In vivo overexpression of Nur77 under 
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the control of an arterial SMC-specific promoter in transgenic mice protects against SMC-
rich lesion formation.19 Other nuclear receptors, notably PPARs and LXRs play an important 
role in both SMC and macrophage function relevant to atherosclerosis and restenosis.22-25 
However, the function of NR4A nuclear receptors in human macrophages is unknown. 
In the current study, we show for the first time expression of all three NR4A family members 
Nur77, Nurr1 and NOR-1 in human atherosclerotic lesion macrophages and we demonstrate 
that these factors reduce the uptake of oxidized low-density lipoprotein (ox-LDL) as well as 
the inflammatory response in human macrophages. 

Materials and methods
Details of the Materials and Methods are given in the online data supplement available at 
http://atvb.ahajournals.org.

Immunohistochemistry and double in-situ immunohistochemistry
Macrophages were detected by Ham56 (DAKO) and SMCs by the antibody directed against 
SMα-actin, 1A4 (DAKO). Anti-Nur77 (M-210, Santa Cruz Biotechnology), anti-Nurr1 (M-
196) and anti-NOR-1 (rabbit polyclonal antibody directed against NOR-1 was generated; 
for data on specificity see Figure S1, online data supplement), were used to detect the 
NR4A nuclear receptors. Combination of radioactive gene-specific in-situ hybridization 
and macrophage-specific immunohistochemistry was applied to detect NR4A macrophage-
specific expression.20

Lentiviral vector construction, infection and shRNA interference
hNur77, hNurr1, hNOR-1 and EGFP cDNAs were cloned into the pRRL-cPPt-PGK-PreSIN 
vector.26 Short hairpin (sh) Nur77and shNOR-1 were cloned into p156RRL-sinPPT-CMV-
GFP-PRE/NheI.27 For shRNA design and sequences, see online Materials and Methods. 
Virus was produced as described.26 THP-1 and U937 cells were transduced for 24 hrs with 
recombinant lentivirus at a multiplicity of infection (MOI) of 3 and 9 respectively in the 
presence of 10μg/ml DEAE-dextran. After transduction cells were cultured in suspension 
for 72 hrs, differentiated into macrophages and cultured as described above. Overexpression 
of Nur77, Nurr1, NOR-1 and EGFP was verified by flow cytometric analyses (EGFP) and 
immunofluorescence (Figure S2.1, online data supplement). shNur77 and shNOR-1 constructs 
contained CMV-GFP and transduction efficiency was verified by flow cytometric analysis 
(GFP). Knockdown was confirmed by RT-PCR (Figure S2.2, online data supplement) and 
immunofluorescence.28 
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RNA and protein analysis
Briefly, RNA was extracted and cDNA was made. Specific primers for Nur77, Nurr1, NOR-1, 
scavenger receptor-A (SR-A), CD36, CD11b, interleukin-1β (IL-1β), IL-6, IL-8, macrophage 
inflammatory protein-1α (MIP-1α) and MIP-1β, monocyte chemoattractant protein-1 (MCP-
1) and ribosomal protein P0 were designed. For primer sequences, see online data supplement. 
All RT-PCR data were corrected for housekeeping gene ribosomal protein P0. Protein levels 
of IL-1β, IL-6 and IL-8 were determined in supernatant of cell cultures by BDTM Cytometric 
Bead Array according to manufacturers’ protocol. 

Lipid loading, quantification and microscopy
After lentiviral infection THP-1-derived macrophages were treated with DiI-labeled ox-LDL 
for time periods indicated, subsequently washed twice with PBS and lysed in isopropanol. 
After sonification followed by 10 minutes centrifugation (13000g) DiI-labeled ox-LDL 
content was measured by fluorometry. For confocal microscopy, cells were cultured on glass 
and treated with DiI-labeled ox-LDL. 

Statistical analysis 
The unpaired Student’s t-test was used to calculate the statistical significance of the expression 

ratios versus control. P values < 0.05 were considered statistically significant.

Results
Nur77, Nurr1 and NOR-1 are expressed in human atherosclerotic lesion 
macrophages 
In previous studies we demonstrated expression of Nur77, Nurr1 and NOR-1 in both SMCs and 
ECs in atherosclerotic lesions.20,21 In this study, we show expression of Nur77, Nurr1 and NOR-
1 in atherosclerotic lesion macrophages by combining macrophage-specific immunostaining 
with gene-specific in-situ hybridization. Aorta specimens of 8 different organ donors (3 males 
and 5 females, age 40-69 years) were characterized by immunohistochemistry according to 
the American Heart Association guidelines (Table 1 and Figure 1A, B).29 The complexity of 
the lesions analyzed ranged from class II to VI. mRNA expression levels of Nur77, Nurr1 and 
NOR-1 in lesion macrophages and SMCs were scored and specific localization of expression 
in the lesion indicated. As a typical example of an early lesion, we show a type II lesion with 
high mRNA expression levels of all three nuclear receptors in macrophages (Figure 1, C-E; 
† in Table 1).  Protein expression of Nur77, Nurr1 and NOR-1 localizes to the nucleus in 
macrophage-rich areas and is comparable with the mRNA expression pattern  (Figure 1, F-I 
‡ in Table 1). Notably, in complex lesions, prominent macrophage-specific NR4A expression 
is localized especially to shoulder regions and macrophages infiltrated in the media.
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Figure 1. Macrophage-specific expression of Nur77, Nurr1 and NOR-1 in human atherosclerosis. 
(A-E) Serial sections of a human type II-lesion (indicated (†) in Table 1), were analyzed by 
immunohistochemistry to detect macrophages (A) and SMCs (B). To demonstrate macrophage-specific 
expression of Nur77, Nurr1 and NOR-1, sections were analyzed simultaneously by macrophage-specific 
immunohistochemistry and in-situ hybridization with gene-specific probes (C-E). mRNA expression (black 
silver grains) of Nur77 (C), Nurr1 (D) and NOR-1 (E) co-localizes with a number of macrophages (in red). 
(F-I) Protein expression of Nur77, Nurr1 and NOR-1 in human atherosclerosis. Serial sections of a human 
type II-lesion (indicated (‡) in Table 1), were analyzed by immunohistochemistry to detect macrophages 
(F), Nur77 (G), Nurr1 (H) or NOR-1 (I). NR4A proteins are expressed predominantly in neointimal cells and 
do localize to nuclei. The sections shown in G-I were not counterstained for nuclei. MΦ, macrophages; 
Neo, neointima; Lu, lumen; M, media. Arrows in C, D and E point at macrophages expressing the specific 
mRNAs.

Table 1. Donor characteristics and mRNA expression profiles of Nur77, Nurr1 and NOR-1 in 
atherosclerosis lesions. 

Lesion MØ Lesion SMC Sex Age 
(yrs) 

Class
(AHA) Nur77 Nurr1 NOR-1 Nur77 Nurr1 NOR-1 

Area of expression 
in vessel wall 

F 40 II + ++ ++ ++ + + neointima

F 41 II + + + ++ + + neointima 

F† 56 II ++ ++ ++ ++ + + neointima

F 59 II + ++ ++ ++ + + neointima 

M‡ 66 II-III +++ +++ +++ ++ ++ ++ neointima

M 49 V +++ +++ +++ ++ + + shoulder, activated 
media, neointima 

F 49 VI ++ ++ ++ ++ ++ ++ shoulder, activated 
media, neointima 

M 66 VI ++ ++ ++ ++ ++ ++ shoulder, activated 
media, neointima 

M: male; F: female; yrs: years; AHA: American Heart Association Classification; +: low expression, ++: 
moderate expression, +++: high expression; †: shown in Figure 1A-E; ‡: shown in Figure 1F-I. 

Table 1. Donor characteristics and mRNA expression profiles of Nur77, Nurr1 and NOR-1 in 
atherosclerosis lesions.
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Nur77, Nurr1 and NOR-1 are expressed in response to inflammatory stimuli and 
reduce ox-LDL lipid loading 
High expression levels of NR4A nuclear receptors in atherosclerotic lesion macrophages 
prompted us to study whether their expression is dependent on inflammatory signaling 
pathways that are active at diseased areas. In addition, the functional activity of these 
transcription factors was determined in in vitro studies. In line with recently published data,30 
we observed robust and transient mRNA expression of all three NR4A nuclear receptors in 
primary macrophages and in monocytic THP-1 cells in response to lipopolysaccharide (LPS). 
In addition, we show that NR4A nuclear receptors are moderately induced by TNF-α in 
primary macrophages and highly induced  (50-150 fold induction) in THP-1 PMA-maturated 
macrophages in response to LPS. Immunofluorescent analysis of NOR-1 expression revealed 
that this protein localizes predominantly to the nucleus after LPS stimulation (Figure S3, 
online data supplement).

Figure 2. NR4A overexpression in human macrophages reduces DiI-labeled ox-LDL uptake and 
expression of SR-A, CD36 and CD11b. (A) Uptake of DiI-labeled ox-LDL for 3, 6 and 24 hrs was 
determined by fluorometry. Lipid loading was significantly lower in THP-1 macrophages overexpressing 
Nur77, Nurr1 or NOR-1 as compared to Mock. (B) After 24 hrs of DiI-labeled ox-LDL treatment THP-
1 macrophages were analyzed by confocal microscopy showing reduced DiI-fluorescence intensity in 
Nur77-overexpressing macrophages, localizing to lipid vacuoles. (C,D) mRNA expression of SR-A, CD36 
and CD11b was determined by real-time RT-PCR. (C) THP-1 macrophages overexpressing Nur77, Nurr1 
and NOR-1 expressed significantly lower levels of SR-A, CD36 and CD11b (A, C; n=3 ±SD, Student’s t 
test; p<0.01). (D) In U937 macrophages Nur77, Nurr1 and NOR-1 overexpression resulted in decreased 
CD11b mRNA expression as compared to Mock (D; n=2 ±SD, Student’s t test; p<0.02). 
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Figure 3. shRNA-mediated Nur77 and NOR-1 knockdown results in increased DiI-labeled ox-LDL 
uptake and enhanced expression of SR-A, CD36 and CD11b. (A) DiI-labeled ox-LDL uptake for 24 
hrs was determined by fluorometry. Ox-LDL uptake was significantly increased in THP-1 macrophages 
expressing shNur77 and shNOR-1 as compared to control shRNA, (B) consistent with a significant 
increase in SR-A and CD36 mRNA expression as determined by RT-PCR (A, B; n=2 ±SD, Student’s t 
test, p<0.05). (C) In addition, in shNur77 and shNOR-1 expressing THP-1 macrophages elevated CD11b 
mRNA expression levels were detected as compared to shRNA control (C; n=2 ±SD, Student’s t test, 
p<0.05). 

To study the function of Nur77, Nurr1 and NOR-1 in macrophages, we infected THP-1 cells 
with lentiviruses that encode these factors or control Mock-virus and determined the effect 
on lipid loading, a hallmark of atherosclerosis. Lentiviral overexpression of NR4A nuclear 
receptors resulted in 80-90% transduction efficiency and nuclear localization of the encoded 
proteins (Figure S2.1, online data supplement). Viability of NR4A overexpressing cells was 
comparable to control cells (data not shown). In macrophages overexpressing NR4A nuclear 
receptors DiI-labeled ox-LDL uptake was quantified by fluorometry and was shown to be 
reduced after 3 to 6 hrs, with more than 30% reduction after 24 hrs (Figure 2A). Confocal 
microscopy was performed to assess the cellular localization of DiI-labeled ox-LDL in 
macrophages. After 24 hrs, DiI-fluorescence localizes to lipid vacuoles and fluorescence 
intensity is relatively low in Nur77-overexpressing macrophages as compared to Mock-
lentivirus infected cells (Figure 2B). Since SR-A and CD36 are important genes involved 
in modified lipoprotein uptake, mRNA expression levels of these genes were determined by 
semi-quantitative real-time RT-PCR. THP-1 macrophages overexpressing Nur77, Nurr1 or 
NOR-1 express significantly lower levels of SR-A and CD36 than Mock-virus infected cells 
(Figure 2C). In addition, we show that CD11b expression, a general macrophage marker 
gene, is reduced in both THP-1 and U937 macrophages overexpressing NR4A receptors 
(Figure 2C, D).  To unravel the function of endogenous NR4A nuclear receptors in foam-
cell formation specific shRNAs against Nur77 and NOR-1 were designed. Knockdown of 
endogenous Nur77 or NOR-1 resulted in a significant increase in DiI-labeled ox-LDL uptake 
consistent with an approximately 2 fold increase in SR-A and CD36 mRNA expression as 
compared to cells transduced with control shRNA (Figure 3A, B). CD11b expression was 
increased 2.3-2.7 fold in shNur77 or shNOR-1 expressing THP-1 macrophages, respectively 
(Figure 3C). 
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Lentiviral overexpression of Nur77, Nurr1 and NOR-1 reduces pro-inflammatory 
cytokine and chemokine expression
Next, we assayed NR4A function in cytokine- and chemokine synthesis in human THP-1 
and U937 macrophages. mRNA levels of pro-inflammatory cytokines IL-1β and IL-6 and 
chemokines IL-8, MIP-1α/-β and MCP-1 were determined after stimulation with LPS, TNF-
α or vehicle (Figure 4A). As a control for the activity of LPS and TNF-α, mRNA levels were 
assayed in Mock-infected macrophages (Figure 4A). Except for IL-6 expression, which is 
not detectable (ND) in vehicle or TNF-α-treated cells, mRNA expression levels of these 
inflammatory genes are induced 20-8000 fold by LPS and 3-10 fold by TNF-α. mRNA levels 
of these chemokines and cytokines analyzed are robustly reduced (2-10 fold induction) in 
THP-1-macrophages overexpressing either Nur77, Nurr1 or NOR-1 as compared to Mock-
infected cells both after LPS and TNF-α stimulation. As an exception, MCP-1 mRNA 
expression is 2.5 fold induced by TNF-α in NOR-1 overexpressing macrophages and is not 
significantly different in Nurr1 overexpressing cells as compared to Mock-infected cells. In 
addition to the mRNA results described, we determined protein concentrations of IL-1β, IL-6 
and IL-8 (Figure 4B) in the conditioned medium of lentivirus-infected THP-1 macrophages.  
Conditioned media were collected at 0, 6 and 24 hrs after treatment with LPS and protein 
concentrations were determined by BDTM Cytometric Bead Array.  Overexpression of Nur77, 
Nurr1 or NOR-1 results in a significant reduction of LPS-induced secretion of IL-1β, IL-6 and 
IL-8 by THP-1 macrophages. To provide further evidence for an anti-inflammatory function 
of NR4A nuclear receptors in human macrophages, we analyzed cytokine and chemokine 
expression in human U937 cells in gain of function experiments. After stimulation with 
LPS NR4A nuclear receptors reduce mRNA expression of IL-8 and MCP-1 substantially as 
well as IL-6 and IL-8 protein levels in conditioned media of these cells (Figure 4C, D). The 
function of endogenous NR4A nuclear receptors in inflammatory responses is substantiated 
by specific shRNAs against Nur77 or NOR-1. Lentiviral delivered shNur77 or shNOR-1 
results in an increase of IL-1β, IL-8 and MCP-1 mRNA expression after LPS stimulation 
as compared to control shRNA infected cells (Figure 5A). In addition, Nur77 or NOR-1 
knockdown significantly increases IL-1β and IL-8 protein concentrations in the supernatant 
of these cells (Figure 5B).

Discussion
Monocyte and macrophage activation together with foam-cell formation are critical events 
in atherogenesis and other related vascular pathologies. In this study, we demonstrate 
expression of the NR4A family of nuclear receptors Nur77, Nurr1 and NOR-1 in human 
atherosclerotic lesion macrophages, especially in areas of plaque activation/progression. 
So far, co-localization with macrophage marker CD68 has only been reported for Nur77.30 
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Figure 4. Nur77, Nurr1 or NOR-1 overexpression in human macrophages reduces inflammatory 
cytokine and chemokine synthesis. (A) THP-1 macrophages overexpressing Nur77, Nurr1 and NOR-
1 were stimulated with LPS (100ng/ml), TNF-α (20ng/ml) or control for 3 hrs and mRNA levels of IL-1β, 
IL-6, IL-8, MIP-1α, MIP-1β and MCP-1 were determined by real-time RT-PCR. In Mock-lentivirus infected 
cells the genes analyzed were induced 20-8000 fold after LPS and 3-10 fold after TNF-α (except for IL-
6, not detectable after TNF-α or control (ND)). THP-1 macrophages overexpressing Nur77, Nurr1 and 
NOR-1 expressed significantly lower mRNA levels (>2 fold reduction) of most of the genes analyzed. 
(B) Protein levels of IL-8, IL-1β and IL-6 were determined in conditioned media collected at 0, 6 and 24 
hrs after treatment with LPS. Protein levels of IL-8, IL-1β and IL-6 were significantly reduced in THP-1 
macrophages overexpressing Nur77, Nurr1 and NOR-1 (A, B; n=3 ±SD, Student’s t test, p<0.05; ND: not 
detectable; NS: not significant). (C,D) In U937 macrophages overexpression of NRA4 nuclear receptors 
reduced mRNA expression of IL-8 and MCP-1 (C) and protein levels of IL-8 and IL-6 in conditioned media 
(D) was detected after 3 hrs and 24 hrs LPS (100ng/ml), respectively (n=2 ±SD, Student’s t test, p<0.05). 
All data shown are significant as compared to Mock.



58 59

Nur77, Nurr1 and NOR-1 in macrophages

4

Lentiviral overexpression of NR4A nuclear receptors in human macrophages reduced uptake 
of modified lipid particles substantially as well as expression of pro-inflammatory cytokines 
and chemokines. Moreover, shRNA-mediated knockdown of Nur77 or NOR-1 resulted in 
increased lipid loading and augmented inflammatory responses in these cells indicating that 
endogenous NR4A nuclear receptors are involved in these processes. A potential mechanism 
for the effects observed is inhibition of macrophage differentiation, which is consistent with 
reduced expression of SR-A, CD36 and CD11b in human macrophages in NR4A gain of 
function experiments. 

We demonstrate that Nur77, Nurr1 and NOR-1 are transiently induced in response to the 
inflammatory stimuli LPS and TNF-α in both primary and THP-1-derived macrophages. 
Especially LPS and, as recently shown, also ox-LDL strongly induce NR4A expression.30 
Both LPS and ox-LDL promote Toll-like receptor-4 (TLR-4) signaling, which has been shown 
to be involved in atherogenesis and consequently these in vitro applied stimuli are relevant 
to atherosclerosis.31 Paradoxically, NR4A nuclear receptors are expressed in areas of plaque 
progression/activation and are induced by inflammatory stimuli but, as shown in this study, 
inhibit foam-cell formation and pro-inflammatory cytokine- as well as chemokine production. 
Similar atheroprotective mechanisms involved in controlling vascular pathologies have been 
described for other nuclear receptors and are known to be functional during vascular lesion 
development.20,22-25 

Nur77 and NOR-1 have been implicated in apoptosis of T-cells involving the transcriptional 
activity of these transcription factors.15 In macrophages, LPS in combination with the pan-
caspase inhibitor zVAD was shown to induce apoptosis involving Nur77, however, the exact 

Figure 5. Nur77 and NOR-1 knockdown in THP-1 macrophages augments cytokine and chemokine 
synthesis. (A,B) THP-1 macrophages expressing shNur77 and shNOR-1 were stimulated with LPS 
(100ng/ml) or control. mRNA expression of IL-1β, IL-8 and MCP-1 after 8 hrs LPS was determined (A) and 
protein levels of IL-1β and IL-8 after 24 hrs LPS in conditioned media (B). All data shown are significant 
(n=2 ±SD, Student’s t test, p<0.05) as compared to control shRNA.
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mechanism of Nur77 action in zVAD-mediated apoptosis has not been elucidated yet.32 In 
cancer cells, the apoptotic effect of Nur77 depends on the presence of pro-apoptotic agents 
and involves translocation of Nur77 to mitochondria.16 Here, we demonstrate nuclear 
localization of NR4A proteins in human atherosclerotic lesions macrophages as well as in 
LPS-stimulated cultured macrophages, suggesting the protein to be predominantly active in 
this cellular compartment. Furthermore, lentiviral overexpression of NR4A nuclear receptors 
in both THP-1 and U937 macrophages did not result in a reduced viability of those cells.

The reduced uptake of modified LDL as revealed in this study correlates with downregulation 
of scavenger receptors SR-A and CD36 expression, which have both been shown to enhance 
foam cell formation and atherosclerotic lesion size in vivo using macrophage-specific 
Msr1 and CD36 deficient mice in dedicated atherosclerosis models.33,34 Although there is 
compelling evidence for a pro-atherogenic role of these receptors both in vitro and in vivo, 
recently this paradigm in atherosclerosis has been challenged.35 The expression of CD36, and 
a number of other genes, has been shown to be dependent on Nur77 in skeletal muscle.36 It is 
hypothesized that Nur77 enhances lipolysis in skeletal muscle cells and consequently protects 
against diet-induced obesity, which supports in combination with the reduced lipid uptake in 
macrophages shown, an anti-atherogenic function for Nur77-like factors. The underlying 
mechanism of the tissue-specific regulation of CD36 expression by Nur77 and possibly also 
its subfamily members NOR-1 and Nurr1, awaits further investigations. 

The pro-inflammatory cytokines and chemokines analyzed in the current study are considered 
highly relevant for atherogenesis1-4,6,7 and the NF-κB pathway is vital for expression of these 
genes.37 In monocytes Nur77 has been isolated in a genome-wide screen that was designed to 
identify inhibitors of the NF-κB pathway.38 It is demonstrated that overexpression of Nur77 
in HEK293 cells potently reduces expression of an NF-κB reporter construct in response 
to IL-1β and TNF-α. In T-cells it was shown that Nur77 is involved in inhibition of NF-
κB-mediated IL-2 and IL-8 promoter activity, probably through binding of the N-terminal 
activation domain of Nur77 with the p65 subunit of NF-κB,39 comparable to the direct 
inhibitory interaction of the glucocorticoid receptor with NF-κB.40 Taken together, our data 
may at least in part be explained by transrepression of the NF-κB pathway by NR4A nuclear 
receptors. Interestingly, it has recently been shown that overexpression of Nur77 in a mouse 
macrophage cell-line results in a pro-inflammatory response involving enhanced expression 
of inducible I-kappa-B kinase (IKKi), an NF-κB activating gene.41 The discrepancy may be 
explained by species difference, since in the latter study the murine promoter of IKKi was 
shown to contain a functional NBRE, whereas the human IKKi-promoter does not contain 
this NBRE.
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The role of NR4A nuclear receptors in various vascular cell types has been studied in our 
group and by others.20,21,28,42,43 Nur77 has been shown to promote angiogenesis in dedicated 
mouse models43 and to inhibit SMC-rich lesion formation in transgenic mice.20 In contrast, 
inhibition of NOR-1 expression in cultured cells by anti-sense oligonucleotides resulted in 
reduced SMC and endothelial cell growth, suggesting a stimulatory effect of this NR4A 
member on proliferation of these vascular cells.42 In the current study, we show that all 
three NR4A family members mediate similar downstream effects in macrophages, except 
for enhanced MCP-1 expression after TNF-α stimulation when NOR-1 is overexpressed. A 
detailed analysis of downstream gene targets for each of these three transcription factors will 
give further insight in gene-specific and cell-specific responses. 

In summary, we demonstrate that the NR4A family of transcription factors is expressed 
in human atherosclerotic lesion macrophages and is functionally involved in inhibition of 
inflammatory responses and lipid loading. So far, our results point towards atheroprotective 
properties of NR4A nuclear receptors in macrophages and for Nur77 in other vascular cell 
types as well. Future studies in vitro and in in vivo models will unravel the significance of 
these transcription factors in atherogenesis and related vascular pathologies.  
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Supplemental material and methods 
Human tissue specimens
Human tissue samples were obtained with informed consent from organ donors, according 
to protocols approved by the Medical Ethics Committee of the Academic Medical Center, 
Amsterdam. The specimens were paraffin embedded, sectioned, and mounted on glass slides 
(Superfrost-Plus, Emergo). Vascular specimens were characterized by immunohistochemistry 
with antibodies specific for SMCs and macrophages to establish the stage of disease according 
to the American Heart Association classification.1 

Immunohistochemistry and double in-situ immunohistochemistry
Macrophages were detected by monoclonal antibody Ham56 (DAKO) and SMCs by 
monoclonal antibody 1A4 (DAKO) directed against smooth muscle α-actin, in human 
vascular specimens. Anti-Nur77 (M-210, Santa Cruz Biotechnology), anti-Nurr1 (M-196, 
Santa Cruz Biotechnology) and anti-NOR-1 (rabbit polyclonal antibody directed against 
NOR-1 N-terminal domain was generated; for data on specificity, Figure S1, online data 
supplement) were used to detect NR4A nuclear receptors. Briefly, after deparaffinization 
and endogenous peroxidase quenching, citrate antigen retrieval was performed, followed by 
blocking and permeabilization with 1% (w/vol) bovine serum albumin, 1% (vol/vol) normal 
goat serum and 0.5% Triton-X 100 and primary antibody incubation overnight at 4°C. After 
biotin-labeled goat-anti-rabbit IgG secondary antibody (DAKO) incubation followed by 
streptavidin-HRP (DAKO), amino-ethylcarbazole (AEC) (Sigma) detection was applied. 
Staining after secondary antibody incubation alone served as a negative control.
Combination of radioactive gene-specific in situ hybridization and macrophage-specific 
immunohistochemistry was essentially performed as described.2 For in situ hybridization 
the following riboprobes were synthesized:  Nur77, GenBank No. L13740, bp 1221 to 
1905; Nurr1, GenBank No. X75918, bp 119 to 1003 and NOR-1, GenBank No. U12767, bp 
1435 to 2172. After hybridization macrophages were detected using immunohistochemistry 
as described above, followed by emulsion radiography. Matching sense riboprobes were 
assayed for each gene and were shown to give neither background nor a non-specific signal. 
The sections were exposed for 4 to 8 weeks. All slides were counterstained with hematoxylin 
and embedded in glycergel (DAKO).

Cell culture
Primary human macrophages were isolated from buffy-coats of blood donors, obtained 
from the Dutch central bloodbank Sanquin. After isolation by Ficoll-Paque (Pharmacia 
Biotech) gradient centrifugation, monocyte-negative selection kit (Dynal) and adhesion-
mediated purification, cells were cultured for 48 hrs at a density of 0.5-1x106 cells/ml before 
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experiments were performed. Human monocytic THP-1 cells (ATCC) and human monocytic 
U937 cells were cultured in RPMI 1640, 10% (vol/vol) fetal bovine serum and 100U/ml 
penicillin/streptomycin (GIBCO-BRL). Cells were plated in 12-wells plates at a density 
of 0.5x106 cells/ml, differentiated into macrophages by PMA (100ng/ml) for 48 hrs. After 
differentiation, cells were washed twice with PBS and grown in medium for 24 hrs. Reagents 
used were PMA (Sigma), LPS (Sigma), recombinant human TNF-α (R&D) and DiI-labeled 
ox-LDL (Intracel-RP-173). 

Lentiviral vector construction and virus preparation
hNur77 cDNA (GenBank D49728, bp 8-1920) was cloned into the XbaI-NdeI sites of the 
pRRl-cPPt-PGK-PreSIN vector (PGK-Nur77). hNurr1 cDNA (Genbank X75918, bp 73-
2310) was placed into the SalI-NsiI sites of the pRRl-cPPt-PGK-PreSIN vector (PGK-Nurr1) 
and hNOR-1 cDNA (GenBank D78579, bp 513-2872) was ligated into the XbaI site of the 
pRRl-cPPt-PGK-PreSIN vector (PGK-NOR-1). PGK-EGFP-PreSIN (PGK-EGFP) was 
constructed by isolating the EGFP cDNA from the expression vector pEGFP-N2 (Clontech) 
using SalI-XbaI digestion, subsequently ligated into the corresponding sites of the pRRl-
cPPt-PGK-PreSIN vector.3 All constructs were verified by DNA sequencing. Virus stocks 
were produced as described.3  Briefly, 20µg of PGK transfer vector, 13µg of pMDLg/pRRE, 
7μg pVSV-g, and 5µg of pRSV-REV were co-transfected into 180cm2 HEK293T cells using 
the calcium phosphate co-precipitation method. Conditioned medium was harvested at 48 
hrs and 72 hrs after transfection, filtered through 0.45µm filters and concentrated by ultra 
centrifugation (20.000 rpm, 2 hrs, 4°C). Viral titres were determined essentially as described 
by Sastry et al.4 In short, HEK293 cells were transduced with serially diluted viral concentrate, 
48 hrs after transduction total genomic DNA was isolated from these cells and the number of 
vector DNA copies was determined using PCR analysis with pRRl-cPPt-PGK-PreSIN vector 
as calibration standard (forward primer: 5’-GTGCAGCAGCAGAACAATTTG-3’, reverse 
primer: 5’-CCCCAGACTGTGAGTTGCAA-3’). 

Lentiviral infection 
THP-1 and U937 cells were transduced in the presence of 10μg/ml DEAE-dextran with 
recombinant lentivirus for 24 hrs at a Multiplicity of infection of 3 and 9 respectively. Empty 
(Mock) and EGFP lentivirus were taken along as controls. After transduction cells were cultured 
in suspension for 72 hrs, differentiated into macrophages and cultured as described above. 
Overexpression of Nur77, Nurr1, NOR-1 and EGFP was checked by immunofluorescence 
and flow cytometric analyses (EGFP) (Figure S2.1, online data supplement). shNur77 and 
shNOR-1 constructs contained CMV-GFP and transduction efficiency was verified by flow 
cytometric analysis (GFP) (data not shown). For immunofluorescence, cells were cultured on 
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glass, fixed for 20 min with 4% (w/vol) paraformaldehyde PBS and permeabilized with 0.5% 
(vol/vol) Triton-X-100. Cells were stained by anti-Nur77 (M-210, Santa Cruz Biotechnology), 
anti-Nurr1 (M-196, Santa Cruz Biotechnology) and anti-NOR-1 for detection of Nur77, 
Nurr1 and NOR-1 respectively, followed by Alexa Fluor 488-conjugated goat anti-rabbit 
IgG or Alexa Fluor 568-conjugated donkey anti-goat IgG (Molecular Probes). Nuclei were 
stained with Hoechst.

RNA Interference
Knockdown of Nur77 or NOR-1 was achieved by lentiviral delivery of an expression cassette 
encoding an siRNA directed against the target sequences. These sequences are unique to 
Nur77 and NOR-1, as determined by the Whitehead Institute (Cambridge, MA) siRNA 
selection program.5 Briefly, shNur77: -CAGTCCAGCCATGCTCCTCTCTCTTGAA 
GAGGAGCATGGCTGGACTG and shNOR-1: GAAGATCAGACATTACTTATCTCT 
TGAATAAGTAATGTCTGATCTTC (bold sequences are target sequences; underlined 
sequences represent hairpin) were coupled to the H1-promoter by PCR amplification and 
subsequently cloned into p156RRL-sinPPT-CMV-GFP-PRE/NheI as described.6 Constructs 
were verified by DNA sequencing. shNur77 and shNOR-1 constructs contained CMV-GFP 
and transduction efficiency was verified by flow cytometric analysis (GFP). Knockdown was 
confirmed by RT-PCR (Figure S2.2, online data supplement) and immunofluorescence.7

RNA and protein analysis
Total RNA was extracted using RNA absolutely Miniprep kit (Stratagene). cDNA was made 
using iScript cDNA Synthesis kit (Biorad) and semi-quantitative real-time RT-PCR was 
performed using iQ SYBR-Green Super-Mix in the MyiQ RT-PCR system (Biorad). Specific 
primers for Nur77, Nurr1, NOR-1, scavenger receptor-A (SR-A), CD36, CD11b, macrophage 
inflammatory protein-1α (MIP-1α) and MIP-1β, monocyte chemoattractant protein-1 (MCP-
1), IL-8, IL-1β, IL-6 and ribosomal protein P0 were designed.
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Figure S1. Specificity of the polyclonal anti-NOR-
1 antibody. Human NOR-1 amino-acids 1-196 were 
extended with an N-terminal His-tag and overexpressed 
in E. coli. After NiTA-purification the protein-fragment 
was used to raise antibodies against human NOR-1 
in rabbits. Serum IgG-fraction was purified by protein-
A-sepharose affinity chromatography. (A) Western 
blotting. Lysates of COS cells (20μg/lane) transfected 
with control plasmid or plasmids encoding human 
Nur77, Nurr1 or NOR-1 under control of the SV40 
early promoter were separated by SDS-PAGE and 
transferred to nitrocellulose membrane. Subsequently, 
the blot was incubated with anti-NOR-1 antibody 
(1:1000), followed by goat-anti-rabbit-HRP, which was 
detected by ECL. The anti-NOR-1 antibody reacted 
specifically with NOR-1 and shows no cross-reactivity 
with Nur77 or Nurr1. (B-G) Immunofluorescence. 
THP-1 cells were infected with empty lentivirus (Mock) 
or lentivirus encoding human Nur77, Nurr1 or NOR-
1 and immunofluorescence was performed with the 
antibodies indicated. Immunofluorescence and nuclear 
Hoechst staining overlays are shown (see Materials 
and methods). (B) THP-1 infected with Mock-lentivirus, 
analyzed with anti-NOR-1. (C) THP-1 infected with 
NOR-1-lentivrus, analyzed with anti-NOR-1. (D, E) THP-
1 infected with Nur77- or Nurr1-lentivirus analyzed with 
anti-NOR-1. (F) THP-1 infected with Nur77-lentivirus 
analyzed with anti-Nur77. (G) THP-1 infected with 
Nurr1-lentivirus, incubated with anti-Nurr1. From these 
data it can be concluded that the polyclonal anti-NOR-1 
antibody specifically recognizes human NOR-1. 
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Figure S2. Transduction efficiency of lentiviral infection of THP-1 cells, nuclear localization of the 
encoded nuclear receptors and shNur77 and shNOR-1 efficiency. 
Figure S2.1 (A-D) THP-1 cells infected with control lentivirus Mock (A, B) or EGFP-encoding lentivirus 
(C, D) were analyzed by flow cytometry. Lentiviral infection resulted in 80-90% transduction efficiency. 
(E-T) In addition, monocytic THP-1 cells were infected with recombinant lentivirus encoding EGFP (E-
G), Nur77 (I-K), Nurr1 (M-O), NOR-1 (Q-S), or with Mock-virus (H, L, P, and T) and differentiated to 
macrophages by PMA-treatment. Cells were analyzed for direct fluorescence (EGFP and Hoechst) or 
by immunofluorescence. EGFP protein localized throughout the cell, whereas nuclear receptors are 
predominantly detected in nuclei. IF, (immuno)fluorescence. Figure S2.2 THP-1 cells were infected with 
shNur77 or shNOR-1 lentivirus containing CMV-GFP with a transduction efficiency of >90% (data not 
shown), which resulted in a >70% reduction of Nur77 or NOR-1 mRNA expression levels as compared to 
a control shRNA directed against luciferase (n=2, ±SD, Student’s t test, p<0.05).

S2.1
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Figure S3. Expression of Nur77, Nurr1 and NOR-1 in primary macrophages and THP-1-derived 
macrophages in response to LPS and TNF-α. mRNA expression levels were determined by real-time 
RT-PCR. (A) Primary macrophages of 2 different donors were treated with LPS (100ng/ml), TNF-α (10ng/
ml) or vehicle for 2 hrs and substantially increased mRNA expression levels of Nur77, Nurr1 and NOR-1 
were observed. (B,C) Also in THP-1-derived macrophages mRNA expression levels of Nur77, Nurr1 and 
NOR-1 were significantly increased in response to LPS (250ng/ml, 2 hrs) (B) and TNF-α (10ng/ml, 1 
hour for Nur77 and Nurr1, 3 hrs for NOR-1) (C). Optimal expression is shown in the upper panels (n=3, 
±SD, Student’s t test, p<0.05) and time courses are given in the lower panels (representative experiment 
(n=2)). (D) Protein expression of NOR-1 was analyzed after 6 hrs LPS in THP-1-derived macrophages by 
immunofluorescence and NOR-1 protein localized to the nucleus. All data shown are significant (p≤0.05) 
as compared to Mock.

Primer sequences
Nur77:  Fw: 5’-gttctctggaggtcatccgcaag-3’  Rv: 5’-gcagggaccttgagaaggcca-3’
Nurr1:  Fw: 5’-tattccaggttccaggcgaa-3’  Rv: 5’-gctaatcgaaggacaaacag-3’
NOR-1: Fw: 5’-ccaagccttagcctgcctgtc-3’  Rv: 5’-agcctgtcccttactctggtgg-3’
IL-1β:  Fw: 5’-tggcagaaagggaacagaaagg-3’ Rv:  5’-gtgagtaggagaggtgagagagg-3’
IL-6:  Fw: 5’-tgtagccgccccacacag-3’  Rv: 5’-gctgctttcacacatgttactcttg-3’
IL-8:  Fw: 5’-ctgcgccaacacagaaatta-3’  Rv: 5’-attgcatctggcaaccctac-3’
MIP-1β: Fw: 5’-gcgtgactgtcctgtctctcc-3’  Rv: 5’-accacaaagttgcgaggaagc-3’
MIP-1α: Fw: 5’-acgggcagcagacagtgg-3’  Rv: 5’-ggcgtgtcagcagcaagtg-3’
MCP-1: Fw: 5’-cctagctttccccagacacc-3’  Rv: 5’-cccaggggtagaactgtgg-3’
SR-A:  Fw:  5’-ctcgctcaatgacagctttgcttc-3  Rv:  5’-tcgtttcccacttcaggagttgag-3’
CD36:  Fw: 5’-gagaactgttatggggctat-3’  Rv: 5’-ttcaactggagaggcaaagg-3’
CD11b:  Fw: 5’-cagcacacgcagacagacacag-3’ Rv: 5’-gaggttcccgaaagcagacaatgg-3’
P0:  Fw:  5’-tcgacaatggcagcatctac-3’  Rv:  5’-atccgtctccacagacaagg-3’
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Abstract
Aims Arterial remodeling is the structural adaptation of the vessel wall to sustained alteration 
of hemodynamic forces. Little is known of the mechanisms underlying this vascular response 
and we aimed to study the function of Nur77 in smooth muscle cells (SMCs) in positive, 
outward arterial remodeling.
Methods and Results In mice carotid artery ligation results in flow-induced, outward 
remodeling of the contralateral carotid artery and we observed enhanced Nur77 expression 
during this process. Transgenic mice that express Nur77 or its dominant-negative variant 
∆TA in arterial SMCs, were exposed to carotid artery ligation and after 4 weeks pressure-
diameter relationships were measured. Structural outward remodeling is inhibited in Nur77-
transgenic mice as compared to wild-type (WT) and ∆TA-transgenic mice. Key determinants 
of outward remodeling, vascular tone and macrophage accumulation were studied. No 
differences in contractile and relaxant responses were detected in isolated aorta, carotid and 
mesenteric artery segments between transgenic and WT mice. In transgenic mice SMC-
specific overexpression of Nur77 reduced macrophage accumulation and repressed matrix 
metalloproteinase-1 (MMP-1) and MMP-9 expression.
Conclusion Nur77 is induced during outward remodeling in response to increased blood 
flow and inhibits outward remodeling in mice. Not altered vascular tone, but a reduction of 
both macrophage accumulation and MMP expression levels are involved in Nur77-mediated 
inhibition of arterial remodeling. 
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Introduction
Variation in blood flow initially induces transient adaptation of the vessel wall through 
vasomotor responses, whereas prolonged changes of hemodynamic forces elicit structural 
adaptation of the vessel wall, which has been described as vascular remodeling. Flow-
induced shear stress, blood pressure and/or cyclic circumferential stretch contribute to 
arterial remodeling in both physiologic vascular wall homeostasis and pathologic conditions 
like atherosclerosis, aneurysm formation and hypertension.1-3 Limited information is 
available concerning the exact mechanism underlying vascular remodeling, but important 
determinants include vascular tone and the recruitment of inflammatory cells, which produce 
matrix metalloproteinases (MMPs) and growth factors.4 

In search for genes involved in smooth muscle cell (SMC) activation in vascular disease, we 
revealed induction of Nur77 expression in in vitro–activated human SMCs and demonstrated 
that Nur77 inhibits proliferation of SMCs involving increased expression of p27kip1.5 
Furthermore, we have shown that NR4A nuclear receptors are expressed in SMCs and 
macrophages in human atherosclerotic lesions, but not in the media of normal arteries.6,7 In 
transgenic mice overexpressing Nur77 under control of an arterial SMC-specific promoter 
we demonstrated that Nur77 protects against SMC-rich lesion formation.6 
Nur77 belongs to the NR4A nuclear receptor subfamily that comprises three members: 
Nur77 (also known as NR4A1, TR3, NGFI-B), Nurr1 (NR4A2, NOT), and NOR-1 (NR4A3, 
MINOR). The NR4A nuclear receptors are expressed as early response transcription factors 
upon stimulation by growth factors and pro-inflammatory stimuli.8 Like other nuclear 
receptors, the NR4A nuclear receptors contain a central DNA-binding domain that binds 
the consensus response elements (RE) NBRE or NurRE in promoters of target genes.9,10 The 
N-terminal transactivation domain is necessary to drive expression of target genes, whereas 
the C-terminal domain comprises a potential ligand-binding domain. In addition to direct 
regulation of gene expression, transcriptional regulation by transrepression mechanisms has 
been described.11,12 Classical ligands for the NR4A subfamily have not yet been identified, 
classifying them as orphan receptors. 

In the current study we assessed the expression and function of Nur77 in outward arterial 
remodeling. We report that Nur77 is induced during flow-induced, left carotid artery outward 
remodeling in response to contralateral carotid artery ligation in mice. In transgenic mice 
that overexpress Nur77 in arterial SMCs, contractile and relaxant responses of isolated vessel 
segments is normal, and outward remodeling is reduced. Both a reduction in macrophage 
accumulation and MMP-1 and MMP-9 expression levels are involved in Nur77-mediated 
inhibition of outward remodeling.
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Materials and methods 
Immunohistochemistry and in situ hybridization
Mouse carotid artery specimens were paraffin embedded, sectioned, and mounted on glass 
slides (Superfrost-Plus, Emergo, Amsterdam, The Netherlands). For characterization of 
mouse carotid arteries standard immunohistochemistry was performed for macrophages 
(Mac3, M3/84, BD, Pharmingen, Breda, The Netherlands) and SMCs (smooth muscle (SM) 
α-actin, 1A4, DAKO) and Lawson staining was used to visualize elastic laminae. Nuclei 
were detected with hematoxylin. Macrophage quantification was performed by counting 
the number of macrophages in 250µm-separated tissue sections (5µm) and expressed as 
numbers/section. In situ hybridization was performed with a gene-specific probe for SM22α 
as described previously.6

Transgenic mice
Animal care and experimental procedures were approved by the Animal Experimental 
Committee at our institute and this investigation conforms to the Guide for the Care and Use 
of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication 
No. 85-23, revised 1996). Transgenic mice expressing ∆TA or full-length Nur77 were 
generated in an FVB background (Broekman, Someren, the Netherlands) and characterized 
by Southern blotting as described.6 SM22α promoter-driven expression of the transgene 
was used to achieve arterial SMC-specific expression.6,13 Arteries of wild-type mice or mice 
homozygous for the transgene were used for experiments. 

Flow-induced carotid artery remodeling experiments
At the age of 14 weeks the right carotid artery of female wild-type and transgenic (∆TA 
or Nur77) mice were ligated (n=8-11) to induce left carotid artery outward remodeling as 
described.14,15 Before surgery mice were anaesthetized with an intraperitoneal injection of 
5mg/kg midazolam (Roche, Basel, Switzerland), 0.5mg/kg medetomidine (Orion, Helsinki, 
Finland) and 0.05mg/kg phentanyl (Janssen, Geel, Belgium). Four weeks after ligation, 
mice were sacrificed and carotid arteries were harvested for analysis. Left carotid arteries 
were isolated and cannulated in calcium-free MOPS buffer and passive pressure–diameter 
relationships were determined as described.16 Structural remodeling is defined as the difference 
in the passive diameter at a given pressure between arteries from control and intervention 
groups. After cannulation arteries were fixed with formaldehyde for immunohistochemistry, 
macrophage quantification and in situ hybridization. Next, a time course experiment was 
performed and left control and left outward remodeled carotid arteries were harvested at 0, 1, 
7 and 14 days after right carotid artery ligation and placed in Trizol (Invitrogen, Breda, The 
Netherlands) for RNA isolation.
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Isometric contraction and relaxation experiments
Contractile and relaxant responses were measured in mesenteric artery (n=6-7), carotid artery 
(n=3-5) and thoracic aorta segments (n=3-5) of transgenic and wild-type mice eight weeks of 
age, using a wire myograph setup. First branch mesenteric artery segments (internal diameter 
approximately 200-250µm) and aorta and carotid artery segments (length approximately 
2mm) were prepared and processed as previously described with the following modifications.17 
For all preparations the diameter was determined by a normalization procedure.18 In the 
aortic and carotid preparations the internal circumference was thereafter adjusted to a value 
which equals 90% of the diameter at an intraluminal pressure of 100mmHg, whereas in the 
mesenteric preparations the passive wall tension was set to 5mN according to Besnard et 
al.19 Preparations were exposed thrice to a depolarizing Tyrode’s solution (containing 40mM 
(aorta and carotid) or 120mM (mesenteric arteries) potassium chloride (KCl), equimolar 
substitution for NaCl) for 5 min with a 20 min interval. Hereafter, cumulative concentration 
response curves were constructed for L-phenylephrine and thromboxane A2 receptor agonist 
U46619. Endothelium-dependent and -independent relaxation was studied by construction 
of cumulative concentration-response curves for methacholine and isoprenaline respectively 
after pre-contraction with a sub-maximal concentration L-phenylephrine (1µM). Using a 
computer program (Prism from GraphPad, San Diego, CA, USA), concentration-response 
curves for the different agonists were fitted to log concentration-response data of individual 
experiments.

qRT-PCR gene expression analysis
At the time points indicated, left carotid arteries of wild-type and transgenic mice (n=4-
8) were lysed in Trizol and RNA was extracted. cDNA was synthesized (iScript, Biorad, 
Veenendaal, The Netherlands) and gene expression analyzed by qRT-PCR using gene-specific 
primers and SYBR-Green (MyiQ RT-PCR System, Biorad). qRT-PCR primer sequences are 
available in the online data supplement. 

Statistical analyses 
The unpaired Student’s t test was used to calculate the statistical significance of expression 
ratios/numbers versus control. In animal experiments data are reported as mean±SEM 
and were analyzed with ANOVA-test with a Dunnett’s (post) test or unpaired Student’s t 
test (SPSS 12.0 for Windows, SPSS Inc, Chicago, Illinois, USA). p<0.05 was considered 
statistically significant (*p<0.05; **p<0.01; ***p<0.001).
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Results
Nur77 inhibits flow-induced outward remodeling of carotid arteries in mice  
To study vascular remodeling, we applied a mouse model in which the left carotid artery 
undergoes flow-induced outward remodeling in response to complete ligation of the right 
carotid artery. Structural remodeling of left carotid arteries 4 weeks after right carotid artery 
ligation in comparison to control left carotid arteries of wild-type mice was measured by 
pressure-diameter relationships of cannulated arteries (Table 1, Supplementary Figure S1). 
Sections of control and remodeled carotid arteries were analyzed by Lawson staining and 
SMC-specific staining (Figure 1A). Furthermore, expression of the SMC-marker SM22α 
was analyzed by radioactive in situ hybridization and shown to be homogeneous throughout 
the media in remodeling arteries (Figure 1A). Subsequently, we studied Nur77 mRNA 
expression at different time points of remodeling and demonstrated that Nur77 mRNA was 
induced over 3 fold with optimal expression 7 days after ligation (Figure 1B). To assess the 
function of Nur77 in arterial remodeling we applied our transgenic mice in which SMC-
specific expression of Nur77 or its dominant-negative variant ∆TA is driven by the SM22α-
promoter. To quantify structural, outward remodeling of left carotid arteries, i.e. the change 
in passive diameter of arteries, pressure-diameter relationships (inner and outer diameter) 
were determined (Figure 2A,B). No difference in both inner and outer diameter increase 
was detected between ∆TA-transgenic and wild-type mice. In Nur77-transgenic mice both 
the inner and outer diameter of left carotid arteries were significantly less increased in 
diameter as compared to ∆TA-transgenic or wild-type mice at physiological blood pressure 
levels (Figure 2A,B, Table 1). According to Poisseuille’s equation (Q = ∆Pπr 4/8ηl; Q=flow; 
P=pressure; r=internal radius; η=viscosity; l=length of tube) the increase in diameter due to 
structural remodeling allows an approximately 49% increase in blood flow in wild-type and 
∆TA-transgenic mice as compared to an approximately 27% increase in blood flow in Nur77 
transgenic mice at 100mmHg (Table 1). 

Nur77 does not modulate vascular tone
Since vascular tone is an important determinant of arterial remodeling, we assessed contractile 
and relaxant responses in artery segments of Nur77-, ∆TA-transgenic and wild-type mice in 

Table 1. Pressure-diameter analysis at 100 mmHg for remodeled left carotid arteries from wild-type, Nur77- and TA-
transgenic mice. 

Non-remodeled Remodeled  diameter  flow 
Inner diameter 
m  SEM 

Outer diameter 
m  SEM 

Inner diameter 
m  SEM 

Outer diameter 
m  SEM 

Inner
m (%) 

Outer
m (%) %

Wild-type 625.9  5.7 664.6  5.9 692.4  7.5 725.7  6.5 66.5  9.6 61.1  8.4 49.8
Nur77 608.8  5.3* 650.2  5.1* 646.7  5.1* 685.7  3.2* 38.0 

5.9*
35.5 
5.2*

27.4*

TA 621.2  5.8 661.5  4.7 686.9  6.2 722.7  4.4 65.7  9.5 61.1  8.5 49
*; p<0.05 compared to wild-type mice 

Table 1. Pressure-diameter values at 100 mmHg in left carotid arteries from wild-type, Nur77- and 
∆TA-transgenic mice.
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Figure 1. Contralateral right carotid 
artery ligation results in flow-induced 
left carotid artery remodeling in mice 
and Nur77 expression is induced 
during this process. (A) Lawson staining 
and SMC-specific immunohistochemistry 
(SMα-actin; antibody 1A4) demonstrates 
in-situ structural remodeling of left 
carotid arteries as compared to control 
non-ligated left carotid arteries after 28 
days. Homogeneous SM22α expression 
in SMCs in the media in remodeling 
arteries is detected by radioactive in situ 
hybridization. (B) Left carotid arteries of 
wild-type mice harvested at different time 
points during outward remodeling were 
lysed in Trizol and RNA was extracted. 
As determined by qRT-PCR Nur77 
was induced over 3 fold with optimal 
expression 7 days after ligation. (n=4-
6, ±SEM; unpaired Student’s unpaired t 
test; p<0.05)

a myograph. The increase in wall tension of isolated thoracic aorta, carotid and mesenteric 
artery segments in response to high KCl concentrations was similar in preparations obtained 
from Nur77-, ∆TA-transgenic and control wild-type mice. Also the maximal response and the 
concentrations necessary to reach 50% of the maximal effect to L-phenylephrine and U46619 
were not significantly different between mesenteric arteries taken from Nur77-, ∆TA-transgenic 
or wild-type mice (Figure 3A, B). After pre-contraction with a sub-maximal concentration of 
L-phenylephrine the endothelium-dependent and -independent vasodilatation of mesenteric 
artery preparations to methacholine and isoprenaline, respectively, were measured, revealing 
that also maximal vasodilatation was not significantly different (Figure 3C, D). Similar 
non-significantly different contraction and vasodilatation response curves were obtained for 
isolated carotid artery and thoracic aorta segments derived of Nur77-, ∆TA-transgenic and 
wild-type mice (data not shown). These data demonstrate that overexpression or inhibition 
of Nur77 activity in arterial SMCs does not affect the vasoconstriction or vasodilatation 
responses that modulate vascular tone in isolated small resistance mesenteric, carotid and 
aorta preparations.

Nur77 reduces macrophage accumulation and inhibits MMP-1 and MMP-9 
expression levels in carotid artery remodeling
In addition to contractile and relaxant responses, macrophage accumulation and associated 
inflammatory responses that contribute to MMP expression are important determinants 
of structural arterial remodeling.20 Macrophage accumulation was studied by counting 
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Figure 2. Flow-induced left carotid artery remodeling is inhibited by SM22α-mediated transgenic 
Nur77 expression in mice. (A,B) Pressure-diameter relationships (inner and outer diameter) were 
determined in Nur77-, ∆TA-transgenic or wild-type mice and the change in passive diameter was 
quantified. At physiological (blood) pressure levels both the inner (A) and outer (B) diameter of left carotid 
arteries of Nur77-transgenic mice were significantly less increased in diameter as compared to ∆TA-
transgenic or wild-type mice. No difference in diameter change in both inner and outer diameter was 
detected between ∆TA-transgenic and wild-type mice. (n=8-11, ±SEM; unpaired Student’s t test, p<0.05 
Nur77- versus ∆TA-transgenic or wild-type mice)

Figure 3. Nur77 does not modulate vascular contractile and relaxant responses of resistance 
mesenteric arteries. Vascular contractile and relaxant responses were measured using an isometric 
wire myograph. (A, B) The vasoconstrictor effects of the α1-adrenergic receptor agonist L-phenylephrine 
(A) and thromboxane A2 receptor agonist U46619 (B) on resistance mesenteric arteries of Nur77/∆TA-
transgenic and wild-type mice were investigated. No significant differences between contraction curves 
of the treatment groups were detected. (C,D) After pre-constriction with low-dose L-phenylephrine the 
relaxant effect of the endothelial cell- or nitric oxide-dependent compound metacholine (C) and the β-
adrenergic receptor agonist isoprenaline (D) were measured. No significant differences in vasodilatation 
curves between Nur77/∆TA transgenic and wild-type mice were detected. (n=6-7, ±SEM; ANOVA with a 
Dunnett’s (post) test)
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numbers of macrophages detected by immunohistochemistry in left, outward remodeling 
carotid arteries of Nur77-, ∆TA-transgenic and wild-type mice. In line with our previous 
observations,4 macrophages were predominantly present in the adventitia (Figure 4A). A 
significant 4.0 fold reduction in number of macrophages was observed in Nur77-transgenic 
mice as compared to wild-type mice. In contrast, a 2.1 fold increase in macrophages was 
detected in ∆TA-transgenic mice as compared to wild-type mice (Figure 4B). In line with 
these data, time course MMP expression analyses demonstrate that Nur77-transgenic mice 
express lower MMP-1 and MMP-9 levels during outward arterial remodeling as compared to 
wild-type mice (Figure 5A, B). Optimal expression of both MMP-1 and MMP-9 was detected 
1 day after initiation of outward remodeling. Most significant differences between the Nur77-
transgenic and wild-type mice were detected after 14 days (48 and 4.3 fold reduction for 
MMP-1 and MMP-9, respectively). 

Discussion
Arterial remodeling is considered a critical feature of vascular diseases such as hypertension, 
aneurysm formation and atherosclerosis. In atherosclerosis outward or expansive remodeling 
can compensate for luminal narrowing, a process which is referred to as Glagov’s phenomenon 
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Figure 4. Nur77 expression reduces macrophage recruitment in flow-induced carotid artery ligation 
in mice. Macrophage-specific immunohistochemistry (Mac 3) on 250µm separated sections was used for 
quantification. (A)  Macrophages in representative sections of Nur77/∆TA-transgenic and wild-type carotid 
arteries are shown (macrophage in red (arrows); nuclei in blue). Macrophages were predominantly located 
in the adventitia. (B) Quantification of macrophage accumulation expressed as number of macrophages 
per tissue section revealed a significant reduction in macrophage numbers in Nur77-transgenic mice as 
compared to wild-type mice. An increase in macrophage accumulation was detected in ∆TA-transgenic 
mice as compared to wild-type mice. (n=6-7, ±SEM; Student’s t test; p<0.001)
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Figure 5. Nur77 expression reduces MMP-1 and MMP-9 expression during flow-induced carotid 
artery remodeling in mice. At the time points indicated outward remodeling left carotid arteries of 
Nur77-transgenic and wild-type mice were lysed in Trizol and RNA was extracted. As determined by 
qRT-PCR at all time points lower levels of (A) MMP-1 and (B) MMP-9 expression were detected in Nur77-
transgenic mice as compared to wild-type mice, most significantly at day 14. (n=4-6, ±SEM; Student’s t 
test; p<0.05) 

that is beneficial to preserve local blood flow.2,21 However, outward remodeling has also 
been associated with plaque instability and unstable clinical cardiovascular syndromes.22,23 
In previous studies we described high expression levels of Nur77 in SMCs and macrophages 
in the shoulder region and adventitia of advanced, atherosclerotic plaques, which may 
point towards involvement of this nuclear receptor in vascular remodeling relevant to 
atherosclerosis.6,7,24 

In the current study we demonstrated that Nur77-transgenic mice exposed to flow-induced 
carotid artery remodeling show a substantial reduction in outward remodeling as compared 
to ∆TA-transgenic or wild-type mice. No difference in outward remodeling between ∆TA 
transgenic and wild-type mice was observed, which is remarkable since ∆TA-transgenic 
mice show an increase in macrophage accumulation in the adventitia of the non-ligated 
carotid artery. A likely explanation for this observation is that as soon as outward remodeling 
has restored blood flow and local shear stress is reduced to normal levels, there is no drive 
to further continue remodeling. The calculated approximate 49% increase in blood flow is 
similar to that observed in previous studies.2,25  

Vascular tone and inflammation are considered critical determinants in arterial remodeling.4,26,27 
Since α- and β-adrenergic receptor stimulation has been shown to regulate Nur77 expression 
in skeletal muscle, we anticipated that arterial contraction and relaxation involves Nur77.28,29 
We clearly demonstrated, however, that contraction and relaxation of muscular, resistance 
mesenteric artery segments as well as elastic, conductance carotid artery and thoracic 
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Figure S1. Flow-induced left carotid artery outward remodeling is decreased in Nur77-transgenic 
mice. (A-B) Pressure-diameter relationships were determined for inner (A) and outer (B) diameters in 
Nur77-, ∆TA-transgenic or wild-type mice. At physiological (blood) pressure levels both the inner (A) and 
outer (B) diameter of left carotid arteries of Nur77 transgenic mice were less increased in diameter as 
compared to ∆TA or wild-type mice. 

aorta segments are not affected by transgenic overexpression of Nur77 or full inhibition of 
endogenous Nur77 by  transgenic overexpression of ∆TA. Based on these data, we concluded 
that the inhibitory effect of Nur77 on outward arterial remodeling can not be explained by 
modulation of vascular tone. 

Next to vascular tone, there is increasing evidence that inflammation is crucial in arterial 
remodeling, which is reflected by both increased macrophage accumulation and MMP 
expression levels.20 In mesenteric arteries this inflammatory response is optimal between 0 
and 4 days after initiation of outward remodeling and MMPs generated during this process 
are thought to contribute to a state of tissue plasticity through partial degradation of matrix, 
cell-matrix and cell-cell interactions which is necessary for structural remodeling.4 In the 
current study, we demonstrate that outward remodeling of large, conductance carotid arteries 
is accompanied by a fast (day 1) but sustained (at least 14 days) increase of MMP-1 and 
MMP-9. Most significantly, SMC-specific overexpression of Nur77 inhibits carotid outward 
remodeling, which involves both a reduction in macrophage accumulation and MMP-1 and 
MMP-9 expression levels. 
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Nur77 has been shown to repress expression levels of an array of inflammatory genes in 
activated macrophages, including chemokines.7 Therefore, we hypothesized that Nur77 
overexpression in SMCs also reduces macrophage accumulation during arterial remodeling, 
which indeed is strongly supported by our data. The reduction in macrophage numbers 
may explain the reduced MMP-1 and/or MMP-9 levels detected, because macrophages are 
considered an important source of MMPs. Alternatively, also SMCs synthesize MMPs and a 
direct effect of Nur77 on SMC-derived MMP expression provides an another explanation.30 
Indeed, Nurr1 a member of the NR4A subfamily, has been demonstrated to antagonize MMP-
1 and MMP-9 expression during inflammation in chondrocytes.11 Finally, we demonstrated 
that Nur77 inhibits SMC proliferation, which will also contribute to the inhibitory function 
of Nur77 in carotid artery remodeling.6 

In conclusion, Nur77 inhibits flow-induced carotid artery remodeling in mice. Not 
vascular tone, but a reduction in both macrophage accumulation and MMP-1 and MMP-
9 expression may explain this observation. We propose that although Nur77 expression is 
enhanced in SMCs by increased blood flow during outward remodeling, this nuclear receptor 
has an inhibitory function in vascular adaptation, suggesting that Nur77 is involved in a 
negative feedback mechanism operational in arterial remodeling. Nur77 is expressed in 
human atherosclerosis and therefore our data may implicate that Nur77 modulates vascular 
remodeling in atherosclerosis and other vascular pathologies.
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Abstract
6-Mercaptopurine (6-MP) is derived from the immunosuppressive pro-drug azathioprine 
and is commonly used in autoimmune diseases and transplant recipients. In the current 
study, we aimed to gain knowledge on the effect of 6-MP in atherosclerosis with a focus 
on effects of 6-MP on monocytes and macrophages. We demonstrate in THP-1 monocytes 
that 6-MP decreases intracellular purine levels and enhances caspase activity, resulting in 
monocyte apoptosis and decreased monocyte numbers. The induction of apoptosis by 6-MP 
is preceded by a strong suppression of the intrinsic anti-apoptotic factors Bcl-xL and Bcl-2. 
6-MP also decreases expression of the adhesion integrins VLA-4, and platelet endothelial 
cell adhesion molecule-1 (PECAM-1) in THP-1 monocytes, and reduces monocyte adhesion. 
In THP-1-derived macrophages, screening of a panel of atherosclerosis-related cytokines, in 
response to lipopolysaccharide stimulation, revealed that 6-MP robustly inhibits expression 
and secretion of monocyte chemoattractant chemokine-1, while viability of these cells was 
only mildly affected by 6-MP. Finally, local delivery of 6-MP to the vessel wall, using a 
drug-eluting cuff, inhibits atherosclerosis in ApoE*3-Leiden transgenic mice fed a Western 
diet. This inhibition of lesion formation was accompanied by decreased lesion macrophage 
content, which is consistent with our data obtained in cultured cells. Taken together, we here 
report that 6-MP induces anti-atherogenic effects in monocytes/macrophages and inhibits 
atherosclerosis development, providing novel insight on the role of the immunosuppressive 
drug azathioprine in atherosclerosis.
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Introduction
Atherosclerosis is the major cause of cardiovascular disease (CVD) and has been recognized 
as an inflammation-driven process. Inflammatory cells present in an atherosclerotic lesion 
are predominantly monocyte-derived macrophages that are crucial in initiation as well as in 
progression of atherosclerosis.1 Atherosclerosis initiates and progresses usually over decades 
in silence until the vessel lumen is severely narrowed and compromises the required blood 
flow to limbs or organs. Often lethal complications of atherosclerosis are sudden myocardial 
infarction or stroke, resulting from ruptured lesions. 

Transplant recipients or patients suffering from chronic systemic inflammatory conditions 
are at high risk to develop CVD.1,2 Azathioprine is widely used as an immunosuppressive 
agent to prevent transplant rejection and to treat several chronic inflammatory conditions, 
such as inflammatory bowel disease (IBD), multiple sclerosis (MS), and systemic lupus 
erythematosus (SLE).3-6 It has been proposed that azathioprine is among the more beneficial 
immunosuppressive drugs with regard to CVD.3

The pro-drug azathioprine is rapidly converted to 6-mercaptopurine (6-MP), where after it is 
further metabolized.2 The immunosuppressive mechanism of 6-MP is believed to be mainly 
derived from anti-proliferative and pro-apoptotic effects on T- and B-cells.2 Well-described 
mechanisms of action of 6-MP and its metabolites include inhibition of purine synthesis, 
incorporation into DNA and RNA, and apoptosis of CD4+ T-cells through inhibition of Rac1 
activation.2,7 Recently, enhancement of the transcriptional activity of the Nur77-family of 
nuclear receptors (Nur77, Nurr1 and NOR-1) has been proposed to contribute to biological 
effects of 6-MP.8,9 In agreement with the latter, 6-MP inhibits smooth muscle cell (SMC) 
proliferation, and increases hypoxia inducible factor-1α (HIF-1α) in endothelial cells with 
involvement of Nur77.10,11 Next to the suppression of T-cells and the inhibition of SMC 
proliferation, only very limited knowledge is available on 6-MP in atherosclerosis, or on 
monocytes/macrophages, cells that are crucial and abundant in this process. 

Here, we report that 6-MP modulates key processes in monocytes and macrophages that 
are important in atherosclerosis development, notably adhesion, apoptosis, and cytokine 
secretion. We subsequently demonstrate that local delivery of 6-MP inhibits atherosclerosis 
development in ApoE*3-Leiden transgenic mice. We propose that our data provide novel 
insight into actions of the immunosuppressive drug azathioprine in the atherosclerotic vessel 
wall.
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Material and methods
Cell culture and lentiviral transductions
Human monocytic THP-1 cells were cultured at a density of 1-2×105 cells/ml in RPMI 
1640 medium (GIBCO-Invitrogen, Breda, The Netherlands), supplemented with 10% (v/
v) fetal bovine serum (GIBCO-Invitrogen) and 100U/ml penicillin/streptomycin (GIBCO-
Invitrogen). THP-1 monocytic cells were differentiated into macrophages by culturing cells 
for 24 hrs in the presence of 100ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma, St. 
Louis, MO). THP-1-derived macrophages were activated by stimulation with 100ng/ml 
lipopolysaccharide (LPS; Sigma-Aldrich, Zwijndrecht, The Netherlands). THP-1 monocytes 
were counted using a Bürker chamber; dead cells were excluded by trypan blue staining. 
Cell viability of macrophages was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT; Sigma-Aldrich) as described before.12 Adenine (Sigma-Aldrich) 
and 6-MP (Sigma-Aldrich) were dissolved in dimethylsulfoxide (DMSO) and added to 
cell cultures at a final DMSO concentration of 0.1% (v/v). For control conditions, similar 
amounts of DMSO were added to the cells. To silence Nur77 expression, we transduced 
THP-1 cells with lentivirus encoding short hairpin (sh) RNA against Nur77 and used a non-
specific sequence as control, as described before.13 Alternatively, we transduced THP-1 cells 
with lentivirus encoding a dominant-negative variant of Nur77 (ΔTA), which was generated 
by cloning human Nur77 cDNA (GenBank D49728, bp 8-1920) lacking the N-terminal 
transcriptional activation (TA) domain into the XbaI-NdeI sites of the pRRL-cPPt-PGK-
PreSIN vector. Lentiviral particle production and transduction of THP-1 cells was performed 
as described before.13

 
Nucleotide measurements
Ribonucleotides were extracted by adding 150µl of ice-cold 0.4M perchloric acid to a cell 
pellet of 5×106 cells. After 10 min. on ice, the suspension was centrifuged at 11.000×g at 
4oC for 15 min. The supernatant was removed and neutralized with approximately 7.5µl 
5.0M K2CO3. After centrifugation (11.000xg at 4oC for 5 min) the supernatant was used 
for HPLC analysis. The pellet containing total protein was dissolved in 500µl 0.2M NaOH 
and the protein content was measured with a copper-reduction method using bicinchonic 
acid, essentially as described by Smith et al..14 Nucleotide profiles were determined by ion 
exchange HPLC using a Whatman Partisphere SAX column (4.6x125mm, 5µm particle size) 
and a Whatman AX (10x 25mm) guard column. Buffer A consisted of 9mM NH4H2PO4 (pH 
3.5) and buffer B consisted of 325mM NH4H2PO4 (pH 4.4) and 500mM KCL. Nucleotides 
were eluted with a gradient from 100% buffer A to 90% buffer B in 60 min at a flow-rate of 
1ml/min.
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Real-time RT-PCR analysis
RNA was extracted from cells using the Total mRNA extraction Kit (Biorad, Veenendaal, 
The Netherlands) after which cDNA was synthesized from 500ng total RNA (iScript; 
Biorad). Semi-quantitative real-time reverse transcriptase (RT)-PCR was performed using 
iQ SYBR-Green Super-Mix in the MyiQ RT-PCR system (Biorad), using gene-specific 
primers (see Supplemental Table S1). All expression levels were corrected for expression of 
the housekeeping gene β-2-microglobulin (B2M).

Western blotting, ELISA, and FACS analysis
Poly(ADP-ribose) polymerase-1 (PARP-1) cleavage was detected by Western blotting with 
antibodies recognizing both cleaved and uncleaved PARP-1 (BD Pharmingen, Breda, The 
Netherlands). Protein levels of monocyte chemo-attractant protein-1 (MCP-1/CCL2) were 
determined by an ELISA (DuoSet, R&D Systems, Minnesota), according to manufacturers’ 
instructions. To measure apoptosis by FACS, approximately 5×105 cells  were suspended 
in 50μl Annexin-V binding buffer (Molecular Probes), and stained with propidium iodine 
(PI; 100μg/ml; Molecular Probes-Invitrogen, Breda, The Netherlands), and with APC- or 
FITC-labeled Annexin-V (Molecular Probes-Invitrogen), at dilutions of 1:50 and 1:100, 
respectively. Analysis was performed with the FACS Calibur, using Cellquest software (BD 
Biosciences, Breda, The Netherlands).

Monocyte adhesion assay
Flat bottom 96-well plates (Nunc, Roskilde, Denmark) were coated with 1mg/ml fibronectin, 
or with gelatin (0.1% w/v; Merck, Darmstadt, Germany) for 30 minutes. THP-1 monocytes, 
pre-treated with 10μM 6-MP for 24 hrs, or control-treated cells, were transferred to coated 
wells in 100μl 10% FCS RPMI 1640 medium at a density of 2×104 cells/well. Cells were 
subsequently stimulated with 100ng/ml PMA to induce adherence. At indicated times after 
PMA, the wells were extensively washed with PBS, and the amount of adherent THP-1 
monocytes was quantified using the MTT assay.

Mouse femoral artery cuff model
Animal care and experimental procedures were approved by the animal experimental 
committee at our institute. Male ApoE*3-Leiden transgenic mice in a C57Bl/6 background 
aged 12 weeks (n=6/group) were fed a high fat diet containing 15% cacao butter and 1% 
cholesterol (Arie Blok, Woerden, The Netherlands), which was initiated one week prior to 
cuff placement and continued until the end of the experiment. At time of cuff placement, mice 
were anaesthetized with an intraperitoneal injection of 5mg/kg midazolam (Roche, Basel, 



90

Chapter 6

91

Switzerland), 0.5mg/kg medetomidine (Orion, Helsinki, Finland) and 0.05mg/kg phentanyl 
(Janssen, Geel, Belgium). Control or 6-MP eluting cuffs (1% or 2.5% w/w) were placed 
loosely around the femoral artery as previously described.12 The cuffs were manufactured, 
as described before.12 Release of 6-MP from the cuff was determined as described before.12 
Briefly, 6-MP showed a sustained and dose-dependent release from the 6-MP eluting cuffs, 
which was 6.3 ± 0.7μg total release in 14 days for 1% 6-MP eluting cuffs and 12.0 ± 1.3μg total 
release in 14 days for 2.5% 6-MP eluting cuffs. Plasma cholesterol levels were determined 
with a colorimetric assay (Biomerieux, France). 

Tissue preparation and morphometry 
Two weeks after cuff placement, mice were euthanized and cuffed vessel segments were 
perfused with Shandon Formal Fixx (Thermo Scientific, Breda, The Netherlands) and 
embedded in paraffin. Approximately 6-8 cross-sections of 5μm, each separated by 200μm, 
throughout the cuffed femoral artery were used for quantification. The vessels’ lamina elastica 
were visualized by Lawson stain (Klinipath, Duiven, The Netherlands). Morphometric 
data was obtained using image analysis software (Leica Qwin, Wetzlar, Germany). For 
visualization, sections were stained with Lawson stain and subsequently with hematoxylin-
eosin (HE) stain.

Immunohistochemistry
Macrophages were detected by immunohistochemistry using antibodies against Mac3 
(M3/84, BD Pharmingen), followed by horse radish peroxidase (HRP)-conjugated 
donkey-anti-rat antibodies (Jackson Immunoresearch Laboratories, West Grove, PA) and 
3,3’-diaminobenzidine (DAB; Immunologic, Duiven, The Netherlands) substrate color 
development. Mac3 positive area was determined using image analysis software (Leica 
Qwin).

Statistical analysis
All data are presented as mean ± SEM and analyzed using the Student’s t test. P values < 0.05 
were regarded as statistically significant. 

Results
6-MP decreases THP-1 monocyte numbers by interfering with purine synthesis 
To our best knowledge, the effect of 6-MP on monocytes has not been reported before. 
Inhibition of purine synthesis is one of the well-described mechanisms by which 6-MP is 
proposed to affect cellular behavior.2 We therefore first examined a potential inhibition of 
purine synthesis in THP-1 monocytes by analyzing intracellular nucleotide levels in response 
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Figure 1. 6-MP decreases THP-1 monocyte numbers by interfering with purine synthesis. 
Timecourse of intracellular (A) ATP levels and (B) GTP levels in THP-1 monocytes treated with 10μM 
6-MP (diamonds) and treated under control conditions (squares). (C) Intracellular ATP and GTP levels 
in monocytes treated for 8 hrs with 10μM 6-MP (white bars) or treated under control conditions (black 
bars) with and without simultaneous addition of 10μM adenine (light grey bars and dark grey bars). (D) 
Timecourse of monocyte numbers in response to 10μM 6-MP (diamonds) as compared to the number of 
monocytes cultured under control conditions (squares). (E) Monocyte numbers after 48 hrs treatment with 
6-MP (10μM 6-MP, grey bars; 50μM 6-MP, white bars) as compared to control conditions (black bars), with 
and without simultaneous addition of 10μM adenine. Results represent means±SEM, n=3; *statistically 
significant, p<0.05. NS, not significant.

to 6-MP. HPLC analysis revealed that 10μM 6-MP decreased both adenosine triphosphate 
(ATP) (1.5 fold reduction at 8 hrs, p<0.05; Figure 1A) as well as guanosine triphosphate 
(GTP) levels (4.1 fold reduction at 8 hrs, p<0.05; Figure 1B). Addition of 10μM of the purine 
adenine restored ATP and GTP levels (Figure 1C), indicating that 6-MP reduces intracellular 
nucleotide levels in monocytes through interfering with purine synthesis.

Recruitment and proliferation of monocytes plays a major role in the growth of atherosclerotic 
lesions.1,15 To evaluate the effect of 6-MP on monocyte numbers, we treated proliferating THP-
1 monocytes with 10μM 6-MP, and observed that 6-MP decreased the number of monocytes 



92

Chapter 6

93

2.1%

13.2%

Ctrl

6-MP

PARP
c-PARP

0 2 10 50
μM 6-MP

P
I

Annexin-V-FITC

A B

C

D

*

NS

0

2

4

6

8

10

12

- Adenine

100 101 102 103 104

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

A
po

pt
os

is
[%

A
nn

+ /
P

I- c
el

ls
]

6-MP
Ctrl

E

*

*

Bcl-x

0

0.2

0.4

0.6

0.8

1

1.2

Ctrl 6-MP

m
R

N
A

ex
pr

es
si

on
[A

U
]

Bcl-2

0

0.2

0.4

0.6

0.8

1

1.2

Ctrl 6-MP

Bcl-xL

0

0.2

0.4

0.6

0.8

1

1.2

Ctrl 6-MP

F G

*
0

4

8

12

16

0 24 48
Time (hrs)

A
po

pt
os

is
[%

A
nn

+ /
P

I-
ce

lls
]

Ctrl

6-MP*

Figure 2. 6-MP induces apoptosis of THP-1 monocytes. (A) FACS-derived dot plot of monocytes 
stained with Annexin-V-FITC and PI treated for 48 hrs with 10μM 6-MP (lower panel) and of monocytes 
treated under control conditions (upper panel). Early apoptotic cells were identified by Annexin-V-FITC+/
PI- staining (lower right quadrants). (B) Timecourse of the percentage apoptosis (Annexin-V-FITC+/PI-) 
in monocyte cultures in response to 10μM 6-MP (diamonds) and in control-treated monocyte cultures 
(squares) as analyzed by FACS. (C) Western blot of intact PARP-1 (113kD band) and the larger fragment 
of cleaved PARP-1 (83kD band) in cell lysates of monocytes treated for 48 hrs with 6-MP. (D) Percentage of 
apoptosis (Annexin-V-FITC+/PI-) in monocyte cultures treated for 48 hrs with 10μM 6-MP (white bars) and 
treated under control conditions (black bars) with and without simultaneous addition of 10μM adenine. (E-
F) mRNA expression of the intrinsic anti-apoptotic genes (E) Bcl-x, (F) Bcl-2 and (G) Bcl-xL in monocytes 
in response to a 24 hrs treatment with 10μM 6-MP (white bars) and in control treated monocytes (black 
bars). Results represent means±SEM, n=3; *statistically significant, p<0.05. NS, not significant.

in time as compared to control conditions (1.9 fold reduction at 48 hrs, p<0.05; Figure 1D). 
Exogenous addition of 10μM adenine rescued the effect of 6-MP on monocyte numbers 
(Figure 1E), indicating that this effect of 6-MP involved inhibition of purine synthesis.

6-MP induces apoptosis of THP-1 monocytes
We next assessed whether the decrease in the number of THP-1 monocytes by 6-MP involves 
apoptosis, for which we analyzed the number of early apoptotic (PI-/Annexin-V-FITC+) cells 
by FACS. 10μM 6-MP increased the number of early apoptotic cells 5.3 fold after 48 hrs 
(p<0.05; Figure 2A, B). Next, we examined cleavage of PARP-1, which is a substrate of 
caspases and as such a read-out for caspase activity in the cell. Clear PARP-1 cleavage in 
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response to 6-MP was observed (Figure 2C), reflecting increased caspase activity which 
further confirms that 6-MP induces apoptosis of THP-1 monocytes. Preventing depletion of 
purine levels by adding 10μM adenine blocked the apoptosis induction by 6-MP (Figure 2D), 
indicating that the enhanced apoptosis in response to 6-MP in THP-1 monocytes involved 
inhibition of purine synthesis. 6-MP has been described to enhance the transcriptional 
activity of Nur77-family members,8,9 which are implicated in apoptosis of myeloid 
progenitor cells.16 We therefore assayed involvement of Nur77 in the induction of apoptosis 
of THP-1 monocytes by 6-MP. For this, we silenced Nur77 by lentiviral shRNA delivery or 
overexpressed a dominant negative variant of Nur77 (ΔTA), which blocks the transcriptional 
activity of all Nur77-family members, and cultured these cells in the presence of 6-MP or 
in control conditions. We observed no change in the number of apoptotic cells in response 
to 6-MP in either ΔTA-transduced cells or shNur77-transduced cells as compared to control 
cells, demonstrating that 6-MP induces apoptosis independent of Nur77 (See supplemental 
data; Figure S1A). 

To gain further insight into the mechanism underlying the enhanced apoptosis in response 
to 6-MP, we analyzed gene expression of monocytes treated with 10μM 6-MP. We chose 
to analyze gene expression of monocytes after 24 hrs 6-MP treatment, a time point prior to 
excessive apoptosis (Figure 1D and Figure 2B), thereby minimizing interference of ongoing 
apoptotic processes on gene expression. We analyzed expression of Bcl-2, Bcl-x, and Bcl-
xL, which are key regulatory proteins in the intrinsic apoptotic signaling pathway. Although 
expression of Bcl-x was not modulated by 6-MP (Figure 2E), we observed that the anti-
apoptotic factors Bcl-xL (1.7 fold reduction, p<0.05; Figure 2F) and Bcl-2 (3.2 fold reduction, 
p<0.05; Figure 2G) were potently inhibited by 6-MP, which is entirely consistent with the 
observed apoptosis induction.

6-MP inhibits adhesion of THP-1 monocytes
The entry of monocytes into the vessel wall is highly relevant in the initiation and progression 
of atherosclerosis.1,15 To investigate potential effects of 6-MP in this process, we analyzed 
expression levels of the integrins VLA-4, integrin-β2, and PECAM-1, which are critical in 
adhesion of monocytes, and influence monocyte infiltration.1 Expression of integrin-β2 was 
not modulated in THP-1 monocytes treated with 10μM 6-MP for 24 hrs (Figure 3A), but we 
did observe that 6-MP reduced expression of the integrins PECAM-1 (2.0 fold reduction, 
p<0.05; Figure 3B) and, most potently, VLA-4 (3.8 fold reduction, p<0.05; Figure 3C). 

The downregulation of PECAM-1 and VLA-4 suggested that 6-MP might inhibit monocyte 
adhesion. We therefore assessed adhesion of THP-1 monocytes treated for 24 hrs with 10μM 
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Figure 3. 6-MP inhibits adhesion 
of THP-1 monocytes. (A-C) mRNA 
expression of (A) Integrin-β2, (B) 
PECAM-1, and (C) VLA-4 of THP-1 
monocytes treated with 10μM 6-MP 
for 24 hrs (white bars) and of control 
treated monocytes (black bars). (D) 
Quantification of adherent THP-1 
monocytes treated with 10μM 6-MP 
for 24 hrs (diamonds) and of control 
treated monocytes (squares) to 
gelatin-coated and (E) fibronectin-
coated surfaces of a 96-well plate 
in response to PMA treatment, 
as measured by the MTT assay. 
Results represent means±SEM, n=4; 
*statistically significant, p<0.05.

6-MP. 6-MP did not modulate adhesion of THP-1 monocytes to gelatin-coated surfaces 
in response to PMA treatment (Figure 3D). However, most interestingly, 6-MP decreased 
adhesion of THP-1 monocytes to fibronectin-coated surfaces as compared to control-treated 
THP-1 monocytes (1.3 fold decrease at 30 min., p<0.05; Figure 3E). This is in full agreement 
with the knowledge that VLA-4, most strongly suppressed by 6-MP, interacts next to 
vascular cell adhesion molecule-1 (VCAM-1) with fibronectin.17 These findings indicate that 
6-MP may reduce monocyte recruitment to atherosclerotic lesions by decreasing adhesion 
capabilities of monocytes.

6-MP inhibits expression and secretion of MCP-1 in macrophages
Lesion macrophages are major players in atherosclerosis and locally secrete abundant 
amounts of cytokines.1 To investigate the influence of 6-MP on inflammatory gene expression 
in macrophages, we differentiated THP-1 monocytes into macrophages by treatment with 
PMA. In contrast to our observations in THP-1 monocytes, a high concentration of 50μM 
6-MP only modestly reduced macrophage cell viability (1.2 fold reduction at 72 hrs, p<0.05; 
Figure 4A). 6-MP did not change the cellular morphology of macrophages (Figure S2A-
C), nor modulate macrophage differentiation, as is shown by unchanged mRNA expression 
levels of CD11b (Figure S2D), and of the scavenger receptors CD36 and scavenger receptor-
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Figure 4. 6-MP modulates cytokine secretion of THP-1 derived macrophages. (A) Cell viability of 
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to the cell viability of macrophages treated under control conditions (black bars). (B) MCP-1 mRNA 
expression of 8 hrs LPS-stimulated macrophages pre-incubated for 48 hrs with increasing 6-MP 
concentrations (white bars) or without 6-MP treatment (black bar), expressed as fold induction over non-
LPS treated macrophages. (C) MCP-1 protein in the supernatant of 24 hrs LPS-stimulated macrophages 
pre-incubated for 48 hrs with 6-MP (2μM 6-MP, dark grey bars; 10μM 6-MP, light grey bars; 50μM 6-
MP, white bars) or without 6-MP treatment (black bars) with and without simultaneous addition of 10μM 
adenine. Results represent means±SEM, n=3; *statistically significant, p<0.05. NS, not significant.

A (SR-A; Figure S2E, F).
To examine a potential modulation of inflammatory gene expression by 6-MP, we pre-
treated macrophages for 48 hrs with 10μM 6-MP and subsequently induced inflammatory 
gene expression by LPS stimulation. Using real-time RT-PCR analysis, we analyzed mRNA 
expression levels of tissue factor (TF) and of a panel of cytokines involved in atherosclerosis, 
which consisted of interleukin-1β (IL-1β), IL-6, IL-8, and tumor necrosis factor-α (TNF-
α), MCP-1 (CCL2), macrophage inflammatory protein-1α (MIP-1α/CCL3), MIP-1β 
(CCL4), regulated on activation, normal T-cell expressed and secreted (RANTES/CCL5), 
and pulmonary and activation-regulated chemokine (PARC/CCL18). From all examined 
cytokines, only MCP-1 was robustly suppressed by 6-MP at 4, 8 and 24 hrs after LPS 
stimulation (1.8 fold reduction at 8 hrs, p<0.05; Table S2). Inhibition of MCP-1 expression 
was also observed in response to 2, 25 and 50μM 6-MP (1.9 fold reduction, p<0.05; 2.6 fold 
reduction, p<0.05 and 4.3 fold reduction, p<0.05, respectively; Figure 4B). Of note, even 
the higher concentrations of 6-MP did not modulate mRNA expression of the other tested 
cytokines in response to LPS stimulation (data not shown).

We quantified MCP-1 protein levels in the supernatant of macrophages by ELISA after 24 hrs 
of LPS stimulation. In line with our results that 6-MP inhibits mRNA levels of MCP-1, we 
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observed reduced MCP-1 protein in response to 6-MP treatment (2.4 fold reduction at 10μM 
6-MP, p<0.05; Figure 4C), indicating that the reduction in MCP-1 mRNA resulted in reduced 
MCP-1 protein secretion. The inhibitory action of 6-MP on MCP-1 synthesis was reversed by 
restoring purine concentrations through addition of adenine, indicating involvement of purine 
synthesis in this action of 6-MP (Figure 4C). 6-MP reduced MCP-1 expression to a similar 
extent in macrophages in which Nur77 was silenced by shRNA as compared to control-
treated cells, indicating that downregulation of Nur77 expression does not affect this action 
of 6-MP (Figure S1B). Overexpression of the dominant negative variant of Nur77 (ΔTA) 
strongly decreased MCP-1 levels in response to LPS stimulation. The latter observation is in 
agreement with the data presented by Hong et al. who showed that the C-terminal domain of 
Nur77, which is unaltered in the ΔTA-variant, is involved in the inhibition of NF-κB through 
direct protein-protein interaction.18 6-MP, however, even further decreased remaining MCP-
1 expression in these cells, suggesting that Nur77 family members are not involved in the 
inhibition of MCP-1 expression by 6-MP (Figure S1C).

6-MP inhibits atherosclerosis development in ApoE*3-Leiden transgenic mice and 
decreases lesion macrophage content.
The effect of 6-MP on apoptosis, adhesion, and MCP-1 expression in monocytes/macrophages 
suggested that 6-MP modulates atherosclerosis development. We therefore examined the 
effect of locally applied 6-MP in atherosclerotic lesion formation by placing 6-MP eluting 
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Figure 5. 6-MP inhibits atherosclerotic lesion formation in ApoE*3-Leiden transgenic mice fed 
a Western diet. (A-F) Photomicrographs of representative cross-sections of cuffed femoral arteries 
stained with HE-Lawson (A-C) or with immunohistochemistry to detect Mac3 (D-F) of vessels around 
which control cuffs were placed (A and D) or from vessels around which 1% (B and E) and 2.5% 6-MP 
(C and F) eluting cuffs were placed (right panels); Arrows indicate the internal elastic lamina; Original 
magnification 40×, scalebar is 100μm. (G) Intimal lesion formation after 14 days in control cuffed vessels 
(black bars) and in vessels around which 1% and 2.5% 6-MP eluting cuffs were placed (white bars), as 
determined by morphometric analyses. Results represent means±SEM; *statistically significant, p<0.05. 
NS, not significant.



96 97

6-mercaptopurine in monocytes/macrophages

6

cuffs (or control cuffs) loosely around the femoral arteries of ApoE*3-Leiden transgenic 
mice fed a Western diet.19 Two weeks after cuff placement, equal high plasma cholesterol 
levels of approximately 9mmol/L were observed in all mice (data not shown). Cross-sections 
stained with HE-Lawson (Figure 5A-C), and with immunohistochemistry for Mac3 to detect 
macrophages (Figure 5D-F), revealed the induction of atherosclerotic lesion formation. 
Quantification of the lesion area demonstrated that the total lesion surface area was reduced, 
respectively 4.1 fold reduction and 7.1 fold reduction, in cuffs containing 1% (2.423 ± 
541μm2, p<0.05) and 2.5% 6-MP (1.409 ± 466μm2, p<0.05) as compared to lesions induced 
by control cuffs (9962 ± 1.644μm2; Figure 5G and Table 1). Furthermore, the intima/media 
ratio and the percentage of lumen stenosis were greatly reduced by 6-MP, while media and 
total vessel surface areas were not significantly affected (Table 1). 

Since the in vitro data revealed that 6-MP increases monocyte apoptosis, decreases monocyte 
adhesion, and inhibits secretion of the chemotactic molecule MCP-1, we quantified the 
macrophage-positive area. The Mac3 staining unmasked decreased macrophage content in 
the intima of arteries treated with 1% or 2.5% 6-MP cuffs as compared to lesions induced 
by control cuffs (565 ± 259μm2, p<0.05 and 434 ± 139μm2, p<0.05, respectively vs 2448 
± 901μm2; Table 1) as well as in the media of arteries (1263 ± 397μm2, p<0.05 and 672 ± 
297μm2, p<0.05 respectively vs 3439 ± 958μm2; Table 1). Next, the relative macrophage 
content was calculated, and revealed a reduction in the macrophage ratio of the media of 
1% and 2.5% 6-MP-treated vessels, as compared to control-cuff treated vessels (15.6 ± 
4.8%, p<0.05 and 8.4 ± 3.2%, p<0.05, respectively vs 35.6 ± 10.1%; Table 1). Although the 
total macrophage content in the intima was reduced, the relative macrophage content in the 
intima was not modulated by 6-MP treatment (Table 1). This is consistent with our previous 
observations, showing that 6-MP also reduces lesion size by inhibiting the contribution of 
SMCs to lesion formation.10,12

Table 1. Morphometric data. 
6-MP-Eluting Cuff 

Control 1% 2.5% 
Total vessel area#, ×103μm2 28.7 ± 2.6 25.6 ± 1.6 26.0 ± 3.6 
Media, ×103μm2 10.2 ± 0.7 9.1 ± 0.6 7.5 ± 0.9 
Neointima, ×103 μm2 10.0 ± 1.6 2.4 ± 0.5 * 1.4 ± 0.5 * 
I/M ratio 0.97 ± 0.17 0.28 ± 0.07 * 0.20 ± 0.08 * 
Lumenstenosis, % 54.3 ± 9.4 13.5 ± 2.2 * 7.9 ± 1.9 * 
Total Mac3 positive area, ×103μm2

Intima 2.5 ± 0.9 0.6 ± 0.3 * 0.4 ± 0.1 * 
Media 3.4 ± 1.0 1.3 ± 0.4 * 0.7 ± 0.3 * 

Relative Mac3, % 
 Intima 20.2 ± 7.2 29.8 ± 13.3 25.9 ± 5.4 

Media 35.6 ± 10.1 15.6 ± 4.8 * 8.4 ± 3.2 * 
#Total vessel area comprises the surface within the external elastic lamina, including 
the lumen. Result represent means ± SEM, *statistical significant as compared to 
control group, p<0.05. 
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Discussion
6-MP is derived from the pro-drug azathioprine, which is a commonly used immunosuppressive 
drug in clinical practice to chronically treat transplant recipients and autoimmune diseases. 
The cardiovascular risk profiles of the immunosuppressive drugs used in these patients are 
extremely relevant, particularly since these individuals are due to their specific condition 
already at increased risk for CVD. In the current study, we investigated 6-MP in monocytes 
and macrophages, and demonstrate that vascular application of 6-MP inhibits intimal lesion 
formation in a mouse model of atherosclerosis.

To investigate 6-MP in atherosclerosis development, we used ApoE*3-Leiden transgenic 
mice, which develop accelerated atherosclerosis in cuffed arteries when fed a Western 
diet.19 We demonstrated that 6-MP-eluting cuffs placed around the femoral artery inhibit 
atherosclerotic lesion formation, which was accompanied with decreased macrophage 
content in both the intima as well as in the media. Our data obtained in cultured cells 
provide insight into the mechanisms by which 6-MP decreases lesion macrophage content 
and inhibits atherosclerosis, which is discussed in the paragraph below. First, we propose 
that effects of 6-MP on viability of THP-1 monocytes and THP-1-derived macrophages 
contributes to the observed atheroprotective effects of 6-MP. This hypothesis is in line with 
Stoneman and colleagues, who reported that monocyte/macrophage apoptosis is beneficial 
in early atherosclerosis.20 The decreased expression of the anti-apoptotic factors Bcl-2 and 
Bcl-xL provides insight into the mechanism by which 6-MP induces apoptosis,21 although 
the precise action by which 6-MP modulates expression of the latter genes remains to be 
elucidated. Second, we demonstrated in cultured THP-1 monocytes that 6-MP potently 
inhibits mRNA expression of the adhesion molecules PECAM-1 and VLA-4, and inhibits 
monocyte adhesion, a key event in atherosclerosis.1,15 The relevance of VLA-4, most strongly 
suppressed by 6-MP, in atherosclerosis is further underlined by a report demonstrating that 
inhibition of VLA-4 inhibits atherosclerosis in LDL-receptor-deficient mice.1,22 Finally, we 
demonstrated that 6-MP inhibits MCP-1, a key component of the chemotactic system, in 
THP-1 derived macrophages. MCP-1 is relevant to monocyte infiltration, and has a well-
described, pivotal function in atherosclerosis.23 We propose that decreased expression of 
MCP-1 by atherosclerosis-resident macrophages, and perhaps also in other vascular cells, in 
response to 6-MP contributes to the decreased atherosclerosis development observed in the 
6-MP-treated ApoE*3-Leiden transgenic mice.

6-MP is known to inhibit purine synthesis, amongst others via inhibition of glutamine-5-
phosphoribosylpyrophosphate aminotransferase.2 We demonstrate that the effects of 6-MP 
observed in monocytes/macrophages were attributed to decreased intracellular nucleotide 
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levels, most probably by inhibition of purine synthesis. At this point, the causal link 
between nucleotide levels and the biological actions of 6-MP is unclear. It is possible that 
the induction of apoptosis and the inhibition of MCP-1 by 6-MP involves inhibition of the 
transcription factor NF-κB, which is upstream of MCP-1, involved in apoptosis and inhibited 
by 6-MP in CD4+ T cells.7 The clinical indications for which 6-MP is currently applied as an 
immunosuppressive pro-drug in the form of azathioprine include MS, SLE and IBD, such 
as Crohn’s disease. In these diseases, macrophages contribute to disease progression.24-26 
Furthermore, MCP-1 is elevated in Crohn’s disease and is associated with the degree of 
intestinal inflammation.26 Although beyond the scope of this study, we speculate that effects 
of 6-MP on monocytes/macrophages, including effects on MCP-1 expression, may contribute 
to its beneficial action in these diseases.

In conclusion, we provide evidence that local, vascular application of 6-MP inhibits 
atherosclerotic lesion formation and decreases lesion macrophage content, which is explained 
by yet unrecognized effects of 6-MP on monocyte apoptosis, monocyte adhesion, and MCP-
1 secretion by macrophages. Our results thereby provide further insights into actions of the 
immunosuppressive drug azathioprine in atherosclerosis.
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Figure S1. Effect of Nur77 knockdown and overexpression of ΔTA, the dominant-negative variant 
of Nur77 family members, on 6-MP-induced apoptosis and MCP-1 expression. (A) Percentage of 
early apoptotic cells (Annexin-V-APC+/PI-) in monocyte cultures treated with 10μM 6-MP for 48 hrs (black 
bars) or in control-treated cultures (white bars) in which Nur77 was silenced with shRNA (shNur77) or in 
which control shRNA (shCON) was used, and monocytes overexpressing a dominant negative variant 
of Nur77 (ΔTA) as compared to control-treated monocytes (Mock). (B) MCP-1 mRNA expression of 24 
hrs LPS-stimulated macrophages pre-incubated for 48 hrs with 6-MP (white bars) and control conditions 
(black bars) of cells in which Nur77 was silenced by shRNA (shNur77) or in which control shRNA (shCON) 
was used. (C) MCP-1 mRNA expression in 24 hrs LPS-stimulated macrophages pretreated with 10μM 
6-MP for 48 hrs (black bars) or in control-treated cells (white bars) overexpressing the dominant negative 
variant of Nur77 (ΔTA) or control (Mock) transduced cells. Results represent means ± SEM, n=3; 
*statistically significant, p<0.05. NS, not significant.
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Figure S2. 6-MP does not 
modulate morphology or 
differentiation of THP-1-derived 
macrophages. (A-C) Monocytes 
(A) were differentiated into 
macrophages (B and C), and 
treated with control-medium (B) 
or with 50μM 6-MP (C) for 48 
hrs; Original magnification 20×, 
scalebar is 100μm. (D-F) mRNA 
expression of the macrophage 
differentiation genes (D) CD11b, 
(E) SR-A and (F) CD36 in 
monocytes (white bars) and of 
macrophages treated for 48 hrs 
with and without 50μM 6-MP (black 
bars). Results represent means ± 
SEM, n=3; *statistically significant, 
p<0.05. NS, not significant.
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Table S1. Gene specific primers. 
 Gene(s) Genbank no. Forward (Fw) and reverse (Rv) primer 

IL-1 NM_000576.2  Fw: 5’-TGGCAGAAAGGGAACAGAAAGG-3’ 
Rv: 5’-GTGAGTAGGAGAGGTGAGAGAGG-3’ 

IL-6 NM_000600.2  Fw: 5’-TGTAGCCGCCCCACACAG-3 
Rv: 5’-GCTGCTTTCACACATGTTACTCTTG-3’ 

IL-8 NM_000584.2  Fw: 5’-CTGCGCCAACACAGAAATTA-3’ 
Rv: 5’-ATTGCATCTGGCAACCCTAC-3’ 

TF NM_001993.2  Fw: 5’-ACCGACGAGATTGTGAAGGATGTG-3’ 
Rv: 5’-TGTTGGCTGTCCGAGGTTTGTC-3’ 

TNF- NM_000594.2  Fw: 5’-AGGACACCATGAGCACTGAAAG-3’ 
Rv: 5’-AGGAGAAGAGGCTGAGGAACAAG-3’ 

CCL2 NM_002982.3  Fw: 5’-CCTAGCTTTCCCCAGACACC-3’ 
Rv: 5’-CCCAGGGGTAGAACTGTGG-3’ 

CCL3 NM_002983.2  Fw: 5’-ACGGGCAGCAGACAGTGG-3’ 
Rv: 5’-GGCGTGTCAGCAGCAAGTG-3’ 

CCL4 NM_002984.2   Fw: 5’-GCGTGACTGTCCTGTCTCTCC-3 
Rv: 5’-ACCACAAAGTTGCGAGGAAGC-3’ 

CCL5 NM_002985.2 Fw: 5’-CGCTGTCATCCTCATTGC-3’ 
Rv: 5’-CCACTGGTGTAGAAATACTCC-3’ 

Cytokines 

CCL18 NM_002988.2  Fw: 5’-GTCCTCGTCTGCACCATGG-3’ 
Rv: 5’-AACTTTTGTGGAATCTGCCAGG-3’ 

B2M NM_004048.2   Fw: 5’-CTCGCGCTACTCTCTCTCTTTCT-3’ 
Rv: 5’-TGCTCCACTTTTTCAATTCTCT-3’ 

CD11b NM_000632.3 Fw: 5’-CAGCACACGCAGACAGACACAG-3’ 
Rv: 5’-GAGGTTCCCGAAAGCAGACAATGG-3’ 

SR-A NM_138715.2 Fw: 5’-CTCGCTCAATGACAGCTTTGCTTC-3 
Rv: 5’-TCGTTTCCCACTTCAGGAGTTGAG-3’ 

Mis-
cellaneous 

CD36 NM_00072.2 Fw: 5’-GAGAACTGTTATGGGGCTAT-3’ 
Rv: 5’-TTCAACTGGAGAGGCAAAGG-3’ 

Bcl-2 NM_000657.2  
and NM_000633.2 

Fw: 5’-GGGGAGGATTGTGGCCTTC-3’ 
Rv: 5’- CAGGGCGATGTTGTCCACC-3’ 

Bcl-x NM_001191.2 
and NM_138578.1 

Fw: 5’- GCGTGTCTGTATTTATGTGTGAGG -3’ 
Rv: 5’- CAGGGCAGGGGAGGGAGCATC -3’ 

Bcl members 

Bcl-xL NM_138578.1 Fw: 5’- GGGGTAAACTGGGGTCGCATTG-3’ 
Rv: 5’- GCTCTAGGTGGTCATTCAGGTAAG-3’ 

PECAM-1 NM_000442.3 Fw: 5’-TGAACCTGTCCTGCTCCATCC-3’ 
Rv: 5’-TCCCACTGTCCGACTTTGAGG-3’ 

Integrin-2 NM_000211.3 Fw: 5’-ATTGGCTTCGGGTCCTTCGTG-3’ 
Rv: 5’-TGGCACTCTTTCTCCTTGTTGGG-3’ 

Adhesion  

VLA-4 NM_000885.4 Fw: 5’-CGTGATTACAGGAAGCATACAGG-3’ 
Rv: 5’-ACTGATGACATGAGGACCAAGG-3’ 

Primer sequences were obtained from literature, designed (Beacon designer 3, Premier Biosoft International, Palo 
Alto, CA) or derived from the Harvard primer bank (Xiaowei Wang and Brian Seed (2003); PCR primer bank for 
quantitative gene expression analysis. Nucleic Acids Research 31(24): e154; pp.1-8.). 

Table S1. Gene specific primers.



102 103

6-mercaptopurine in monocytes/macrophages

6

Ta
bl

e 
S2

. L
PS

-s
tim

ul
at

ed
 c

yt
ok

in
e 

ex
pr

es
si

on
 o

f T
H

P-
1-

de
riv

ed
 m

ac
ro

ph
ag

es
 p

re
-tr

ea
te

d 
fo

r 4
8 

hr
s 

w
ith

 1
0

M
 6

-M
P 

or
 in

 c
on

tr
ol

 c
on

di
tio

ns
. 

U
ns

tim
ul

at
ed

4 
hr

s 
LP

S 
8 

hr
s 

LP
S 

24
 h

rs
 L

PS
 

C
tr

l 
6-

M
P 

C
tr

l 
6-

M
P 

C
tr

l 
6-

M
P 

C
tr

l 
6-

M
P 

IL
-1


1.
0 

± 
0.

4 
1.

1 
± 

0.
5 

9.
5 

± 
2.

7 
11

.8
 ±

 6
.6

 
18

.9
 ±

 2
.8

 
23

.4
 ±

 1
.3

 
1.

3 
± 

1.
0 

2.
4 

± 
1.

1 
IL

-6
 

1.
0 

± 
1.

1 
1.

9 
± 

1.
1 

28
53

.8
 ±

 9
36

.4
 

36
77

.3
 ±

 1
24

2.
3 

66
85

.2
 ±

 7
07

.1
 

75
56

.7
 ±

 2
79

.9
 

10
19

.5
 ±

 1
99

.0
 

12
01

.9
 ±

 3
3.

1 
IL

-8
 

1.
0 

± 
0.

1 
3.

7 
± 

3.
5 

5.
1 

± 
1.

9 
5.

9 
± 

2.
9 

8.
5 

± 
1.

6 
8.

8 
± 

1.
0 

0.
4 

 ±
 0

.2
 

0.
5 

± 
0.

4 
TF

 
1.

0 
± 

0.
2 

0.
6 

 ±
 0

.5
 

6.
5 

± 
0.

4 
7.

0 
± 

1.
1 

2.
7 

± 
1.

0 
2.

6 
± 

0.
1 

0.
1 

 ±
 0

.1
 

0.
1 

± 
0.

1 
TN

F-


1.
0 

± 
0.

2 
1.

0 
± 

0.
2 

11
5.

3 
± 

20
.6

 
14

8.
4 

± 
20

.6
 

68
.4

 ±
 1

6.
4 

96
.5

 ±
 2

2.
2 

1.
4 

± 
1.

0 
2.

5 
± 

1.
2 

C
C

L2
 (M

C
P-

1)
 

1.
0 

±
0.

2 
0.

5 
±

0.
1*

 
3.

4 
± 

0.
2 

1.
6 

±
0.

6*
 

48
.3

 ±
0.

4 
27

.4
 ±

6.
7*

 
51

.7
 ±

9.
3 

33
.3

 ±
13

.7
* 

C
C

L3
 (M

IP
-1


)
1.

0 
± 

0.
5 

1.
5 

± 
0.

3 
54

.5
 ±

 1
4.

9 
65

.3
 ±

 2
0.

4 
70

.4
 ±

 5
.9

 
81

.7
 ±

 7
.1

 
7.

2 
± 

2.
3 

10
.8

 ±
 2

.0
 

C
C

L4
 (M

IP
-1
)

1.
0 

± 
0.

1 
1.

4 
± 

0.
2 

36
7.

9 
± 

14
1.

0 
35

7.
3 

± 
17

5.
7 

17
4.

1 
± 

28
.7

 
20

6.
6 

± 
37

.4
 

19
.0

 ±
 1

0.
5 

29
.6

 ±
 1

0.
6 

C
C

L5
 (R

AN
TE

S)
 

1.
0 

± 
0.

5 
1.

6 
± 

0.
2 

9.
8 

± 
4.

0 
13

.4
 ±

 7
.8

 
22

.6
 ±

 8
.7

 
27

.1
 ±

 1
2.

6 
8.

6 
± 

3.
5 

6.
1 

± 
4.

3 
C

C
L1

8 
(P

A
R

C
) 

1.
0 

± 
0.

5 
1.

6 
± 

1.
0 

22
.6

 ±
 8

.4
 

22
.8

 ±
 8

.0
 

29
.2

 ±
 1

5.
5 

33
.7

 ±
 1

3.
9 

1.
3 

± 
0.

6 
2.

2 
± 

1.
3 

Al
l m

R
N

A 
ex

pr
es

si
on

 d
at

a 
ar

e 
co

rr
ec

te
d 

fo
r e

xp
re

ss
io

n 
of

 th
e 

ho
us

ek
ee

pi
ng

 g
en

e 
B

2M
, a

nd
 a

re
 e

xp
re

ss
ed

 a
s 

fo
ld

 c
ha

ng
e 

of
 b

as
al

 e
xp

re
ss

io
n 

in
 c

on
tro

l-t
re

at
ed

 
m

ac
ro

ph
ag

es
. R

es
ul

ts
 re

pr
es

en
t m

ea
ns

 ±
 S

EM
, n

=4
. *

St
at

is
tic

al
ly

 s
ig

ni
fic

an
t t

o 
co

nt
ro

l, 
p<

0.
05

.

Ta
bl

e 
S2

. L
PS

-s
tim

ul
at

ed
 c

yt
ok

in
e 

ex
pr

es
si

on
 o

f T
H

P-
1-

de
riv

ed
 m

ac
ro

ph
ag

es
 p

re
-tr

ea
te

d 
fo

r 4
8 

hr
s 

w
ith

 1
0μ

M
 6

-M
P 

or
 in

 c
on

tr
ol

 c
on

di
tio

ns
.





III Part III





7 Nuclear Receptor Nurr1 is 
Expressed in and Associates with 
Human Restenosis and Inhibits 
Vascular Lesion Formation in 
Mice Involving Inhibition of 
Smooth Muscle Cell Proliferation 
and Inflammation

Peter I. Bonta1,*, Thijs W.H. Pols1,*, 
Claudia M. van Tiel1, Ilze Bot3, 
Mariska Vos1, E. Karin Arkenbout1,2, 
Jakub Rohlena1, Karel T. Koch2, 
Moniek P. de Maat5, Michael W.T. Tanck6, 
Robbert J. de Winter2, Hans Pannekoek1, 
Erik A.L. Biessen4, Carlie J.M. de Vries1

1Department of Medical Biochemistry, 2Cardiology 
and 6Clinical Epidemiology, Biostatistics and 
Bioinformatics, Academic Medical Center, 
University of Amsterdam, The Netherlands; 
3Division of Biopharmaceutics, Leiden University, 
Leiden, The Netherlands; 
4Department of Pathology, Maastricht University 
Medical Center, Maastricht, The Netherlands; 
5Department of Hematology, Erasmus Medical 
Center, Rotterdam, The Netherlands

Submitted for publication

*PIB and TWP equally contributed to this work



108

Chapter 7

109

Abstract
Background Restenosis is the major drawback of percutaneous coronary interventions (PCI) 
involving excessive activation and proliferation of vascular smooth muscle cells (SMCs). 
Nuclear receptor Nurr1 is an early response gene that is mainly known for its critical role in 
the development of dopamine neurons. In the current study we investigated Nurr1 in human 
and experimental vascular restenosis. 
Methods and Results In a prospective cohort of 601 patients undergoing PCI including stent-
placement, we report a strong association of Nurr1 haplotypes with in-stent restenosis risk. 
Furthermore, Nurr1 is specifically expressed in human in-stent restenosis and induced in 
cultured human SMCs in response to serum or tumor necrosis factor-α (TNF-α). Lentivirus-
mediated gain and loss of function experiments in SMCs demonstrated that overexpression 
of Nurr1 inhibited proliferation, consistent with increased expression of the key cell-cycle 
inhibitor p27Kip1, whereas Nurr1 silencing enhanced SMC growth. The TNF-α-induced pro-
inflammatory response of SMCs is inhibited by Nurr1 as reflected by reduced interleukin-
1β, TNF-α and monocyte chemo-attractant protein-1 expression. Consistent with our in 
vitro data, Nurr1 overexpression reduced wire injury-induced SMC-rich lesion formation in 
carotid arteries of ApoE-/-.
Conclusion Nurr1 haplotypes associate with human restenosis risk and Nurr1 is expressed in 
human in-stent restenosis. In SMCs Nurr1 inhibits proliferation and inflammatory responses, 
which explains inhibition of SMC-rich lesion formation in mice. The recent identification of 
small-molecule drugs that enhance the activity of Nurr1, reveal this nuclear receptor Nurr1 
an attractive novel target for (local) intervention in restenosis.
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Introduction
Despite technological and pharmacological advances, patients undergoing percutaneous 
coronary interventions (PCI) still develop (in-stent) restenosis, requiring repeat 
revascularization procedures.1 Several lines of evidence indicate that genetic factors may 
explain the increased risk of restenosis independent of conventional clinical and procedural 
parameters.2 Genetic variations identifying patients at increased risk for restenosis will lead 
to improved risk stratification and eventually to patient-tailored therapy, for example to 
rationalize the choice for either a bare-metal stent or drug-eluting stent. In addition, genetic 
variations that associate with restenosis may indicate that the protein encoded by this specific 
gene is functionally involved and clinically relevant in this process. 

Restenosis following PCI can develop within weeks to months after the procedure.3 The 
underlying mechanism of this pathology involves endothelial denudation and mechanical 
injury of the vessel wall, which enhances inflammatory cell recruitment, ultimately driving 
excessive smooth muscle cell (SMC) activation and proliferation.4 As a result, the end-
stage vascular lesion in (in-stent) restenosis is predominantly composed of SMCs and is 
referred to as a SMC-rich vascular lesion. The application of sirolimus or paclitaxel drug-
eluting stents has considerably reduced the incidence of in-stent restenosis.1,5 These drugs 
effectively inhibit SMC proliferation, but also hinder effective re-endothelialization and may 
delay arterial healing, pathophysiological processes implicated in (late) in-stent thrombosis, 
a potentially fatal complication.6,7 

In the current study we generated knowledge on the nuclear ‘orphan’ receptor Nurr1 (also 
denoted NR4A2 or NOT), which is classified into the NR4A subfamily of nuclear receptors 
that in addition comprises Nur77 and NOR-1. The nuclear receptor superfamily comprises 
both ligand-activated receptors such as the estrogen receptor, liver X receptors (LXR) and 
peroxisome proliferator-activated receptors (PPAR) as well as receptors like Nurr1, for which 
ligands have not been identified.8 The transcription factor Nurr1 interacts as a monomer or 
homodimer with consensus response elements to promoters of target genes9, but can also form 
heterodimers with retinoid X receptors (RXR) to mediate retinoid responses.10 In addition 
to direct binding to the promoter of target genes, Nurr1 modulates gene transcription by 
transrepression of other transcription factors.11,12

So far, the transcription factor Nurr1 has mainly been associated with brain development, 
which is in line with the absence of dopaminergic neurons in Nurr1 knockout mice.13 
Other studies showed that Nurr1 is not only essential in the development of mesencephalic 
dopamine neurons and maintenance of their function, but that it may also play a role in 
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the pathogenesis of Parkinson’s disease and related disorders.14 In neuronal microglia and 
macrophages Nurr1 regulates inflammatory responses and we have described differential 
expression of Nurr1 in human atherosclerotic lesions as compared to normal, healthy human 
arteries.12,15  In addition, Nurr1 has been described in rheumatoid arthritis.16 The expression 
of Nurr1 in human restenosis and the function of Nurr1 in SMCs in vascular lesion formation 
has not yet been described. 

In the current study, we report that haplotype-defined variation of the Nurr1 gene associates 
with coronary in-stent restenosis risk in PCI patients and that Nurr1 is expressed in human 
coronary in-stent restenosis lesions. We demonstrate that Nurr1 has an anti-proliferative and 
anti-inflammatory function in human cultured SMCs and protects against arterial wire-injury 
induced SMC-rich lesion formation in mice. 

Materials and methods
Detailed description of materials and methods and shRNA and RT-PCR primer sequences are 
available in the online data supplement.

Study population, follow-up and study endpoints
The study was approved by the local research and ethics committee and confirms with the 
Declaration of Helsinki. Patients were included in a single-center, prospective observational 
cohort after successful bare-metal stent placement in a native coronary artery for stable 
angina. Cardiovascular medication was recorded. Patients were treated with aspirin 100mg 
and ticlopidine 250mg bid or clopidogrel 75mg for 1 month after PCI and aspirin 100mg 
thereafter. Blood was collected and genomic DNA was isolated. Patients returned for follow-
up angiography between 6 and 12 months after stent placement. Quantitative coronary 
analysis was performed as described.17 Clinical follow-up at 1 year was obtained. The primary 
endpoint of this study was angiographic binary in-stent restenosis (ISR, >50% diameter 
stenosis) at follow-up. The secondary endpoints were target lesion revascularization, repeat 
PCI, non-fatal myocardial infarction, coronary artery bypass grafting (CABG) or death or the 
combined endpoint of major adverse cardiac events (MACE). Target lesion revascularization 
was defined as repeat revascularization of the stented segment or within 5mm margins 
proximal or distal to the stent by either repeat PCI or CABG. 

Genotyping and statistical analysis of the genetic association study
For a detailed description of the haplotype tagging (ht)SNP selection of the Nurr1 gene, we 
refer to the recent paper of Kardys et al.18 Genotypes were determined in 2ng genomic DNA 
with the Taqman allelic discrimination assay (Applied Biosystems, Foster City, California). 
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Reactions were performed with the Taqman Prism 7900HT in 384-wells format. 

Association between individual SNPs and ISR, repeat PCI, target lesion revascularization 
or MACE were examined using Cox proportional hazard models in SPSS 16.0 for Windows 
(SPSS Inc, Chicago, IL). From the obtained unphased SNP genotype data, haplotype 
frequencies and their effect on risk of ISR, repeat PCI, target lesion revascularization or 
MACE were estimated using weighted Cox regression as described by Souverein et al..19 
Variables depicted by univariate linear regression analysis to be predictive for ISR, repeat 
PCI, target lesion revascularization or MACE (p<0.05) were entered into the model (control 
of confounding). Covariates included into the model were age, gender, hypertension, diabetes 
mellitus, current smoking, statin use, stent length and lesion length. Event-free survival curves 
were calculated by Kaplan-Meier analysis, differences between the groups were calculated 
with the log-rank statistic. A p-value <0.05 was considered statistically significant.

Human tissue specimens, in situ hybridization and immunohistochemistry
Human tissue samples were obtained, from patients undergoing coronary atherectomy for 
in-stent restenosis according to protocols approved by the Medical Ethics Committee of our 
Institute. The retrieved specimens were processed and radio-active in situ hybridization was 
performed with gene-specific probes as described.20 Immunohistochemistry was performed 
for SMC (1A4, DAKO, Glostrup, Denmark) and macrophage (Ham56, DAKO) detection. 

Lentiviral vector construction and RNA interference
For efficient transduction, lentiviruses that contain human Nurr1 cDNA or short hairpin (sh) 
human or mouse Nurr1 sequences and their appropriate controls, empty or scrambled shRNA 
virus respectively, were generated. Lentiviral transduction efficiency in human SMCs was 
determined by immunofluorescence. Efficiency of endogenous Nurr1 knockdown by shNurr1 
encoding virus was determined using semi-quantitative real-time RT-PCR (qRT-PCR). 

SMC culture, DNA synthesis and Western blotting
SMCs were explanted from human umbilical cord arteries or mouse aortas and were cultured 
in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Breda, The Netherlands) with 10% (v/v) 
fetal calf serum (FCS) and penicillin and streptomycin (Invitrogen). SMCs were transduced 
and experiments were performed. DNA synthesis after FCS stimulation was monitored by 
5-bromo-2-deoxyuridine (BrdU) incorporation according to manufacturers’ protocol (Roche, 
Basel, Switzerland). For Western blotting, p27Kip1, Nurr1 and α-tubulin primary antibodies 
were used (BD Biosciences, Franklin Lakes, NJ; M-196, Santa Cruz Biotechnology and Cedar 
Lane, Canada, respectively) and quantitative analysis was performed. α-Tubulin staining 
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served as a loading control. Experiments were performed with 3 distinct SMC isolates.

Inflammatory gene expression analysis 
SMCs were stimulated with recombinant human tumor necrosis factor-α (TNF-α) 25ng/
ml (R&D, Minneapolis, Mn). RNA was extracted, cDNA synthesized (iScript Biorad) and 
inflammatory gene expression analyzed by qRT-PCR using gene-specific primers and SYBR-
Green. Experiments were performed in duplicate with 3 distinct SMC isolates.

Mouse model of arterial wire injury and lentiviral transduction
Female ApoE-/- mice, 9-10 weeks old, were fed a Western-type diet containing 0.25% 
cholesterol and 15% cacao butter (SDS, Sussex, UK) throughout the experiment starting 
1 week before surgery. Plasma cholesterol levels were determined at 0, 1.5, 3 and 4 weeks 
during the experiment and no differences were observed between the treatment groups. All 
animal work was approved by regulatory authorities of Leiden University and complied with 
Dutch government guidelines. Mice were anaesthetized and transluminal wire injury of the 
left common carotid artery was performed as described previously.21-23 For lentiviral transfer, 
the lumen of the carotid artery was incubated for 15 minutes (108IU/mouse supplemented 
with 10μg/ml DEAE-dextran) directly after wire injury. Animals were euthanized at 4 weeks 
after injury and the carotids were taken out and embedded in paraffin. For morphometry, 
elastic laminae in 10 sections (each 250µm apart) were visualized by Lawson stain and 
medial, intimal and luminal surface areas were quantified by morphometric analysis (Leica 
Qwin, Germany). To detect SMCs immunohistochemistry antibodies against smooth muscle 
(SM) α-actin (1A4, DAKO) were used. Experiments were performed with 7 to 9 animals per 
group.

Statistical analyses of in vitro and animal experiments
The unpaired Student t test was used to calculate the statistical significance of BrdU 
incorporation and expression ratios versus control. In animal experiments data are reported 
as mean ± SEM and were analyzed with the non-parametric Mann-Whitney 2-tailed U test. 
p<0.05 was considered statistically significant (*p<0.05; **p<0.01; ***p<0.001).

Results
Nurr1 geno- and haplotypes associate with angiographic and clinical in-stent 
restenosis risk
A total of 601 patients were included in the study; clinical follow-up was obtained from 600 
patients and angiographic follow-up was performed in 597 out of these 600 cases. Failure 
rates of genotyping for Nurr1 SNPs A; –15906T>A (rs1466408), B; −3413T>C (rs13428968) 
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Figure 1. Schematic depiction of the 
linkage disequilibrium (LD) block 
including the Nurr1 gene, individual 
ht-SNPs in the Nurr1 gene and 
composition and frequencies of 
the Nurr1 haplotypes in the study 
population. (A) Visualization of the 
location of the Nurr1 gene (8.3kb) in the 
LD block (36kb) in a genome stretch 
(100kb) with a total of 3 LD blocks 
according to HapMap. (B) The Nurr1 gene 
including 5’- and 3’-UTRs (untranslated 
exons, dotted boxes), translated exons 
(black boxes) and the location of the 
three ht-SNPs. (C) Composition and 
frequencies of the 4 Nurr1 haplotypes 
with frequencies over 1% detected in the 
study population.

LD block  36kb on chromosome 2q22-23

Nurr18.3kb

untranslated exons

translated exons

A
rs1466408
–15906T>A

SNP B
rs13428968
-3413T>C 

C
rs12803
+7275G>T 

B

C
Haplotype SNP A SNP B SNP C Frequency 

Haplotype 1 T T G 52.4% 

Haplotype 2 T T T 23.9% 

Haplotype 3 T C T 13.3% 

Haplotype 4 A T T 9.3% 

Others    <1% 

 100kb HapMap
A

3’5’

LD block

and C; +7275G>T (rs12803) were 3.7%, 6.2% and 1.2%, respectively. Three SNPs in the 
Nurr1 gene were analyzed, which cover the linkage disequilibrium (LD) block that comprises 
the entire Nurr1 gene (Figure 1A, B). All genotype distributions were in Hardy-Weinberg 
equilibrium (p>0.05, Supplementary data Table S1) and their genotype and allele frequencies 
were comparable to those reported by NCBI dbSNPs for Caucasian populations. Haplotype 
reconstruction resulted in 4 haplotypes with frequencies >1% of the study population (Figure 
1C). The clinical and angiographic baseline characteristics of the patients are listed in Table 
1. Baseline clinical and angiographic characteristics were tested for differences between the 
three single ht-SNPs. No significant differences were detected, except for hypertension in 
SNP B (p=0.027) (Supplementary data Table S2). 

The primary endpoint ISR and secondary endpoints target lesion revascularization, repeat 
PCI and MACE risk were analyzed for the individual Nurr1 ht-SNPs and comprehensive 
haplotypes. Hazard ratios for the primary and secondary study endpoints for the individual ht-
SNPs after Cox regression analyses are shown in the online data supplement (Supplementary 
data Table S3). Haplotype 1 (TTG) was most frequent in our study population (52.4%, Figure 
1C) and served as reference haplotype. In line with the individual ht-SNP data, haplotype 3, 
which contains the minor alleles of SNP B and C (TCT) and haplotype 4, which contains the 
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Table 1. Baseline characteristics
Variable
Male sex, n (%) 471 (78) 
Age, years ± SD  57 ± 10 
Hypertension, n (%) 204 (34) 
Diabetes mellitus, n (%) 54 (9) 
Current smoking, n (%) 233 (39) 
Family history of coronary artery disease, n (%) 302 (50) 
History of, n(%) 

Myocardial infarction 284 (47) 
Coronary artery bypass grafting 16 (3) 
PCI 138 (23) 

Use of statin at time of stenting, n (%) 278 (46) 

Angiographic data 
Mean stent length, mm ± SD 18 ± 6 
Mean diameter stenosis ,% ± SD 

Before stenting 76 ±20 
After stenting 13 ± 9 

Artery treated, n (%)  
Left anterior descending 265 (44) 
Right coronary artery 224 (37) 
Left circumflex 111 (19) 

Restenotic lesion, n (%) 76 (13) 
Chronic total occlusion lesion, n (%) 197 (33) 

minor alleles of SNP A and C (ATT) were associated with a significant increased ISR, target 
lesion revascularization, repeat PCI or MACE risk as compared to the reference haplotype 
1 (Hazard ratios (HR) between 1.6-3.1 for all endpoints; Table 2, model 1). This association 
persisted after multivariable adjustment, including age, gender, hypertension, smoking, 
diabetes mellitus, statin use, stent length and length of stenosis into the model (HR between 
1.7-3.4 for all endpoints, Table 2, model 2, Figure 2A). To further illustrate the increased 
risk of these two haplotypes, we performed Kaplan-Meier analysis of event-free survival. 
A significant lower ISR, repeat PCI, target lesion revascularization, or MACE event-free 
survival was detected in patients having one or two copies of a risk haplotype (haplotypes 3 
and 4) as compared to patients that have no copies of the risk haplotypes (Figure 2B). 

Nurr1 is expressed in human in-stent restenosis
Since we observed such a strong association of Nurr1 genotypes with in-stent restenosis, we 
analyzed gene expression of Nurr1 in human in-stent restenosis. Coronary in-stent restenosis 
specimens of 9 patients were obtained and analyzed for Nurr1 expression by radioactive 
in situ hybridization (Supplementary Table S4 for patient characteristics). In accordance 
with previous studies, immunohistochemical analyses demonstrated that SMCs are the main 
cell-type in human in-stent restenotic lesions (Figure 3A), with a relatively low number of 
macrophages (Figure 3B).24 Previously, we have shown that Nurr1 is not expressed in normal 
media of human arteries.20 Here we demonstrate that Nurr1 mRNA is strongly expressed 
throughout restenosis lesions as is shown in Figure 3C, and at larger magnification in two 
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Figure 2. Nurr1 haplotypes 
and the risk of ISR, target 
lesion revascularization, 
repeat PCI or MACE. (A) 
Hazard ratios of Nurr1 
haplotypes and ISR, target 
lesion revascularization, 
repeat PCI or MACE risk. 
Haplotype 1 (TTG) is used 
as reference. Hazard 
ratios are adjusted for 
age, gender, hypertension, 
diabetes, current smoking, 
statin use, stent length 
and length of stenosis by 
Cox regression analysis. 
(B) Nurr1 haplotypes and 
Kaplan-Meier estimates 
of event-free survival. 
The Kaplan-Meier curves 
represent the cumulative 
proportion of patients 
free of ISR, target lesion 
revascularization, repeat 
PCI or MACE during the 
follow up of 12 months. 
Patients were grouped 
having no copies of the risk 
haplotypes (haplotypes 
3 and 4) or having at 
least one copy of a risk 
haplotype.
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specimens derived from distinct patients showing a scattered expression pattern (Figure 3 
D, E). In each of the 9 different specimens analyzed, we observed substantial expression of 
Nurr1 throughout the lesion in 36±6% of the cells (Supplementary Table S4). 

Nurr1 inhibits proliferation of human SMCs 
To reveal the function of Nurr1 in restenosis, we assayed whether Nurr1 modulates SMC 
proliferation, a process of critical importance in (in-stent) restenosis.4 In cultured human 
SMCs, Nurr1 mRNA is induced by FCS with optimal mRNA expression levels 2 hrs after 
treatment (Supplementary Figure S1) and after 4 hrs endogenous Nurr1 protein expression 
is observed in the nucleus (Figure 4A). Recombinant lentivirus encoding Nurr1 or gene-
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Immunohistochemistry In situ hybridization
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Figure 3. Nurr1 expression in human 
in-stent restenosis atherectomy 
specimens. Serial sections were analyzed 
to detect (A) SMCs and (B) macrophages 
(in red). (C-E) Nurr1 expression was 
detected by radioactive in situ hybridization 
with a gene-specific probe. (C-E) mRNA 
expression of Nurr1 was detected 
throughout the lesions (black silver 
grains). The data from two specimens 
are shown (D and E, respectively). 
All sections were counterstained with 
hematoxylin to detect nuclei (blue). A-
C: 25x original magnification; D,E: 200x 
original magnification. Mφ indicates 
macrophages.

specific shRNA and their controls were used to perform gain and loss of function experiments 
in SMCs. Nurr1 overexpression results in enhanced nuclear staining of Nurr1 protein as 
shown by immunofluorescence and lentiviral delivery of shRNA directed against Nurr1 
mRNA resulted in over 80% knockdown of endogenous Nurr1 (Supplementary Figure S2). 
Western blot analyses revealed that Nurr1 overexpression in SMCs causes increased protein 
levels of p27Kip1, a crucial cell-cycle inhibitor in SMCs (Figure 4B).25 Consistent with these 
data, Nurr1 overexpression reduces DNA synthesis 1.7 fold (Figure 4C), whereas knockdown 
of endogenous Nurr1 increases DNA synthesis 2.6 fold (Figure 4D) as measured by BrdU 
incorporation. From these data we conclude that Nurr1 inhibits SMC proliferation involving 
enhanced expression of p27Kip1.

Nurr1 reduces inflammatory gene expression in SMCs
Since inflammation is causally involved in (in-stent) restenotic lesion formation, we analyzed 
the expression and function of Nurr1 in SMCs in this process.26 First, we studied expression 
of Nurr1 in human SMCs in response to the pro-inflammatory cytokine TNF-α and showed 
that Nurr1 mRNA is induced over 50 fold with optimal expression 1 hr after stimulation 
(Figure 5A). SMCs showed a strong induction of several pro-inflammatory cytokines and 
chemokines in response to TNF-α, most significantly interleukin-1β (IL-1β), TNF-α and 
monocyte chemoattractant protein-1 (MCP-1) (Figure 5B) and IL-6 and IL-8 (data not 
shown). Nurr1 overexpression substantially inhibits TNF-α-induced expression of IL-1β (2.5 
fold), TNF-α (1.5 fold) and MCP-1 (1.7 fold) (Figure 5C), but does not change IL-6 and 
IL-8 expression (data not shown). In line with these data, shRNA-mediated knockdown of 
endogenous Nurr1 revealed a 4.5 fold increased expression of TNF-α, while a non-significant 
1.3 fold increase of IL-1β and MCP-1 expression was observed (Figure 5D). 
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Nurr1 is a key regulator of SMC-rich lesion formation after arterial injury in 
ApoE-/- mice
Based on our observation that Nurr1 is expressed in human in-stent restenosis and the 
inhibitory effect of Nurr1 on SMC proliferation and inflammatory gene expression in vitro, 
we hypothesized that Nurr1 attenuates SMC-rich lesion formation. To test this hypothesis, 
we performed targeted gain and loss of function studies in an arterial wire-injury based 
restenosis model in ApoE-/- mice.21-23 In mice transduced with lentivirus encoding human 
Nurr1, the transgene was detected in medial SMCs by radioactive in situ hybridization 
(Figure 6A). ShRNA directed against murine Nurr1 resulted in a 5.4 fold reduction of 
endogenous Nurr1 expression in murine SMCs (Supplementary Figure S3). Consecutive 
sections of the lesions were analyzed by Lawson staining and SMC content was determined 
by immunohistochemistry (Figure 6B). Quantitative morphometric analyses demonstrated 
that medial surface area (Figure 6C) was comparable between all groups. Overexpression of 
Nurr1 resulted in a significant 2.5 fold reduction in neointimal area as compared to control 
(42.2 ± 9.0x103 µm2 vs. 16.9 ± 3.3x103 µm2; p<0.05) and a 2.3 fold reduction in neointima/
media ratio (0.75 ± 0.17 vs. 0.32 ± 0.05; p<0.05). In line with these data, Nurr1 knockdown 
resulted in a trend toward increase in neointimal area as compared to control (42.2 ± 9.0x103 
µm2 vs. 61.0 ± 13.5x103µm2; p=0.27) and an increase in neointima/media ratio (0.75 ± 0.17 
vs. 1.16 ± 0.25; p=0.16) (Figure 6D, E). 

Figure 4. Nurr1 inhibits proliferation 
of human SMCs. (A) Endogenous 
Nurr1 expression is induced by 
serum treatment of SMCs. Nuclear 
localization of endogenous Nurr1 
4 hrs after stimulation is visualized 
by immunofluorescence. Nuclei are 
counterstained with Hoechst staining. 
(B, left panel) Overexpression of Nurr1 
enhances p27Kip1 protein expression 
as analyzed by Western blotting 
(specific band indicated with an arrow, 
nonspecific bands indicated by asterisk 
(*). (B, right panel) Quantification 
of p27Kip1 protein showed a 1.8 fold 
increase in Nurr1 overexpressing 
SMCs as compared to control. (C) 
Nurr1 overexpression results in 
inhibition of proliferation of SMCs as 
compared to control as demonstrated 
by DNA synthesis (BrdU-incorporation 
assay). (D) shRNA-mediated 
knockdown of endogenous Nurr1 
increased proliferation of SMCs as 
compared to control (n=3 ±SD, Student 
t test; p<0.05).
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Figure 5. Nurr1 inhibits 
inflammatory gene expression 
in SMCs. (A,B). TNF-α treatment 
of SMCs results in enhanced 
Nurr1, IL-1β, TNF-α and 
MCP-1 mRNA expression. (C) 
Nurr1 overexpression inhibits 
expression of IL-1β, TNF-α and 
MCP-1 at 6 hrs after TNF-α 
treatment. (D) ShRNA-mediated 
knockdown of endogenous 
Nurr1 results in a 4.5 fold 
increased expression of TNF-α, 
while a non-significant 1.3 fold 
increase of IL-1β and MCP-1 
expression was observed (n=3, 
±SD, Student t test; p<0.05).

Discussion
In this study on nuclear receptor Nurr1, we identified common genetic variation of the Nurr1 
gene as an independent predictor of angiographic and clinical in-stent restenosis risk in PCI 
patients. Haplotype 3 (TCT) and 4 (ATT), inferred by combining 3 individual ht-SNPs, are 
associated with increased angiographic restenosis, target lesion revascularization, repeat 
PCI and MACE risk as compared to the reference haplotype 1 (TTG), which contains the 
common alleles of all three ht-SNPs. Haplotypes 3 and 4 contain the minor alleles of SNP B 
and A respectively and since both of these ht-SNPs are localized in the promoter region of the 
Nurr1 gene, it may be reasoned that these genetic variations reflect SNPs in this region that 
affect expression levels of Nurr1. 

Furthermore, we demonstrate high expression levels of the nuclear receptor Nurr1 in human 
coronary in-stent restenosis and show that overexpression of Nurr1 reduces SMC-rich lesion 
formation upon wire-injury in ApoE-/- mice. Decreased lesion formation is explained by 
Nurr1-mediated inhibition of proliferation of SMCs and by attenuation of the inflammatory 
response of these cells. Thus, even though increased expression of Nurr1 is observed in 
response to pro-atherogenic stimuli in SMCs and in vascular lesions, we here demonstrated 
that Nurr1 has a protective function in SMCs and vascular lesion formation, supporting the 
hypothesis that Nurr1 is crucially involved in a negative feedback mechanism to restrain 
excessive SMC proliferation in restenosis.
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The inflammatory response of SMCs in vascular disease, including restenosis, has gained 
far less attention as compared to the role of proliferation and migration of these cells in 
this pathology. Our data underpin the importance of SMCs’ secretion of pro-inflammatory 
cytokines and chemokines, such as MCP-1, that accelerate recruitment of inflammatory 
cells into the vessel wall.21,27 In line with this perspective, a recent study demonstrated that 
vascular SMCs express relatively high levels of inflammatory genes as compared to SMCs 
derived from bronchus, intestine or uterus tissue.28 We revealed strong induction of Nurr1 
expression in SMCs in response to TNF-α and, significantly, Nurr1 reduces expression of 
IL-1β, TNF-α and MCP-1 in SMCs, indicating that this nuclear receptor provokes a negative 
feedback regulation on the inflammatory response of SMCs. Indeed, in macrophages we have 
demonstrated that Nurr1 also inhibits the inflammatory response, which is in line with the 
identification of Nurr1 in a genome-wide screen as an inhibitor of NF-κB in monocytes.15,29 
Recently, in neuronal microglia transrepression of NF-κB has been demonstrated responsible 
for the anti-inflammatory properties of Nurr1.12 
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Figure 6. Nurr1 inhibits 
neointima formation in 
the wire-injury model in 
ApoE-/- mice. (A) Human 
Nurr1 transgene expression 
was detected in medial 
SMCs by radioactive in situ 
hybridization. The internal 
elastic lamina is marked 
(dashed line). (B) Analysis 
of the neointima in control 
mice revealed a SMC-rich 
lesion. SMCs were detected 
by immunohistochemistry 
(red) and Lawson (gray) 
was used to visualize the 
elastic laminae. All sections 
were counterstained with 
hematoxylin (blue). Arrows 
indicate the internal elastic 
laminae. (C) Morphometric 
analyses revealed that 
medial surface areas were 
comparable between all 
groups. (D, E) Overexpression 
of Nurr1 reduces neointimal 
area 2.5 fold and neointima/
media ratio 2.3 fold, whereas 
knockdown of endogenous 
Nurr1 results in a trend 
towards increased lesion 
formation (n=7 to 9 per group, 
±SEM, non-parametric Mann-
Whitney 2-tailed U test.
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Nurr1 overexpression in neuronal dopaminergic MN9D cells results in G1 cell-cycle arrest, 
which is controlled by cyclin-dependent kinases including p27Kip1.30 In accordance with the 
growth inhibitory function of Nurr1 in neuronal cells, we detected reduced proliferation and 
increased protein expression of p27Kip1 in SMCs overexpressing Nurr1. Multiple studies 
using human vascular tissue and animal models have provided evidence that p27Kip1, a 
cyclin-dependent kinase inhibitor, is a key regulator of SMC proliferation in restenosis.25,31 
We therefore conclude that the enhanced p27Kip1 expression in response to Nurr1 may, at least 
partially, explain its anti-proliferative effect.

To study the in vivo function of Nurr1 in SMC-rich neointima formation, we applied the wire-
injury model in ApoE-/- mice that models human restenosis, since their SMC-rich neointimal 
lesions develop in an atherosclerosis-prone background like in patients that suffer from 
atherosclerosis and are invasively treated with PCI.22,23 Furthermore, predominantly SMCs 
are infected by the recombinant virus as the wire disrupts the overlaying endothelial cell 
layer. This approach allowed us therefore to specifically establish the protective function of 
Nurr1 in SMCs in SMC-rich neointima formation relevant to human restenosis.

Structural analyses of the C-terminal domain of Nurr1 revealed that the classical ligand-
binding cavity is filled with hydrophobic and aromatic amino-acid side-chains and that 
an atypical co-activator cleft is exposed on the surface.32,33 Taken this into account, it is 
remarkable that small-molecule drugs have been identified that enhance the transcriptional 
activity of Nurr1.34-38 So far, these Nurr1 activators have been considered as potential drugs 
to enhance dopaminergic neuron function in Parkinson’s disease. The data presented in our 
current study suggest that (local) application of these Nurr1 activators may also prevent 
SMC-rich vascular lesion formation.

In summary, we revealed that common variations of the Nurr1 gene are associated with in-
stent restenosis, target lesion revascularization and repeat PCI risk in patients undergoing 
PCI in combination with placement of a bare-metal stent. In line with these data, we detected 
expression of Nurr1 in human in-stent restenosis and we demonstrated that Nurr1 reduces 
SMC proliferation and inflammatory responses, and inhibits vascular lesion formation. We 
therefore propose Nurr1 as a novel potential therapeutic target in prevention of (in-stent) 
restenosis and other proliferation and inflammation-driven vascular diseases. 
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Supplemental materials and methods 
Study population, follow-up and study endpoints
Patients were included in a single-center, prospective observational cohort. The study was 
approved by the local research and ethics committee and confirms with the Declaration of 
Helsinki. All patients gave written informed consent for follow-up angiograms and were 
included after successful bare-metal stent placement in a native coronary artery. Patients 
were eligible for inclusion if they had been successfully treated with PCI for stable angina 
including chronic total occlusion, ostial disease and restenosis after balloon angioplasty 
alone. Patients with in-stent restenosis and complex lesions such as saphenous vein graft 
lesions, bifurcated lesions, lesions longer than 25mm, reference vessel diameter <2.5mm 
and primary PCI for acute myocardial infarction were excluded. Cardiovascular medication, 
including statin use was recorded at the time of the procedure and at follow-up. Patients were 
treated with 100mg aspirin and 250mg of ticlopidine bid or 75mg of clopidogrel daily for 1 
month after PCI and 100mg of aspirin thereafter. Blood from the participants was collected 
and genomic DNA was isolated from leukocytes.

Patients returned for follow-up angiography between 6 and 12 months after stent placement. 
Quantitative coronary analysis was performed as described 1 and was performed off-line 
on images obtained before, immediately after stent placement and at follow-up using a 
computerized quantitative analysis system (QCA-CMS, version 5.0, MEDIS, Leiden, The 
Netherlands).2 Clinical follow-up at 1 year was obtained through written questionnaires, 
review of hospital records, chart review and telephone contact with the patient, the referring 
cardiologist, the patient’s general practitioner or the patient’s relatives. The primary endpoint 
of this study was angiographic binary in-stent restenosis (ISR, >50% diameter stenosis) at 
follow-up. The secondary endpoints were target lesion revascularization, repeat PCI, non-
fatal myocardial infarction, coronary artery bypass grafting (CABG) or death or the combined 
endpoint of major adverse cardiac events (MACE). Target lesion revascularization was 
defined as repeat revascularization of the stented segment or within 5mm margins proximal 
or distal to the stent by either repeat PCI or CABG. A total of 601 patients were included in 
the study and DNA was obtained. Clinical follow-up was obtained from 600 patients, since 1 
patient died and angiographic follow-up was performed in 597 out of these 600 cases, since 3 
patients were either lost to follow-up or patients refused follow-up angiography.

Genotyping
Several SNPs have been described in the Nurr1 gene. For a detailed description of the 
haplotype tagging (ht) SNP selection of the Nurr1 gene, we refer to the recent paper of 
Kardys et al.3 According to HapMap (http://www.hapmap.org) the Nurr1 gene lies in one 
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linkage disequilibrium (LD) block (Figure 1A). Three Nurr1 ht-SNPs rs1466408 (SNP A), 
rs13428968 (SNP B) and rs12803 (SNP C) were selected based on data obtained from HapMap 
(Figure 1B), which enabled us to infer 4 haplotypes with frequencies >1% describing 96% 
of the variation in the LD block and these 4 haplotypes were coded as haplotype numbers 1 
to 4 in order of decreasing frequency in the population (Figure 1C). In accordance with the 
Human Genome Organization guidelines (http://www.genenames.org/guidelines.html), we 
numbered the SNPs in relation to the transcription start site, using the Human March 2006 
assembly (http://www.genome.ucsc.edu). Genotypes were determined in 2ng genomic DNA 
with the Taqman allelic discrimination assay (Applied Biosystems, Foster City, California). 
Reactions were performed with the Taqman Prism 7900HT in 384-wells format. 

Statistical analysis of the genetic association study
Analyses for possible deviations of the genotype distribution from that expected for a 
population in Hardy-Weinberg equilibrium were performed using the Chi-square test. Data are 
given as the mean (SD) for continuous variables or as the number (proportion) for categorical 
variables. Continuous variables with a Gaussian distribution were compared by Student’s 2-
tailed unpaired t-test or ANOVA, categorical values were compared by Chi-square or Fisher’s 
exact test where appropriate. Continuous variables with a non-Gaussian distribution were 
compared by the Mann-Whitney U or Kruskal-Wallis test. Associations between individual 
SNPs and ISR, PCI, target-lesion revascularization or MACE were examined using Cox 
proportional hazard models in SPSS 16.0 for Windows (SPSS Inc, Chicago, IL). From the 
obtained unphased SNP genotype data, haplotype frequencies and their effect on risk of 
ISR, repeat PCI, target lesion revascularization or MACE were estimated using weighted 
Cox regression as described by Souverein et al.4 In short, haplotype effects and haplotype 
frequencies were jointly estimated using an expectation-maximization (EM) algorithm 
in which individual haplotypes were handled as missing data. In the first expectation (E) 
step, the initial probabilities were calculated using Bayes’ theorem and estimated haplotype 
frequencies. In the following E steps, the posterior probabilities of haplotype pairs compatible 
with an individual’s genotype were calculated based on the phenotype of the individual 
subject. In the maximization (M) steps, the haplotype effects were estimated using a weighted 
Cox proportional hazards regression model, where the posterior probabilities functioned 
as weights. The E and M steps were alternated until convergence. Only haplotypes with 
frequencies >1% were used in the analysis. These 4 haplotypes were coded as haplotype 
numbers 1 to 4 in order of decreasing frequency in the population (Figure 1C). Variables 
depicted by univariate linear regression analysis to be predictive for ISR, PCI, target-lesion 
revascularization or MACE (p<0.05) were entered into the model (control of confounding). 
Covariates included into the model were age, gender, hypertension, diabetes mellitus, current 
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smoking, statin use, stent length and lesion length. Event-free survival curves were calculated 
by Kaplan-Meier analysis, differences between the groups were calculated with the log-rank 
statistic. A p-value <0.05 was considered to be statistically significant.

Human tissue specimens, in situ hybridization and immunohistochemistry
Human tissue samples were obtained, with informed consent, from patients undergoing 
directional coronary atherectomy for in-stent restenosis and included in an observational 
study according to protocols approved by the Medical Ethical Committee of our Institute. 
The retrieved specimens were immediately frozen in liquid nitrogen, stored at -80°C, and 
5µm sections were mounted on Superfrost plus glass slides (Emergo, Amsterdam, The 
Netherlands). Radio-active in situ hybridization was performed with gene specific probes 
as described previously.5 Immunohistochemistry was performed for SMC (1A4, DAKO, 
Glostrup, Denmark) and macrophage (Ham56, DAKO) detection. 

Lentiviral vector construction and RNA interference
Human Nurr1 cDNA (GenBank X75918, bp 73-2310) was cloned into the pRRL-cPPT-CMV-
X2-PRE-SIN vector and recombinant lentivirus was generated by standard procedures.6 Viral 
titers were determined by standard procedures as described.7 For knockdown experiments 
short hairpin (sh) human and mouse Nurr1 sequences were designed and determined unique 
by the Whitehead Institute (Cambridge, UK) shRNA selection program8 and were cloned into 
p156RRL-sinPPT-CMV-GFP-PRE/NheI. Lentiviral transduction efficiency in human SMCs 
was determined by immunofluorescence. Efficiency of endogenous Nurr1 knockdown by 
shNurr1 encoding virus was determined using semi-quantitative real-time RT-PCR (qRT-
PCR). shRNA and primer sequences are available in the online data supplement.

SMC culture 
SMCs were explanted from human umbilical cord arteries or mouse aortas and were cultured 
in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Breda, The Netherlands) with 10% 
(v/v) fetal calf serum (FCS) and penicillin and streptomycin (Invitrogen). SMCs were 
transduced for 24 hrs with recombinant lentiviruses encoding either human Nurr1, shRNA 
directed against Nurr1 or with the control viruses. After transduction the cells were cultured 
for an additional 72 hrs before experiments were performed. 

DNA synthesis and Western blotting
DNA synthesis was monitored by 5-bromo-2-deoxyuridine (BrdU) incorporation according 
to manufacturers’ protocol (Roche, Basel, Switzerland). For Western blotting, p27Kip1, Nurr1 
and α-tubulin were detected with primary antibodies (BD Biosciences, Franklin Lakes, 
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NJ; M-196, Santa Cruz Biotechnology and Cedar Lane, Canada, respectively) and HRP-
conjugated secondary antibodies. Proteins were visualized by enhanced chemiluminescence 
detection (Lumi-LightPLUS; Roche Diagnostics GmbH, Mannheim, Germany). Quantitative 
analysis was performed by the Lumi-Imager (Boehringer Mannheim, Mannheim, Germany). 

α-Tubulin staining served as a control for equal loading. Experiments were performed with 
3 distinct SMC isolates.

Inflammatory gene expression analysis 
SMCs were stimulated with recombinant human tumor necrosis factor-α (TNFα) 25ng/ml 
(R&D, Minneapolis, Mn) or LPS (Sigma, St Louis, Mo). Cells were lysed and RNA was 
extracted at time points indicated (Aurum RNA isolation kit Biorad, Hercules, CA). cDNA 
was synthesized (iScript Biorad) and inflammatory gene expression analyzed by qRT-PCR 
using gene-specific primers and SYBR-Green (MyiQ RT-PCR System, Biorad). Primer 
sequences are available in the online data supplement. Experiments were performed in 
duplicate with 3 distinct SMC isolates.

Mouse model of arterial wire injury and lentiviral transduction
Female ApoE-/- mice, 9-10 weeks old, were obtained from the local animal breeding facility 
and fed a Western-type diet containing 0.25% cholesterol and 15% cacao butter (SDS, 
Sussex, UK) throughout the experiment starting 1 week before surgery. Plasma cholesterol 
levels were determined at 0, 1.5, 3 and 4 weeks during the experiment using a colorimetric 
enzymatic assay and no differences were observed between the treatment groups. All animal 
work was approved by regulatory authorities of Leiden University and complied with Dutch 
government guidelines. Mice were anaesthetized by subcutaneous injection of ketamine 
(60mg/kg; Eurovet Animal Health), phentanyl citrate and fluanisone (1.26mg/kg and 2mg/kg, 
respectively; Janssen Animal Health). Transluminal wire injury of the left common carotid 
artery was performed as described previously.9-11 Briefly, a 0.36mm flexible angioplasty guide 
wire was advanced into the common carotid artery via the left external carotid artery, and 
endothelial denudation was achieved by 3 rotational passes. For lentiviral transfer, the lumen 
of the carotid artery was incubated for 15 min with lentivirus containing Nurr1, shNurr1 
sequences or control lentivirus (108IU/mouse supplemented with 10μg/ml DEAE-dextran) 
directly after wire injury. Animals were euthanized at 4 weeks after injury, perfusion fixed and 
the carotids were taken out and embedded in paraffin. Starting at the bifurcation, serial tissue 
sections (5µm) were obtained from left common carotid arteries. For morphometry, elastic 
laminae in 10 sections (each 250µm apart) were visualized by Lawson stain and medial, 
intimal and luminal surface areas were quantified by morphometric analysis (Leica Qwin, 
Germany). To detect SMCs immunohistochemistry was performed using antibodies against 
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SMα-actin (1A4, DAKO). Experiments were performed with 7 to 9 animals per group.

Statistical analyses of in vitro and animal experiments
The unpaired Student t test was used to calculate the statistical significance of BrdU 
incorporation and expression ratios versus control. In animal experiments data are reported 
as mean ± SEM and were analyzed with the non-parametric Mann-Whitney 2-tailed U 
test (SPSS 12.0 for Windows, SPSS Inc, Chicago, Illinois, USA). p<0.05 was considered 
statistically significant (*p<0.05; **p<0.01; ***p<0.001).
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Figure S1. Endogenous Nurr1 expression in 
SMCs. Human vascular SMCs were stimulated with 
10% v/v FCS and endogenous Nurr1 expression 
was detected by qRT-PCR. Nurr1 mRNA is 
transiently induced with optimal expression levels 
2 hrs after treatment with FCS.
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Figure S2. Lentivirus-mediated overexpression and shRNA-induced 
knockdown of Nurr1. (A) Vascular SMCs were efficiently transduced with 
lentivirus encoding Nurr1, which resulted in nuclear localization of the Nurr1 
protein as detected by immunofluorescence using a Nurr1-specific antibody. 
Nurr1 protein (red). Nuclei were detected by Hoechst (blue). (B) Lentiviral 
delivery of shRNA directed against Nurr1 results in efficient knockdown of 
endogenous Nurr1 both in the absence and in the presence of FCS as detected 
by qRT-PCR.

Figure S3. Knockdown of Nurr1 expression 
with shRNA. Lentiviral delivered shRNA directed 
against murine Nurr1 resulted in a 5.4 fold 
reduction of endogenous Nurr1 expression in 
murine vascular SMCs as determined by real-time 
RT-PCR.



130

Chapter 7

131

Table S1. Nurr1 ht-SNPs annotation and frequencies.

SNP ID(a) SNP ID(b) SNP ID(c) Genotype n (%) Minor allele 
frequency

p-value 
HWE 2

A rs1466408 -15906T>A TT
TA
AA

470 (81.2) 
100 (17.3) 
9 (1.5) 

A = 10.0% 0.17

B rs13428968 -3413T>C TT 
TC
CC

416 (73.7) 
138 (24.5) 
10 (1.8) 

C = 14.0% 0.70 

C rs12803 +7275G>T GG
GT
TT

175 (29.5) 
282 (47.5) 
137 (23.0) 

T = 46.8% 0.25

aSNP annotation for convenience in this work 
bReference ID according to NCBI dbSNP 
cNucleotide numbering of the SNPs according to the Human Genome Organization guidelines in 
relation to the transcription start site, using the Human March 2006 (hg 18) assembly. GenBank 
accession number NM_006186.

SNP A 
Variable

-15906 TT 
n = 470 

-15906 TA 
n = 100 

-15906 AA 
n = 9 

p-value 

Male gender, n (%) 375 (80) 72 (72) 8 (89) 0.17

Mean age, years ± SD  57 ± 10 57 ± 11 56 ± 8 0.95 

Hypertension, n (%) 159 (34) 30 (30) 4 (44) 0.59

Diabetes mellitus, n (%) 43 (9) 7 (7) 0 (0) 0.50 

Current smoking, n (%) 180 (38) 41 (41) 5 (56) 0.53

Family history of coronary artery disease, 

n (%) 

239 (51) 50 (50) 3 (33) 0.57 

History of, n(%) 

Myocardial infarction 227 (48) 42 (42) 5 (56) 0.45 

Coronary artery bypass grafting 12 (3) 2 (2) 1 (11) 0.60

PCI 105 (22) 27 (27) 2 (22) 0.60 

Statin therapy at time of stenting, n (%) 220 (47) 45 (45) 3 (33) 0.69

Angiographic data     

Mean stent length, mm ± SD 17 ± 6 17 ± 5 16 ± 6 0.76

Mean diameter stenosis ,% ± SD     

Before stenting 76 ± 20 75 ± 19 69 ± 22 0.49

After stenting 13 ± 10 13 ± 8 16 ± 11 0.52 

Artery treated, n (%) 0.89

Left anterior descending 204 (43) 48 (48) 4 (44)  

Right coronary artery 176 (38) 35 (35) 4 (44) 

Left circumflex 89 (19) 17 (17) 1 (11)  

Restenotic lesion, n (%) 59 (13) 14 (14) 1 (11) 0.87

Chronic total occlusion lesion, n (%) 163 (35) 27 (27) 2 (22) 0.25 

Table S2. Baseline clinical and angiographic characteristics per SNP
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SNP B 
Variable

-3413 TT 
n = 416 

-3413 TC 
n = 138 

-3413 CC 
n = 10 

p-value 

Male gender, n (%) 331 (80) 105 (76) 8 (80) 0.68

Mean age, years ± SD  57 ± 10 58 ± 10 59 ± 12 0.69 

Hypertension, n (%) 125 (30) 57 (41) 5 (50) 0.027

Diabetes mellitus, n (%) 38 (9) 12 (9) 1 (10) 0.97 

Current smoking, n (%) 156 (38) 56 (41) 3 (30) 0.71

Family history of coronary artery disease, 

n (%) 

214 (51) 62 (45) 6 (60) 0.33 

History of, n(%) 

Myocardial infarction 189 (45) 68 (49) 4 (40) 0.67 

Coronary artery bypass grafting 9 (2) 5 (4) 0 (0) 0.55

PCI 101 (24) 28 (20) 4 (40) 0.29 

Statin therapy at time of stenting, n (%) 188 (45) 65 (47) 5 (50) 0.89

Angiographic data     

Mean stent length, mm ± SD 17 ± 6 16 ± 5 19 ± 8 0.25

Mean diameter stenosis ,% ± SD     

Before stenting 75 ± 20 78 ± 20 81 ± 18 0.25

After stenting 13 ± 9 14 ± 11 9 ± 9 0.13 

Artery treated, n (%) 0.90

Left anterior descending 184 (44) 62 (45) 6 (60)  

Right coronary artery 156 (38) 51 (37) 3 (30) 

Left circumflex 75 (18) 25 (18) 1 (10)  

Restenotic lesion, n (%) 58 (14) 13 (10) 2 (20) 0.30

Chronic total occlusion lesion, n (%) 135 (33) 49 (36) 4 (40) 0.73 

SNP C 
Variable

+7275 GG 
n = 175 

+7275 GT 
n = 282 

+7275 TT 
n = 137 

p-value 

Male gender, n (%) 145 (83) 218 (77) 103 (75) 0.21

Mean age, years ± SD  57 ± 10 57 ±11 57 ± 11 0.94 

Hypertension, n (%) 52 (30) 101 (36) 46 (34) 0.40

Diabetes mellitus, n (%) 12 (7) 26 (9) 16 (12) 0.35 

Current smoking, n (%) 65 (37) 112 (40) 51 (37) 0.78

Family history of coronary artery disease, 

n (%) 

92 (53) 135 (48) 70 (51) 0.59 

History of, n(%) 

Myocardial infarction 78 (45) 132 (47) 72 (53) 0.35 

Coronary artery bypass grafting 7 (4) 6 (2) 3 (2) 0.44

PCI 45 (26) 65 (23) 26 (19) 0.37 

Statin therapy at time of stenting, n (%) 84 (48) 132 (47) 61 (46) 0.82

Angiographic data     

Mean stent length, mm ± SD 16 ± 5 17 ± 6 16 ± 6 0.25

Mean diameter stenosis ,% ± SD     

Before stenting 73 ± 20 77 ± 19 76 ± 20 0.054

After stenting 12 ± 9 14 ± 9 13 ± 10 0.11 

Artery treated, n (%) 0.91

Left anterior descending 77 (44) 124 (44) 63 (46)  

Right coronary artery 66 (38) 102 (36) 52 (38) 

Left circumflex 31 (18) 56 (20) 22 (16)  

Restenotic lesion, n (%) 26 (15) 36 (13) 13 (10) 0.35

Chronic total occlusion lesion, n (%) 54 (31) 95 (34) 45 (33) 0.84 

Table S2. Baseline clinical and angiographic characteristics per SNP (continued)
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Table S4.  Patient characteristics and Nurr1 expression 
in human coronary atherectomy specimens. 

Sex Age (yrs) Time Interval 
(mo) 

Nurr1 
(% of cells) 

F 75 8.6 23 

M† 68 2.1 25 

M‡ 68 17.5 35 

M 57 15.1 27 

M 75 9.7 18 

M 62 7.2 48 

F 48 4.0 28 

M 69 3.0 50 

F 48 2.2 70 

Average  (SEM) 36 (6)
M: male; F: female; yrs: years; mo: months between PCI and 
atherectomy. 
†: shown in Figure 3, A, D; ‡: shown in Figure 3E 



Primer sequences
Short hairpin (sh) RNA primer sequences
Human Nurr1 shRNA:  
5’CTGTCTAGACAAAAATACAGCTCCGATTTCTTAATCTCTTGAATTAAGAAAT
CGGAGCTGTAGGGGATCTGTGGTCTCATACA-3’*

Murine Nurr1 shRNA:  
5’CTGTCTAGACAAAAAATACGTGTGTTTAGCAAATTCTCTTGAAATTTGCTAA
ACACACGTATGGGGATCTGTGGTCTCATACA-3’*

*Bold sequences are target sequences; underlined sequences represent hairpin

qRT-PCR primer sequences
hNurr1: Fw: 5’-TATTCCAGGTTCCAGGCGAA-3’    Rv: 5’-GCTAATCGAAGGACAAACAG-3’ 

mNurr1: Fw: 5’-CCGCCTGTCACTCTTCTCC-3’      Rv: 5’-GGTCTGCCCATCCACTACG-3’

hIL1ba: Fw: 5’-TGGCAGAAAGGGAACAGAAAGG-3’ Rv: 5’-GTGAGTAGGAGAGGTGAGAGAGG-3’

hTNFa: Fw: 5’-AGGACACCATGAGCACTGAAAG-3’ Rv: 5’-AGGAGAAGAGGCTGAGGAACAAG-3’

hMCP1: Fw: 5’-CCTAGCTTTCCCCAGACACC-3’     Rv: 5’-CCCAGGGGTAGAACTGTGG-3

hIL6: Fw: 5’-TGTAGCCGCCCCACACAG-3’          Rv: 5’-GCTGCTTTCACACATGTTACTCTTG-3’

hIL8: Fw: 5’-CTGCGCCAACACAGAAATTA-3’     Rv: 5’-ATTGCATCTGGCAACCCTAC-3’
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Abstract
Background Restenosis is a common complication after percutaneous coronary interventions, 
and is characterized by excessive proliferation of vascular smooth muscle cells (SMC). We 
have shown that the nuclear receptor Nur77 protects against SMC-rich lesion formation 
and it has been demonstrated that 6-mercaptopurine (6-MP) enhances Nur77 activity. We 
hypothesized that 6-MP inhibits neointima formation through activation of Nur77. 
Methods and Results It is demonstrated that 6-MP increases Nur77 activity in cultured 
SMCs, resulting in reduced 3H-thymidine incorporation, whereas Nur77 siRNA-knockdown 
partially restores DNA synthesis. Furthermore, we studied the effect of 6-MP in a murine 
model of cuff-induced neointima formation. Nur77 mRNA is upregulated in cuffed arteries, 
with optimal expression after 6 hrs and elevated Nur77 mRNA up to 7 days after vascular 
injury. Local perivascular delivery of 6-MP, using a drug-eluting cuff, significantly inhibits 
neointima formation in wild-type mice. Locally applied 6-MP does not affect inflammatory 
responses or apoptosis, but inhibits expression of PCNA and enhances protein levels of 
the cell-cycle inhibitor p27Kip1 in the vessel wall. An even stronger inhibition of neointima 
formation in response to local 6-MP delivery was observed in transgenic mice overexpressing 
Nur77. In contrast, 6-MP does not alter lesion formation in transgenic mice overexpressing a 
dominant-negative variant of Nur77 in arterial SMCs, providing evidence for the involvement 
of Nur77-like factors. 
Conclusions Enhancing the activity of Nur77 by 6-MP protects against excessive SMC 
proliferation and SMC-rich neointima formation. We propose that activation of the nuclear 
receptor Nur77 is a rational approach to treat (in-stent) restenosis.
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Introduction
Post-angioplasty restenosis is a common complication after percutaneous coronary 
interventions and is mainly due to excessive proliferation of vascular smooth muscle cells 
(SMC).1 This results in re-narrowing of the coronary artery, severely reducing beneficial effects 
of the intervention. Even though the introduction of drug-eluting stents has considerably 
decreased restenosis incidence, post-angioplasty restenosis remains a recurrent problem.2-4

The phenotypic modulation of SMCs from quiescent, differentiated cells into activated 
proliferating cells plays a key role in restenosis. In our search for genes involved in such 
phenotypic changes, we have revealed induction of Nur77 (also known as TR3) gene 
expression.5 Furthermore, we showed that Nur77 is expressed in SMCs in the diseased human 
vessel wall, but not in healthy vessels.6 Paradoxically, overexpression of Nur77 in SMCs 
leads to a quiescent SMC phenotype, and mice overexpressing Nur77 in arterial SMCs are 
protected against SMC-rich lesion formation.6 Therefore, we propose Nur77 as a potential 
target to treat restenosis.

Nur77 (NR4A1, TR3, NGFI-B) is highly homologous to Nurr1 (NR4A2) and NOR-1 (NR4A3) 
and together they form the nuclear receptor subfamily 4 group A (NR4A) of nuclear hormone 
receptors.7 The NR4A transcription factors are implicated in diverse cellular events, such 
as apoptosis, differentiation and proliferation.8,9 Nuclear receptors consist of an N-terminal 
activating-function-1 (AF-1) domain, a DNA-binding domain, and a ligand-binding domain 
at the C-terminus.10 There are, at present, no traditional ligands known that activate Nur77-
like factors through interaction with their ligand-binding domains, designating Nur77, Nurr1 
and NOR-1 as orphan receptors. Recently, however, it has been shown that 6-mercaptopurine 
(6-MP) increases Nur77 transactivation via its AF-1 domain, without direct binding to 
Nur77.11 6-MP is currently used for the treatment of leukemia, while azathioprine, the pro-
drug of 6-MP, is prescribed at relatively low dose as a chronic immunosuppressive drug in 
inflammatory bowel disease as well as after organ transplantation.12-14

A well-defined mouse model of neointima formation consists of placement of a non-
constrictive perivascular cuff around the mouse femoral artery.15 Previously, we have shown 
that the non-constrictive perivascular cuff may be constructed from a polymeric formulation 
suitable for controlled drug delivery.16 This novel drug-eluting polymer cuff simultaneously 
induces reproducible intimal hyperplasia and allows confined delivery of drugs to the cuffed 
vessel segment. In the current study, these drug-eluting cuffs were applied to evaluate the 
local effect of 6-MP on neointima formation. We demonstrate that enhancing the activity of 
Nur77 by 6-MP inhibits SMC proliferation and protects against SMC-rich lesion formation. 
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These observations assign the nuclear receptor Nur77 as a potential target to prevent (in-
stent) restenosis.

Materials and methods 
SMC culture
Human SMCs were explanted from umbilical cord arteries. Cells were cultured in DMEM 
(Invitrogen Life Technology, Breda, The Netherlands) with 10% (v/v) fetal bovine serum 
(FBS) with penicillin and streptomycin (Invitrogen). Cells were used at passages five to 
seven. SMCs were characterized with a monoclonal antibody, directed against smooth 
muscle alpha-actin (1A4, DAKO), and demonstrated uniform fibrillar staining. To determine 
cellular viability, cells were washed with PBS and subsequently incubated in medium in the 
presence of 0.5mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 
Sigma Diagnostics, St. Louis). After 2 hrs, medium was discarded, formazan crystals were 
dissolved in isopropanol and optical density was measured at 590nm. Apoptosis was induced 
by incubating cells for 24 hrs in medium with 0.25µM staurosporine (Sigma). Subsequently, 
SMCs were fixed, stained with Hoechst dye and the relative number of apoptotic nuclei was 
determined.

Transfection experiments and luciferase assay
Cells were electroporated using the Amaxa method (Amaxa, Cologne, Germany) with 
Nucleofector reagent for SMCs. In each transfection, 0.5-1.0x106 cells were exposed to 
3.5µg Nur77-reporter plasmid and 1.5µg renilla luciferase plasmid (containing the thymidine 
kinase promoter) to correct for cell number and transfection efficiency. The Nur77-reporter 
plasmid contained the Nur response element (NurRE) of the POMC (pro-opiomelanocortin)-
promoter in triplicate with the –34/+63 minimal promoter of POMC gene.17 24 hrs after 
transfection, cells were incubated with 6-MP (Sigma) for 24 hrs and luciferase activity was 
assayed with the Dual luciferase reporter system (Promega, Madison, WI).

DNA synthesis assay 
SMCs were seeded in 24-well plates at 1-4x104 cells per well and reached 60% to 70% 
confluency after 24 hrs. SMCs were made quiescent by incubation for 24 hrs in FBS-free 
medium. 6-MP was dissolved in dimethylsulfoxide and applied 1 hr before FBS stimulation. 
SMCs were stimulated for 24 hrs with 10% (v/v) FBS and subsequently cells were labeled 
for 18 hrs with 0.25µCi/well 3H-thymidine (Amersham Biosciences, Buckinghamshire, UK). 
Incorporated 3H-thymidine was precipitated for 30 min at 4°C with 10% (w/v) trichloroacetic 
acid, washed twice with 5% (w/v) trichloroacetic acid, dissolved in 0.5N NaOH (0.5mL per 
well) and radioactivity was measured by liquid-scintillation counting. 
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siRNA experiments 
The following small interfering (si)RNA sequences were used: Nur77 siRNA, 5’-
CAGUCCAGCCAUGCUCCUC dTdT-3’, as described previously18, and control siRNA, 
5’-CAGACGAGCCUUGCUCGUC dTdT-3’ (Ambion Inc., Austin, Texas). 5 µg of siRNA 
was transfected into 0.5-1x106 SMCs, using Nucleofector reagent for SMCs (Amaxa) as per 

manufacturer’s recommendations. Total mRNA was isolated 5 days after transfection, using 
the Absolutely mRNA miniprep kit (Stratagene, La Jolla, CA). Subsequent cDNA synthesis 
was performed using the iScript cDNA synthesis kit (Biorad, Hercules, CA). Real-time 
reverse transcriptase polymerase chain reaction (RT-PCR) was performed using SYBR green 
mix (Biorad) in the MyIQ System (Biorad). Primers for Nur77 were as follows: (forward) 5’- 
GTTCTCTGGAGGTCATCCGCAAG-3’ and (reverse) 5’-GCAGGGACCTTGAGAAGG 
CCA-3’. As a control for equal amount of first strand cDNA in different samples we corrected 
for Ribosomal Phosphoprotein (P0) mRNA levels, which were determined with the following 
primers (forward) 5’- TCGACAATGGCAGCATCTAC -3’ and (reverse) 5’- ATCCGTCTC 
CACAGACAAGG -3’.

Drug-eluting cuffs 
Poly(ε-caprolactone)-based drug-delivery cuffs were manufactured as previously described.16 
Briefly, 6-MP was dissolved at different concentrations in blended, molten drug-polymer 
mix and cuffs were designed to fit around the femoral artery of mice. Drug-eluting cuffs 
are shaped as longitudinally cut cylinders with an internal diameter of 0.5mm, an external 
diameter of 1.0mm, a length of 2.0mm and a weight of approximately 5.0mg.16 Drug-eluting 
cuffs were loaded with 0.5% (w/w) and 1%  (w/w) 6-MP and the in vitro release profiles 
were determined for a 4-week period, as described before (n=5/group).16 6-MP showed a 
sustained and dose-dependent release. Total release at 4 weeks was: 11.3±2.3µg (46.3%) and 
30.0±3.5µg (58.7%) for the 0.5% and 1% 6-MP-eluting cuff, respectively.
 
Femoral artery cuff mouse model
All animal work was approved by AMC institutional regulatory authority and carried out in 
compliance with guidelines issued by the Dutch government. Wild-type FVB mice, transgenic 
mice expressing the full-length Nur77 gene (Nur77), or mice expressing a dominant-negative 
variant of Nur77 (ΔTA) (the latter two strains under control of the SM22α promoter, which 
directs the expression of transgenes specific to SMCs), in an FVB background, were used for 
experiments.6 Male mice, 10-12 weeks old, were fed a standard chow diet. At time of surgery, 
mice were anaesthetized with an intraperitoneal injection of 5mg/kg midazolam (Roche, 
Basel, Switzerland), 0.5mg/kg medetomidine (Orion, Helsinki, Finland) and 0.05mg/kg 
phentanyl (Janssen, Geel, Belgium). The femoral artery was dissected from its surroundings 
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and loosely sheathed with a non-constrictive cuff.15 Either a control, empty cuff or a 6-MP 
eluting cuff (0.5% or 1% w/w) was used (n=6/group).

Nur77 mRNA expression in cuffed mouse femoral artery
Male wild-type mice underwent femoral artery cuff placement as described above. Animals 
were sacrificed at different time points after surgery (0, 6, 24, 48, 72 hrs, and 7 days), 
employing 4 mice per group. Femoral arteries were isolated, harvested and snap frozen. 
Total RNA was isolated using the RNeasy Fibrous Tissue Mini-Kit (Qiagen, Venlo, The 
Netherlands), according to the manufacturer’s protocol. cDNA was made from all RNA 
samples, using Ready-To-Go reverse transcription PCR beads (Amersham Biosciences, 
Uppsala, Sweden). Intron-spanning primers and probes were designed to hybridize with 
murine Nur77 cDNA (sense: 5’-GGGCATGGTGAAGGAAGTTGT-3’; anti-sense: 5’-
AGGC TGCTTGGGTTTTGAAG-3’; probe: 5’-CCGCCCTTTTAGGCTGTCTGTCCG-
3’), using Primer ExpressTM 1.5 (Applied Biosystems, Foster City, Calif). Hypoxanthine 
phosphoribosyltransferase (HPRT) was assayed to correct for cDNA input. For each 
timepoint, PCR was performed in duplicate. Data are presented as fold induction of Nur77 
mRNA expression in injured over non-injured vessels.

Quantification, histological and immunohistochemical analysis of lesions in cuffed 
femoral arteries
Mice were sacrificed at indicated time points after cuff placement. The thorax was opened and 
a mild pressure-perfusion (100mmHg) with 4% (v/v) formaldehyde in 0.9% (w/v) NaCl was 
performed for 5 min by cardiac puncture. After perfusion, femoral arteries were harvested, 
fixed overnight in 4% (v/v) formaldehyde, dehydrated and paraffin embedded. Serial cross-
sections (5µm thick) for histological analysis were used throughout the entire length of the 
cuffed femoral artery. All samples were routinely stained with hematoxylin-phloxine-saffron 
(HPS). Weigert´s elastin staining was used to visualize elastic laminae. Ten equally spaced 
cross-sections were used in all mice to quantify intimal lesions. Using image analysis software 
(Leica Qwin, Wetzlar, Germany), total cross sectional medial area was measured between 
the external and internal elastic lamina; total cross sectional intimal area was measured 
between the endothelial cell monolayer and the internal elastic lamina.15 Standard biotin-
streptavidin procedures were used for immunohistochemistry to detect mouse leukocytes 
(CD45, 1:200; BD Pharmingen, San Diego, USA), proliferating cell nuclear antigen (PCNA, 
1:100; Calbiochem, San Diego, USA) or p27Kip1 (1:100; Novocastra, Newcastle upon Tyne, 
UK). Biotin was detected with streptavidin-horseradish peroxidase conjugates (DAKO) and 
sections were subsequently developed with amino-ethylcarbazole and hydrogen peroxide. 
Apoptotic cells were detected by terminal deoxynucleotidyl transferase-mediated dUTP-
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biotin nick-end labelling (TUNEL) using in-situ cell death detection kit (Roche Applied 
Science, Basel, Switzerland). The relative number of positive cells was counted.

Statistical analysis
All data are presented as mean±SEM and were analyzed using the Mann-Whitney U-
test (SPSS 14.0 for Windows, SPSS Inc., Chicago, Illinois, USA) with Bonferroni-Holm 
correction. Two-sided p-values of less than 0.05 were regarded as statistically significant. 
Statistical significance is indicated with an asterisk (*) in the tables and figures. 

Results
6-MP enhances Nur77 activity in cultured SMCs 
It has been shown that 6-MP enhances the transcriptional activity of Nur77 in C2C12 mouse 
skeletal muscle cells, whereas 6-MP does not affect Nur77 activity in CV-1 monkey kidney 
fibroblast cells.11,19 To investigate whether 6-MP increases Nur77 transcriptional activity in 
vascular cells, human SMCs were transduced with lentivirus encoding Nur77, resulting in 
expression in 85-90% of the infected cells and increased Nur77 mRNA levels compared to 
mock-infected SMCs (data not shown). Immunofluorescence of transduced SMCs revealed 
Nur77 protein overexpression located to the nucleus (data not shown). Nur77-overexpressing 
SMCs were subsequently electroporated with the firefly luciferase reporter construct, 
containing the palindromic NurRE (Nur77 response element from the POMC-promoter) 
sequence (TGATATTTn6AAATGCCA)17 to monitor Nur77 transcriptional activity in 
combination with the thymidine kinase-renilla luciferase construct as a control for transfection 
efficiency. Incubation of SMCs for 24 hrs with 50µM 6-MP resulted in a 10 fold increase in 
Nur77 activity (p=0.021, Figure 1), comparable with the induction observed in C2C12 cells. 
Our data indicate that 6-MP robustly enhances Nur77 activity in cultured SMCs.

6-MP inhibits proliferation of SMCs: involvement of Nur77 
To study whether 6-MP modulates SMC proliferation, we investigated DNA synthesis of 
cultured, human SMCs in the presence of increasing concentrations of 6-MP. As expected, 
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Figure 1. 6-MP enhances Nur77 activity in cultured 
SMCs. The transcriptional activity of Nur77 was monitored 
by measuring luciferase activity in Nur77-expressing SMCs 
transfected with a Nur77 reporter-luciferase construct, 
containing the POMC-derived NurRE. Cells were cultured 
in the absence (C) or for 24 hrs in the presence of 6-MP 
(n=4, mean±SEM); *Statistically significant.
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6-MP inhibits DNA synthesis in SMCs (p=0.001 for 25µM and p=0.001 for 50µM 6-MP, 
Figure 2A). To assess the specific contribution of Nur77 in this process, Nur77 expression 
was knocked down by small interfering (si)RNA in human SMCs. Transfection with siRNA 
directed against Nur77 or with control siRNA, results in downregulation of FBS-induced Nur77 
mRNA levels in the siNur77 transfected cells (p=0.021), as determined by PCR (Figure 2B). 
3H-thymidine incorporation is significantly higher in cells in which Nur77 is knocked down 
by gene-specific siRNA in comparison to SMCs transfected with control siRNA. To visualize 
the relative effect of 6-MP on DNA synthesis in SMCs transfected with siNur77 RNA or with 
control siRNA, we expressed 3H-thymidine incorporation as percentage of control condition 
(Figure 2C). DNA synthesis is inhibited by 6-MP for 61% when SMCs are transfected with 
control siRNA, whereas the effect of 6-MP is significantly less in SMCs transfected with 
Nur77-specific siRNA, since only 41% inhibition of DNA synthesis is observed (p=0.021 at 
25µM and p=0.021 at 50µM 6-MP). These data clearly demonstrate that 6-MP inhibits DNA 
synthesis in SMCs at least partly through activation of Nur77.
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Figure 2. 6-MP inhibits proliferation of 
cultured SMCs: involvement of Nur77. (A) 
DNA synthesis of SMCs, grown in medium 
with vehicle (control, white bar) or indicated 
concentrations 6-MP (grey bars). DNA 
synthesis was assayed by 3H-thymidine 
incorporation. At 25µM or 50µM 6-MP, DNA 
synthesis is reduced. (mean±SEM, n=7). (B) 
Nur77 mRNA expression is reduced in SMCs 
transfected with siNur77 in comparison 
to SMCs transfected with control siRNA. 
mRNA levels were determined by PCR and 
cDNA content of the samples was corrected 
for P0 expression. (mean±SEM, n=4). (C) 
The effect of 6-MP on DNA synthesis was 
determined by 3H-thymidine incorporation in 
SMCs transfected with control siRNA (white 
triangles) or transfected with siNur77 (black 
squares). 6-MP inhibits DNA synthesis 
less effective in siNur77 transfected cells 
than in control siRNA transfected cells, 
demonstrating that the inhibitory effect of 
6-MP is at least partly mediated through 
activation of Nur77 (mean±SEM, n=4); 
*Statistically significant.
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Figure 3. 6-MP is not cytotoxic to SMCs and 
does not induce apoptosis. (A) Viability of SMCs 
incubated for 24 hrs with vehicle (control, white bar), 
6-MP (grey bars) or staurosporine (Stau, hatched 
bar). Viability of cells was determined by MTT 
assay and expressed as a percentage of control. 
(mean±SEM, n=3); (B) SMCs were incubated for 
24 hrs with vehicle, 6-MP or staurosporine. Nuclei 
were subsequently stained using Hoechst dye. Only 
staurosporine induces apoptosis and reduces cell 
viability.  *Statistically significant. 
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Figure 4. mRNA expression of Nur77 in the vessel 
wall after cuff injury. At different time points (6 hrs 
up to 7 days) after cuff placement, cuffed vessel 
segments were harvested and assayed for Nur77 
mRNA content. The mRNA expression levels are 
indicated as the relative expression in comparison to 
sham-operated vessels. (mean±SEM, n=6). Nur77 
mRNA is elevated already 6 hrs after injury and 
remains elevated up to 7 days.

6-MP is not cytotoxic to SMCs and does not induce apoptosis
To verify whether 6-MP is cytotoxic, quiescent SMCs were incubated for 24 hrs with 
increasing concentrations of 6-MP and viability of the cells was determined with a standard 
MTT assay. The number of viable cells is reduced in response to staurosporine (35% 
reduction, p=0.021), whereas 6-MP does not affect cellular viability (Figure 3A), indicating 
that under these conditions 6-MP has no cytotoxic effect on human SMCs. To investigate 
whether 6-MP induces apoptosis in SMCs, the cells were cultured for 24 hrs with increasing 
concentrations 6-MP. As a positive control, staurosporine was shown to induce apoptosis in 
SMCs (50%±2%). Clearly, no evidence was found that 6-MP affects cell death under these 
conditions (3%±1%) in comparison to control cells (4%±1%) (Figure 3B).

Nur77 is expressed during the process of neointima formation
To assess the potential inhibitory effect of 6-MP on SMC-rich lesion formation in vivo, 
the well-established murine model of cuff-induced neointima formation was applied.15 We 
studied Nur77 mRNA expression during neointima formation and demonstrate that Nur77 
mRNA expression is upregulated in time after cuff placement with optimal expression 6 hrs 
after vascular injury (189±26 fold increase; Figure 4). Nur77 mRNA expression is enhanced 
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up to 7 days after surgery in comparison to non-cuffed sham-operated vessels (13.4±1.1 fold 
increase). Given that Nur77 mRNA transcripts are regulated upon vascular injury strictly 
dependent on conditions and time, it is conceivable that Nur77 plays a role in the process of 
neointima formation.

6-MP inhibits proliferation of SMCs in early cuff-induced lesions
To evaluate the effect of 6-MP on cuff-induced neointima formation in vivo, we employed 
a drug-eluting cuff loaded with increasing concentrations of 6-MP, which allows restricted, 
local perivascular delivery of compounds to the cuffed vessel segment.16 The effect of 6-MP 
was initially evaluated in wild-type animals and we compared lesions induced by control 
cuffs with lesions in cuffs containing 0.5% or 1% 6-MP within 7 days. Morphometric analysis 
of the lesions revealed that the intimal area was significantly reduced in 1% 6-MP cuffs 
(Table 1). No changes were observed in total vessel area or medial surface, consequently, 
also the intima/media ratio was reduced in response to local 6-MP delivery. To understand the 
underlying mechanism we characterized the effect of 6-MP on inflammation, apoptosis and 
cellular proliferation. Immunohistochemistry with anti-CD45 antibodies was performed to 
quantify leukocyte accumulation in the media and neointima. No differences were observed 
in relative leukocyte numbers within the cuffed vessel segments upon perivascular delivery 

Table 1.  Quantitative morphometry and immunohistochemical analysis of mouse 
femoral lesions after cuff placement in wild-type mice for 7 days.

 6-MP-eluting cuff 

Control 0.5% (P) 1% (P)

Intimal area, x103m2 3.9±0.5 3.0±0.5 (0.346) 2.0±0.3 (0.014)* 
Medial area, x103m2 11.9±0.8 10.3±0.8 (0.099) 9.0±0.9 (0.086) 
Total vessel area#, x103m2 38.6±4.7 37.1±4.7 (0.906) 34.0±4.0 (0.668) 
Intima/media ratio 0.33±0.04 0.28±0.05 (0.288) 0.21±0.05 (0.045)* 

PCNA+ cells, % 
Intima
Media 

21.3±1.8 
22.3±4.5 

18.1±2.8 (0.465) 
20.4±3.0 (1.000) 

6.4±0.8 (0.006)* 
7.0±1.9 (0.008)*

CD45+ cells, % 
Intima
Media 

22.8±5.1 
13.3±2.6 

21.0±2.1 (1.000) 
9.3±1.0 (0.195) 

30.2±4.7 (0.150) 
14.0±1.9 (0.775) 

TUNEL+ cells, % 
Intima
Media 

0.3±0.1 
0.6±0.2 

0.2±0.1 (0.233) 
0.7±0.2 (0.906) 

0.2±0.1 (0.798) 
0.9±0.4 (0.794) 

Values are shown as mean ± SEM (n=6 per group). TUNEL indicates terminal 
deoxynucleotidyl transferase–mediated dUTP-biotin nick-end labeling. 
*Statistically significant according to Mann-Whitney U-test with Bonferroni-Holm correction 
as compared to control.  
#Total vessel area comprises the surface within the external elastic lamina, which includes 
the lumen. 

Table 1. Quantitative morphometry and immunohistochemical analysis of mouse 
femoral lesions after cuff placement in wild-type mice for 7 days.
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of increasing 6-MP concentrations as compared to control-cuffed femoral arteries. TUNEL 
stainings showed that local 6-MP delivery has no significant effect on the number of apoptotic 
cells, in the media or in the intimal region, as compared to arteries treated with control cuffs 
(Table 1). It has been shown that especially in early lesions 5-7 days after vascular injury 
the number of proliferating cells in the vessel wall is relatively high.20 For that reason, we 
quantified cellular proliferation by PCNA staining in these early lesions and observed in 
femoral arteries receiving a control cuff 22.3±4.5% of the cells positive in the medial and 
21.3±1.8% in the intimal region. In line with the data on lesion size, 1% 6-MP eluting cuffs 
lead to a profound inhibition of medial (68.6%) and intimal (71.3%) cellular proliferation 
(Table 1).

Effect of 6-MP on cuff-induced neointima formation in wild-type, Nur77 and ΔTA 
transgenic mice
To reveal involvement of Nur77 in the 6-MP-mediated effects after vessel injury, we analyzed 
lesion formation in wild-type and transgenic mice expressing full-length Nur77 cDNA in 
the arterial vessel wall. Microscopic analysis of cuffed femoral artery segments revealed 
that, after 4 weeks, a concentric neointima was formed in mice receiving a control empty 
drug-eluting cuff in both wild-type and Nur77-transgenic mice. Animals receiving a 6-MP-
eluting cuff showed reduced lesion formation (Figure 5A). Morphometric analyses revealed 
significant inhibition of cuff-induced neointima formation in vessel segments, locally treated 
with the 1% 6-MP concentration, in both wild-type (p=0.016) and Nur77-transgenic mice 
(p=0.007, Figure 5B). Wild-type animals treated with 0.5% 6-MP-eluting cuffs did not show 
a decrease in neointima formation (p=0.32), while the same 6-MP concentration substantially 
reduced neointima formation in Nur77-transgenic mice (p=0.015). No changes were observed 
in medial areas of the cuffed femoral arteries (data not shown). Consequently, a similar dose-
dependent decrease was seen in intima/media ratios of 6-MP-treated Nur77-transgenic mice; 
control cuff: 0.75±0.11; 0.5% 6-MP: 0.47±0.05, (p=0.04); 1% 6-MP: 0. 30±0.06, (p=0.003).  
Again, intima/media ratios of cuffed arteries in wild-type mice were only significantly 
decreased in the 1% 6-MP cuffs; control cuff: 1.10±0.16; 0.5% 6-MP: 0.75±0.05, (p=0.15); 
1% 6-MP: 0.51±0.03, (p=0.008). 

To further establish functional involvement of Nur77 in 6-MP-mediated effects on neointima 
formation, 6-MP-eluting cuffs were placed around the femoral artery of transgenic mice, 
expressing a dominant-negative variant of Nur77 (ΔTA) that inhibits the activity of all three 
Nur77-like factors. Previously, we have shown that SMC-rich lesions develop relatively fast 
after carotid artery ligation in ∆TA-transgenic mice.6 In line with these data, we also observed 
enhanced lesion formation in the currently applied femoral artery cuff model, resulting in 
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almost fully occlusive lesions within 4 weeks (data not shown). To reliably evaluate the 
effect of 6-MP-eluting cuffs in ∆TA-transgenic mice, we analyzed neointima formation after 
2 weeks, when lesions are of comparable size as in wild-type and Nur77-mice after 4 weeks 
(Figure 5A). Morphometric analyses of intimal areas revealed that local delivery of 6-MP 
in ∆TA-transgenic mice did not change media thickness and had no significant effect on 
neointima formation neither in the 0.5% 6-MP (p=0.46) nor in the 1% 6-MP (p=0.37) cuffs 
(Figure 5C). 

Previously, we have shown that Nur77 enhances the expression of the cell-cycle inhibitor 
p27Kip1, both in cultured SMCs and in organ cultures of carotid arteries.6,21 To further ascertain 
that especially cellular proliferation, rather than apoptosis, is changed when Nur77 activity 
is enhanced, we extended our current data with quantitative analyses on p27Kip1 protein 
expression in sections of cuffed arteries in wild-type and Nur77- or ∆TA-transgenic mice 
(Figure 6). 6-MP enhances the expression of this cell-cycle inhibitor, corresponding with 
reduced lesion formation, both in wild-type and Nur77-transgenic mice. The lesions in ∆TA-
transgenic mice were analyzed after 2 weeks, because lesions develop much faster in these 
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Figure 5. The effect of local 
6-MP delivery on neointima 
formation. (A) Representative 
cross-sections of femoral arteries 
of wild-type mice (WT), transgenic 
mice expressing full-length Nur77 
cDNA (Nur77) or mice expressing 
a dominant-negative variant of 
Nur77 (ΔTA), with cuffs containing 
different amounts of 6-MP. The 
cuffed vessel segments of WT 
and Nur77-transgenic mice were 
analyzed by HPS staining after 
4 weeks and of ∆TA-transgenic 
mice after 2 weeks (magnification 
400x; arrows indicate the 
internal elastic lamina). (B) 
Morphometric analyses of cuffed 
vessel segments revealed total 
intimal area in WT and Nur77-
transgenic mice 4 weeks after 
cuff placement. Cuffs contained 
either no (control), 0.5% or 1% 
6-MP. (C) Total intimal area in 
cuffed femoral arteries in ΔTA 
transgenic mice 2 weeks after cuff 
placement containing either no, 
0.5% or 1% 6-MP. (mean±SEM, 
n=6). *Statistically significant.
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Figure 6. The effect of 
Nur77 and 6-MP on vascular 
p27Kip1 expression. (A) 
Immunohistochemical analysis of 
cuffed vessel segments of Wild-
type (WT) and Nur77-transgenic 
mice after 4 weeks revealed 
increased relative expression 
p27Kip1 in the media in response 
to local delivery of 6-MP (0.5% or 
1% 6-MP-eluting cuffs). (B) The 
lesions of ∆TA-transgenic mice 
were analyzed after 2 weeks and 
show no change in relative p27Kip1 
expression in response to 6-MP. 
(mean±SEM, n=6). *Statistically 
significant.
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mice in which the transcriptional activity of Nur77 is inhibited. In ∆TA-transgenic mice, 6-
MP does no longer affect vascular p27Kip1 expression, corresponding with unchanged lesion 
size. Altogether, these data are in line with the in vitro observations and demonstrate that 
6-MP inhibits cuff-induced neointima formation involving activation of Nur77.

Discussion
In the present study, we investigated whether 6-MP protects against restenosis through 
activation of the nuclear receptor Nur77. Our data clearly demonstrate that activation of Nur77 
by 6-MP inhibits SMCs proliferation, a hallmark of restenosis. In addition, by using a murine 
model of neointima formation, we provide evidence supporting the hypothesis that activation 
of Nur77 by 6-MP inhibits neointima formation. Wansa and colleagues have shown that 6-
MP activates Nur77 in murine myoblast C2C12 cells,11 while Ordentlich et al. did not observe 
enhanced Nur77 activity in response to 6-MP in CV-1  cells.19 These data suggest that Nur77 
is not activated by 6-MP in all cell types, which may be explained by the fact that 6-MP does 
not affect the activity of Nur77 through a direct interaction, but rather influences interaction 
of (unknown) co-activators and/or co-repressors with Nur77-like factors.22 Consequently, the 
relative expression levels of such presumed co-factors in distinct cell types may determine 
the effect of 6-MP on Nur77-like factor activation. In this report we show that 6-MP does 
enhance Nur77 activity in human SMCs. Moreover, SMCs transfected with siRNA against 
Nur77 show less effect of 6-MP on proliferation, in comparison to SMCs transfected with 
control siRNA. These data clearly demonstrate involvement of Nur77 in 6-MP-mediated 
inhibition of human SMC proliferation. We substantiated these in vitro observations in a 
well-defined mouse model in which we show that perivascular delivery of 6-MP inhibits 
neointima formation. Moreover, mice that overexpress Nur77 in the arterial vessel wall and 
locally received 6-MP show enhanced inhibition of lesion formation in comparison to 6-MP-
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treated wild-type mice. In addition, transgenic mice that overexpress the dominant-negative 
form of Nur77, which inhibits transcriptional activity of all Nur77-like factors, do not show an 
effect of 6-MP on neointima formation. The latter experiments unambiguously demonstrate 
that 6-MP inhibits neointima formation through activation of Nur77-like factors.

We and others have shown that not only Nur77, but also Nurr1 and NOR-1 expression is 
enhanced in activated SMCs.5,6,23,24 For NOR-1, it has been demonstrated that gene-specific 
anti-sense oligonucleotides decrease SMC proliferation.23 These data support a proliferative 
function of NOR-1, which is in contrast to the effect of Nur77 on SMCs. So far, the function 
of Nurr1 in SMC proliferation has not been elucidated. 6-MP is known to enhance the activity 
of all three members of the NR4A subgroup of nuclear hormone receptors.11 In the current 
study, we observed a decrease in DNA synthesis of SMCs in the presence of 6-MP. Nur77 
knock down by a gene-specific siRNA does not abolish the effect of 6-MP entirely, indicating 
that the remaining effect of 6-MP may be attributed to residual Nur77 activity and/or to 6-
MP-mediated Nurr1 activation.

Azathioprine was one of the first immunosuppressive drugs applied for prophylaxis of 
acute rejection in organ-transplant recipients, inflammatory bowel disease and rheumatoid 
arthritis.12-14 Azathioprine is the pro-drug that is converted in vivo into 6-MP, and subsequently 
into thioguanosine nucleotides which, at high dose, may interfere with nucleotide metabolism 
in proliferating cells.25 The dose at which azathioprine is being applied chronically in 
transplantation protocols and inflammatory bowel disease does not invoke systemic cytostatic 
effects and is even compatible with normal pregnancy.26 Over the years cyclosporin A has 
replaced azathioprine as a drug in these pathologies, however, patients treated with cyclosporin 
A are at relatively high risk for cardiovascular disease.27-29 Consequently, the prescription 
of azathioprine currently experiences a revival in clinical practice, with beneficial effects 
on lipid profiles, extent of plasma LDL oxidation and fibrinolytic parameters.30,31 Our study 
demonstrates that 6-MP also has a favorable effect directly on the vessel wall, notably at 
sites of local injury when Nur77-like factors are induced. At this point, we assume that in 
the drug-eluting cuff experiments the amount of 6-MP, which is locally released, does not 
provoke any systemic effects on lipid profiles and fibrinolytic markers. This is supported by 
the observation that 6-MP does not affect neointima formation in transgenic ∆TA-mice.

In conclusion, we have shown that activation of Nur77 by local 6-MP delivery in a mouse 
restenosis model does not affect inflammatory cell influx or apoptosis of vascular cells. 
Significantly, 6-MP-mediated Nur77 activation reduces SMC proliferation and protects 
against neointima formation. We therefore propose that activation of the nuclear receptor 
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Nur77 by 6-MP or by other activators/agonists is a rational approach to treat (in-stent) 
restenosis.   
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Clinical Perspective
Percutaneous coronary intervention is a routine intervention for treating coronary artery 
disease. A complication of this procedure is restenosis, which is caused by excessive 
proliferation of smooth muscle cells in response to the local vascular injury provoked by 
percutaneous coronary intervention. Drug-eluting stents that contain sirolimus or paclitaxel 
have been proven to prevent in-stent restenosis; however, these drugs may adversely affect 
vascular tissue histology. Other strategies to locally and selectively inhibit proliferation of 
intimal smooth muscle cells may be favorable. In previous studies, it has been shown that the 
nuclear receptor Nur77 inhibits formation of smooth muscle cell–rich lesions and promotes 
endothelial cell survival. Moreover, the activity of the transcription factor Nur77 is enhanced 
by 6-mercaptopurine. On the basis of this knowledge, we hypothesized that 6-mercaptopurine 
may inhibit in-stent restenosis in a Nur77-dependent manner. The data presented in the 
present study demonstrate that enhancement of the activity of Nur77 with 6-mercaptopurine 
protects against smooth muscle cell proliferation and prevents lesion formation in a mouse 
model. These data support consideration of Nur77 as a target for the prevention and treatment 
of in-stent restenosis.
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Abstract
Background The cyclin-dependent kinase inhibitor p27kip1 is a key regulator of smooth muscle 
cell (SMC) and leukocyte proliferation in vascular disease, including in-stent restenosis. We 
therefore hypothesized that common genetic variations or single nucleotide polymorphisms 
(SNPs) in p27 kip1 may serve as a useful tool in risk stratification for in-stent restenosis. 
Methods and results Three SNPs concerning the p27kip1 gene (-838C>A, rs36228499; -79C>T, 
rs34330; +326G>T, rs2066827) were determined in a cohort of 715 patients undergoing 
coronary angioplasty and stent placement. We discovered that the p27kip1-838C>A SNP is 
associated with clinical in-stent restenosis: the -838AA genotype decreases the risk of target 
vessel revascularization; HR = 0.28 (95% CI = 0.10-0.77). This finding was replicated in 
another cohort study of 2309 patients (HR = 0.61; 95% CI=0.40-0.93). No association was 
detected between this endpoint and p27 kip1 -79C>T and +326G>T SNPs. We subsequently 
studied the functional importance of the -838C>A SNP and detected a 20 fold increased basal 
p27kip1 transcriptional activity of the –838A allele containing promoter. 
Conclusions Patients with a p27kip1 -838AA genotype have a decreased risk of in-stent 
restenosis corresponding with enhanced promoter activity of the –838A allele of this cell-
cycle inhibitor, which may explain decreased SMC proliferation.
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Introduction
Despite technological and pharmacological advances the major limitation of percutaneous 
coronary intervention (PCI) still remains (in-stent) restenosis, requiring repeat 
revascularization procedures.1 Although drug-eluting-stents have been shown to significantly 
reduce restenosis, these stents may not be effective in all lesions and patient subsets, have 
a long term risk of late and very late stent thrombosis and require prolonged uninterrupted 
dual anti-platelet therapy.2,3 The arterial wall injury induced by balloon inflation and stent 
placement during PCI is followed by a cascade of events, including platelet and leukocyte 
activation and smooth muscle cell (SMC) proliferation, ultimately resulting in restenosis.4,5 
Several lines of evidence indicate that genetic factors may explain the excessive risk of 
restenosis, independent of conventional clinical and procedural parameters.6,7 Consequently, 
additional genetic tests to identify patients at increased risk of restenosis may lead to 
improved risk stratification and eventually individual, patient-tailored therapy. This concept 
has resulted in genetic studies designed to identify single nucleotide polymorphisms (SNP) in 
genes associated with restenosis.8 So far, these studies resulted in the identification of SNPs 
in genes predominantly related to inflammation, leukocyte recruitment, the renin-angiotensin 
system, and platelet activation.9-11 We hypothesized that SNPs in genes critical in cell-cycle 
regulation are associated with restenosis. 

Various studies have provided cumulative evidence that p27kip1, a cyclin-dependent kinase 
(CDK) inhibitor, is a key regulator of vascular SMC and leukocyte proliferation in vascular 
disease.12,13 Progression through the cell cycle depends on the sequential activation of several 
CDKs, which requires their interaction with regulatory subunits named cyclins. In resting 
cells, cyclin–CDK complexes are inhibited by the reversible association with CDK inhibitory 
proteins (CKIs) of the Ink4 family and Cip/Kip family, for example p27kip1. Studies using both 
animal models and human vascular tissue revealed a central role of p27kip1 in the pathogenesis 
of vascular diseases.14 Mice deficient in both p27kip1 and Apolipoprotein E (ApoE) display 
increased arterial cell proliferation and accelerated atherogenesis as compared to ApoE-null 
mice with an intact p27kip1 gene.15 Furthermore, reconstitution of sublethally irradiated ApoE-
null mice with p27kip1-deficient bone marrow was sufficient to enhance arterial macrophage 
proliferation and atherosclerosis.16 Remarkably, a significantly lower level of p27kip1 has 
been detected in primary atherosclerotic and restenotic tissue versus non-diseased arterial 
tissue and p27kip1 expression levels and proliferation rates of vascular SMCs and leukocytes 
are inversely correlated in human atheroma.17,18 Interestingly, in a recent study Gonzalez 
et al. describe that the p27kip1 –838C>A SNP is associated with an increased risk of acute 
myocardial infarction.19 
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In the current study we aimed to detect p27kip1 polymorphisms that predict human clinical 
restenosis and after stent-placement. We report that the homozygote AA genotype of the 
common genetic variation –838C>A located in the promoter of the p27kip1 gene is associated 
with reduced angiographic restenosis and target vessel revascularization (TVR) risk in two 
independent cohort studies. Next, we evaluated the function of this genetic variation on the 
promoter activity of p27kip1 and in line with the clinical data we detected increased promoter 
activity of the cell-cycle inhibitor p27kip1 when the protective -838A genetic variation was 
present. 

Methods
Study populations
In the GEnetic risk factors for In-Stent Hyperplasia study Amsterdam (GEISHA), patients 
were included in a single-center, prospective observational cohort, the inclusion period lasted 
from 1997 until 2001. The study was approved by the local research and ethics committee 
and confirms with the Declaration of Helsinki. All patients gave written informed consent 
for follow-up angiograms and were included after successful bare-metal stent placement in a 
native coronary artery. Indications for stent placement were bail-out or unsatisfactory results 
after balloon angioplasty alone, chronic total occlusion, ostial disease and restenosis after 
balloon angioplasty. Patients with in-stent restenosis and complex lesions such as saphenous 
vein graft lesions, bifurcated lesions, lesions longer than 25mm, reference vessel diameter 
<2.5mm and primary percutaneous coronary intervention (PCI) for myocardial infarction 
were excluded. Statin therapy was recorded at the time of the procedure and at follow-up. 
Patients were treated with 100mg aspirin and 250mg of ticlopidine bid or 75mg of clopidogrel 
daily for 1 month after PCI and 100mg of aspirin thereafter. Blood from the participants was 
collected and genomic DNA was isolated from leukocytes.

The GENetic DEterminants of Restenosis project (GENDER) study population has been 
described previously.11 In brief, GENDER is a multicenter follow-up study designed to study 
the association between various gene polymorphisms and clinical restenosis. Patients eligible 
for inclusion in the GENDER-study were treated successfully for stable angina, non-ST-
elevation acute coronary syndromes or silent ischemia by PCI in 4 out of 13-referral centers 
for interventional cardiology in the Netherlands. Patients treated for acute ST-elevation 
myocardial infarction were excluded. Experienced operators, using a radial or femoral 
approach, performed standard angioplasty and bare-metal stent placement. The inclusion 
period lasted from 1999 until 2001. The study protocol conforms to the Declaration of 
Helsinki and was approved by the medical ethics committees of the participating institutions. 
Written informed consent was obtained from each participant before the PCI procedure.
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Follow-up and study endpoints
Patients participating in the GEISHA study returned for follow-up angiography between 
6 and 12 months after stent placement. Clinical follow-up at 1 year was obtained through 
written questionnaires, review of hospital records, chart review and telephone contact with the 
patient, the referring cardiologist, the patient’s general practitioner or the patient’s relatives. 
Target vessel revascularization was defined as revascularization of the stented segment or 
within 5mm margins proximal or distal to the stent by either repeat PCI or coronary artery 
bypass grafting. The primary endpoints of this study were angiographic late luminal loss 
in minimal lumen diameter and binary in-stent restenosis (>50% diameter stenosis) at 6-
12 month follow-up. The secondary endpoint was the occurrence of major adverse cardiac 
events (death, non-fatal myocardial infarction, coronary artery bypass grafting, repeat PCI 
and TVR). In the GENDER study, follow-up lasted for 9 to 12 months or until a coronary 
event occurred. Clinical restenosis, defined as TVR, either by PCI or CABG, was the primary 
endpoint because it is considered most relevant for clinical practice by regulatory agencies.

Quantitative coronary analysis
Quantitative coronary analysis was performed as described20 and was performed off-line 
on images obtained before, immediately after stent placement and at follow-up using a 
computerized quantitative analysis system (QCA-CMS, version 5.0, MEDIS, Leiden, The 
Netherlands).21 All angiograms were analyzed by a local core laboratory. The angiography 
was performed in at least two projections after intra-coronary injection of isosorbide dinitrate 
(0.2mg). The tip of the 6 or 7 French catheter, filled with contrast, was used for calibration. 
The minimal lumen diameter was measured at the narrowest point of the lesion or within the 
stent. Acute gain was defined as the difference between the minimal lumen diameter post- 
and pre-PCI (in millimeters) and late luminal loss was defined as the difference between the 
minimal lumen diameter at follow-up and post-PCI (in millimeters). All continuous variables 
were calculated as mean values of two orthogonal views using end-diastolic frames. 

Genotyping
Three polymorphisms concerning the p27kip1 gene (-838C>A, rs36228499; -79C>T, rs34330; 
+326G>T, rs2066827) were determined. The p27kip1-838C>A SNP was genotyped using a 
Custom TaqMan Genotyping Assay (Applied Biosystems, Fortster City CA). The nucleotide 
sequences of the primers and probes are available upon request. Reactions were performed 
using the LC480 (Roche Diagnostics, Pemzburg, Germany). The –79C>T and +326G>T SNPs 
were determined as described by Sauer and Gut22 using a matrix-assisted laser desorption/
ionization time-of-flight mass spectrometer from Bruker Daltonics. For more details see the 
online data supplement. 
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Luciferase assay
A fragment of the p27kip1 promoter (from -1020 base pair (bp) to -12bp relative to the 
translational start site) was cloned into the pGL3 basic vector (Promega, Madison, WI, 
USA) in front of the firefly luciferase gene. Two constructs were generated with either C 
or A at -838. The constructs were verified by sequencing and did not contain any other 
sequence variations. HEK293 cells were cultured in Dulbecco’s Modified Eagle medium 
(DMEM) containing 10% (v/v) fetal bovine serum and were co-transfected with 1µg of 
promoter/luciferase construct and 0.1µg of pRL-TK renilla reporter vector (Promega) using 
the CalPhos mammalian transfection kit (Clontech laboratories Inc, Mountain View, CA, 
USA) according to the manufacturer’s instructions. The pRL-TK renilla reporter contains 
the complete thymidine kinase promoter and was used to correct for transfection efficiency 
and cell number. For optimal p27kip1 promoter activity, G1 arrest was induced by growth 
factor deprivation. Growth medium was removed 16 hrs after transfection and the cells were 
washed with PBS and incubated with serum-free DMEM containing 0.1% bovine serum 
albumin. After 48 hrs luciferase activity was determined using the dual-luciferase reporter 
assay system (Promega) according to the manufacturer’s protocol.

Statistical analysis
Analyses for possible deviations of the genotype distribution from that expected for a 
population in Hardy-Weinberg equilibrium was tested using the Chi-square test. Data are 
given as the mean (SD) or as the number (proportion). Continuous variables with a Gaussian 
distribution, as determined by the Shapiro-Wilks test, were compared by Student’s 2-tailed 
unpaired t-test, categorical values were compared by Chi-square or Fisher’s exact test where 
appropriate. Continuous variables with a non-Gaussian distribution were compared by the 
Mann-Whitney U-test. Cox proportional regression analysis was performed to determine 
the association between the SNP genotype and in-stent restenosis, PCI or TVR. Variables 
depicted by univariate linear regression analysis to be predictive for in-stent restenosis, 
PCI or TVR (p<0.05) and known predictive variables were entered into the model (control 
of confounding). Event-free survival curves were calculated by Kaplan-Meier analysis, 
differences between the groups were calculated with the log-rank statistic. The statistical 
analysis was performed using SPSS 16.0 for windows (SPSS Inc). A p-value <0.05 was 
considered to be significant. Since in all analyses there were no significant differences 
between -838CC and -838CA genotype these two groups were combined for all p-value 
calculations. We adjusted for multiple testing with the Bonferroni correction, multiplying the 
p-value by the number of independent tests.
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Results
Baseline characteristics
A total of 715 patients were included in the GEISHA study and DNA was obtained from 688 
of these patients. Failure of genotyping for the p27kip1 SNPs -838C>A, -79C>T and +326G>T 
was 1%, 1% and 7% respectively. All genotype distributions were in Hardy-Weinberg 
equilibrium (p>0.05, Table 1). The p27kip1 -79C>T and +326G>T SNPs were not associated 
with the primary and secondary endpoints of the study (data not shown). Comparisons of the 
clinical and angiographic baseline characteristics among the -838C>A genotypes are listed 
in Tables 2 and 3. There were no differences observed between the 3 different -838C>A 
genotypic groups except for current smoking. There were significantly more smokers in the 
homozygous AA group as compared to the other two groups. 

Clinical and angiographic outcome
Angiographic follow-up was performed in 598 out of 688 cases, since 90 patients were either 
lost to follow-up or refused follow-up angiography. The angiographic data are summarized 
in Table 4. Of the patients with angiographic follow-up, 105 developed in-stent restenosis 
(18%). As is shown in Table 4, the p27kip1 -838AA genotype is associated with an increase 
in mean minimal lumen diameter at follow-up (2.0mm vs. 1.8mm in the combined CC and 
CA group, p=0.029), furthermore, mean and cumulative late luminal loss were significantly 
lower in the -838AA homozygotes (Table 4; Figure 1). In contrast, although binary in-stent 
restenosis was lower in the AA group (15% vs. 18% in the combined CC and CA group), this 
decrease was not significant (p=0.42). 

Clinical follow-up was completed in all patients and the results are listed in Table 5. One 
patient died during follow-up and only 4 patients underwent coronary artery bypass grafting in 
the first year after stent placement. The incidence of repeat PCI (including both TVR and PCI 

Table 1. SNP frequencies GEISHA 

SNP Genotype n (%) Minor allele frequency p-value HWE 2

+326G>T 

(rs2066827)  

GG

GT

TT

45 (7.0) 

220 (34.2) 

378 (58.8) 

G = 24.1% 0.099 

-79C>T 

(rs34330) 

CC 

CT 

TT

397 (58.6) 

239 (35.2) 

42 (6.2) 

T = 23.8% 0.45 

-838C>A 

(rs36228499) 

CC 

CA

AA 

209 (31.5) 

331 (48.3) 

145 (21.2) 

A = 45.3% 0.51 

Table 1. SNP frequencies GEISHA
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of lesions other than the ones treated at the time of inclusion) was significantly decreased in 
patients with a -838AA genotype (6%) compared to the -838 CC and CA genotypes combined 
(20%, p<0.001). In addition, the occurrence of TVR was also significantly lower in patients 
with the -838AA genotype (3% vs. 10% in the CC and CA combined group, p=0.004). After 
Bonferroni correction for multiple testing these associations remained significant (p<0.001 
and p=0.035, respectively). To validate our findings we analyzed the GENDER population 
for the p27kip1-838C>A SNP. Characteristics of the GENDER cohort have previously been 
described in detail.11 Briefly, a total of 3146 patients had a complete follow-up (99%). Bare 
metal stents were used in 2309 patients (74%), whereas the rest of the population was treated 
with balloon angioplasty alone, we excluded these latter patients to better compare our data 
to the GEISHA population, which only includes patients treated with bare metal stents. The 
baseline characteristics of the stented GENDER population are shown in supplementary Table 
S2. In GENDER, the incidence of TVR was significantly lower in patients with the -838AA 
genotype (6% vs. 10% in the CC and CA combined group, p=0.016, see supplementary Table 
S3), confirming our findings in the GEISHA study. 

Although p27kip1-838C>A SNP is not significantly associated with binary in-stent restenosis, 
Kaplan-Meier estimates of in-stent restenosis-free survival in the GEISHA study comparing 
patients with a -838AA genotype to the CC and CA combined group, shows that the 
restenosis-free survival is significantly higher in patients with a p27kip1-838AA genotype 
than in patients with a -838CC and CA genotype (p=0.016, Figure 2A). Furthermore, when 
clinical restenosis was considered, the TVR-free survival in patients with a p27kip1-838AA 
genotype is significantly higher than in patients with -838CC and CA genotypes (p=0.005, 
Figure 2B). In addition, the event-free survival of the secondary combined endpoint of 
major adverse cardiac events (death, non-fatal myocardial infarction, coronary artery bypass 
grafting, repeat PCI and TVR) is significantly higher in patients with a -838AA genotype 
(p=0.013, supplementary Figure S1). In line with these data, Figure 2C shows that TVR-free 
survival in the GENDER population is significantly higher in patients with a p27kip1-838AA 
genotype than in patients with a -838CC and CA genotype (p=0.018). 

Figure 1. Cumulative frequency distribution of late 
luminal loss (mm) in patients with a p27kip1-838AA 
genotype compared to the combined p27kip1 -838 
CA and CC genotypes.
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Figure 2. Kaplan-Meier estimates of event-free 
survival in patients with a p27kip1-838AA genotype 
compared to the combined heterozygous and 
p27kip1-838CC genotypes. (A) Kaplan-Meier curves 
of in-stent restenosis-free survival in the GEISHA 
population, Log rank p=0.016. (B) Kaplan-Meier 
curves of target vessel revascularization-free survival 
in the GEISHA population, Log rank p=0.005. (C) 
Kaplan-Meier curves of TVR-free survival in the 
GENDER population, Log rank p=0.018. 
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Multiple regression analyses
To explore the strength of the observed associations, we assayed whether these associations 
persisted after Cox proportional regression analysis including current smoking and other well 
known predictive variables such as gender, hypertension, diabetes mellitus, use of statins, 
lesion length and stent length (Table 6), showing a decreased risk of repeat PCI (hazard ratio 
(HR) = 0.29; 95% confidence interval (CI)=0.15-0.58; p<0.001) and TVR (HR=0.28; 95% 
CI=0.10-0.77; p=0.014) for patients with the -838AA genotype. The risk of angiographic in-
stent restenosis was not significantly decreased (HR=0.74; 95% CI=0.44-1.23; p=0.24). Of 
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these, only the association with repeat PCI remained significant after Bonferroni correction 
for multiple testing (p=0.004). In line with published data, multiple regression analysis 
also identified gender, hypertension and smoking as an independent predictors for in-stent 
restenosis (p=0.040, p=0.030 and p=0.017, respectively). In our population, lack of statin 
treatment was a predictor for repeat PCI (p=0.046) and TVR (p=0.001), but not for in-
stent restenosis (p=0.40).23-25 To corroborate these findings we performed the same multiple 
regression analysis on the GENDER population, showing a decreased risk of TVR (HR = 
0.61; 95% CI=0.40-0.93) for patients with the -838AA genotype (see supplementary Table 
S4).

Functional effect on p27kip1 promoter activity
Since the -838C>A SNP is located in the promoter region of p27kip1and because this 
variation is associated with in-stent restenosis, we anticipated that the expression of p27kip1 is 
influenced by this SNP. Two constructs were generated in which part of the p27kip1 promoter 
(between -1020bp to -12bp relative to the translational start site) was cloned in front of the 
firefly luciferase coding sequence. These constructs contained either C or A at position -828. 
HEK293 cells were transiently transfected with these constructs and the p27kip1 promoter 
activity was determined after growth factor deprivation by luciferase activity. As is shown in 
Figure 3, the average transcriptional activity of the construct containing -838A was 20-fold 
higher than that of the construct containing -838C (p=0.001). 

To identify potential upstream transcription factors mediating the increased p27kip1 -838A 
promoter activity detected, in-silico analyses were performed. First, we analyzed the over 
species sequence alignment of the -838C>A SNP flanking regions and revealed a relatively 
highly conserved 80 basepair sequence, indicating that this promoter region is probably of 
functional importance. Next, we determined the differences in potential transcription factor 
binding sites between p27kip1 -838A and -838C alleles and found that a change at position 
-838 from C to A resulted in additional binding sites for STAT1 (signal transducers and 
activators of transcription 1) and STAT6; EBF1 (early B-cell factor 1); GABP (GA-binding 
protein) and PAX1 (paired box 1) and the loss of a binding site for MAZ (myc-associated 
zinc finger) (Figure 4).
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      Table 5. Clinical outcome GEISHA. 

§significant after Bonferroni correction for multiple testing 

Variable -838 CC  
n = 209 (31%) 

-838 CA  
n = 331 (48%) 

-838 AA 
n = 145 (21%) 

p-value 

Death, n 0 (0) 1 (0) 0 (0) 1.0 
Myocardial infarction, n (%) 6 (3) 4 (1) 4 (3) 0.50 
Coronary artery bypass grafting, n (%) 2 (1) 2 (1) 0 (0) 0.58 
Repeat PCI, n (%) 45 (22) 61 (18) 9 (6) <0.001§

Target vessel revascularization, n (%) 19 (9) 34 (10) 4 (3) 0.004§

Table 2. Baseline clinical characteristics GEISHA 

Variable -838 CC  
n = 209 (31%) 

-838 CA  
n = 331 (48%) 

-838 AA 
n = 145 (21%) 

p-value 

Male gender, n (%) 155 (74) 258 (78) 114 (79) 0.65 
Age, years ± SD  58 ± 10 58 ± 11 57 ± 10 0.40 
Hypertension, n (%) 78 (37) 107 (32) 53 (37) 0.62 
Diabetes mellitus, n (%) 27 (13) 29 (9) 14 (10) 0.87 
Current smoking, n (%) 72 (34) 127 (38) 67 (46) 0.044 
Family history of coronary 

artery disease, n (%) 
95 (45) 172 (52) 77 (53) 0.45 

History of, n (%) 
Myocardial infarction 104 (50) 153 (46) 69 (48) 1.0 
Coronary artery bypass grafting 8 (4) 6 (2) 3 (2) 1.0 
PCI 54 (26) 78 (24) 30 (21) 0.38 

Statin therapy, n (%) 109 (52) 153 (46) 61 (42) 0.19 

Table 2. Baseline clinical characteristics GEISHA.

Table 3. Baseline angiographic characteristics GEISHA.  

*data are represented as mean ± SD 

Variable -838 CC  
n = 209 (31%) 

-838 CA  
n = 331 (48%) 

-838 AA 
n = 145 (21%) 

p-value 

Artery treated, n (%) 0.67 
Left anterior descending 89 (43) 154 (47) 70 (48)  
Right coronary artery 82 (39) 118 (36) 48 (33) 
Left circumflex 38 (18) 59 (18) 27 (19)  

Restenotic lesion, n (%) 33 (16) 39 (12) 18 (12) 0.89 
Chronic total occlusion lesion, n (%) 72 (34) 108 (33) 48 (33) 1.0 
Lesion length, mm* 14 ± 7 14 ± 8 13 ± 6 0.43 
Stent length, mm* 17 ± 6 17 ± 6 16 ± 5 0.33 
Diameter stenosis , %* 

Before stenting 76 ± 20 75 ± 20 76 ± 18 0.81 
After stenting 13 ± 8 13 ± 9 14 ± 10 0.15 

Reference diameter, mm*     
Before stenting 2.9 ± 0.7 2.9 ± 0.7 3.0 ± 0.7 0.41 
After stenting 3.4 ± 0.5 3.3 ± 0.5 3.4 ± 0.5 0.39 

Minimal lumen diameter, mm*

Before stenting 0.7 ± 0.6 0.7 ± 0.6 0.7 ± 0.6 0.88 
After stenting 2.9 ± 0.5 2.9 ± 0.5 2.9 ± 0.5 0.95 

Acute gain, mm* 2.2 ± 0.7 2.1 ± 0.7 2.2 ± 0.7 0.86 

Table 3. Baseline angiographic characteristics GEISHA.

          Table 4. Angiographic follow-up GEISHA.

*data are represented as mean ± SD 

Variable -838 CC  
n = 178 (30%) 

-838 CA  
n = 291 (49%) 

-838 AA 
n = 129 (21%) 

p-value 

Late luminal loss, mm* 1.1 ± 0.7 1.0 ± 0.7 0.9 ± 0.6 0.016 
In-stent restenosis, n (%) 33 (19) 49 (18) 18 (15) 0.42 
Percentage diameter stenosis, %* 35 ± 20 34 ± 21 31 ± 18 0.12 
Reference vessel diameter, mm* 2.9 ± 0.5 2.8 ± 0.6 2.9 ± 0.5 0.14 
Minimal lumen diameter, mm* 1.9 ± 0.7 1.8 ± 0.7 2.0 ± 0.6 0.029 

Table 4. Angiographic follow-up GEISHA.

Table 5. Clinical outcome GEISHA.
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Figure 3. Effect of p27kip1-838C>A 
polymorphism on the promoter 
transcriptional activity. HEK293 cells 
were transfected with constructs in which 
part of the p27kip1 promoter, containing 
either -838C or -838A, was cloned in front 
of the firefly luciferase coding sequence. 
Optimal expression of these promoter 
fragments was observed under non-serum 
conditions. The data are expressed as 
firefly luciferase activity normalized by 
Renilla luciferase and are the means 
± SEM of 3 independent experiments 
performed in duplicate (p=0.001).

Figure 4. Differences in potential 
transcription factor binding sites on 
the p27kip1 promoter between -838A 
and -838C alleles determined by using 
the Genomatix Suite (http://www.
genomatix.de). STAT: signal transducer 
and activator of transcription; EBF1: early 
B-cell factor1; GABP: GA-binding protein; 
MAZ: myc-associated zinc finger protein.
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  Table 6. Cox proportional regression analysis of predictive p27kip1 -838 genotype and other variables for the 
occurrence of in-stent restenosis (ISR), PCI and TVR GEISHA. 
Characteristic HR for ISR 

(95% CI) 
p-value HR for PCI 

(95% CI) 
p-value HR for TVR 

(95% CI) 
p-value 

p27kip1-838C>A 0.74 (0.44-1.23) 0.24 0.29 (0.15-0.58) <0.001§ 0.28 (0.10-0.77) 0.014 

Male gender 1.58 (1.02-2.46) 0.040 0.97 (0.62-1.52) 0.89 1.64 (0.92-2.95) 0.097 

Hypertension 1.57 (1.05-2.37 0.030 0.93 (0.62-1.37) 0.70 0.79 (0.44-1.41) 0.42 

Diabetes mellitus 0.93 (0.49-1.76) 0.82 0.94 (0.51-1.74) 0.84 1.30 (0.51-3.32) 0.58 

Current smoking 1.73 (1.11-2.71) 0.017 1.14 (0.77-1.68) 0.52 1.49 (0.83-2.68) 0.18 

Statin therapy at time of stenting 0.84 (0.55-1.27) 0.40 0.68 (0.47-0.99) 0.046 0.37 (0.20-0.67) 0.001 

Lesion length (mm) 1.01 (0.98-1.04) 0.46 1.01 (0.98-1.03) 0.53 1.01 (0.99-1.04) 0.37 

Stent length (mm) 1.04 (1.00-1.08) 0.088 1.02 (0.99-1.06) 0.23 1.04 (0.99-1.08) 0.14 

§significant after Bonferroni correction for multiple testing 

Table 6. Cox proportional regression analysis of predictive p27kip1-838 genotype and other 
variables for the occurrence of in-stent restenosis (ISR), PCI and TVR GEISHA.
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Discussion
p27kip1 is a general cell-cycle inhibitor, which has been studied extensively in cardiovascular 
disease. However an association of p27kip1 genetic variations with in-stent restenosis has not 
been described before. In the current study, we observed that the homozygote AA genotype of 
p27kip1-838C>A SNP is associated with reduced risk of clinical in-stent restenosis TVR in two 
independent cohorts. This association is in line with the observation that the -838A allele in 
the p27kip1 promoter results in increased promoter activity. Thus, increased p27kip1 expression 
in -838AA patients may reduce SMC proliferation and explains the anti-restenotic profile of 
the -838C>A genetic variation. Corresponding to the recently published data from Tiroch et 
al., we did not observe an association of the -79C>T SNP with in-stent restenosis.26

To our knowledge, we are the first to describe a SNP in a cell-cycle protein that is associated 
with target vessel revascularization rates. In a previous study, the p27kip1-838AA genotype has 
been associated with an increased risk of myocardial infarction.19 The apparent discrepancy 
between the association of the p27kip1-838 AA genotype with a decreased risk of clinical in-
stent restenosis versus an increased risk of acute myocardial infarction, may be explained by 
the divergent pathophysiological roles of SMCs in in-stent restenosis and atherosclerosis. In 
in-stent restenosis a decrease in SMC proliferation is associated with a reduction in lesion 
formation. However, in the atherosclerotic plaque a decrease in SMC content may result in 
a reduction of the fibrous cap volume of the lesion, resulting in a vulnerable plaque that is 
prone to rupture and causes local thrombosis and subsequent acute myocardial infarction. 
Furthermore, Gonzalez et al. studied the p27kip1 promoter in fully proliferative cells and 
observed that a promoter fragment containing the -838A variant had a 34% decreased 
promoter activity compared to the -838C variant.19 In the current study, we demonstrate a 
robust 20-fold increase in promoter activity of the -838A over the -838C variant, a difference 
that may be explained by the setup of the experiment in which we assayed for optimal p27kip1 
promoter activity in quiescent adherent cells. 

In-silico analyses of the p27kip1 promoter showed differences in potential transcription factor 
binding sites between p27kip1 -838A and -838C alleles, a change at position -838 from C to 
A resulted in additional potential binding sites for STAT1 and STAT6, EBF1, GABP and 
PAX1 and the loss of a binding site for MAZ (Figure 4). So far, except for a role of STAT1 
in angiotensin-induced proliferation of vascular SMCs and GABP in KIS-mediated SMC 
proliferation, none of these transcription factors have been described to be functionally 
involved in SMC biology.27,28 Recently it was shown in mouse embryonic fibroblasts that 
STAT1 indeed induces p27kip1 expression at a transcriptional level.29 However, additional 
studies are required to address whether any of these transcription factors are indeed involved 
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in the differential transcriptional regulation of p27kip1-838A and C promoter sequences.

Our study does have certain limitations. The present study was designed as a non-randomized 
single center cohort study. Nevertheless, the studied genotypes were in Hardy-Weinberg 
equilibrium and baseline clinical and angiographic characteristics were equally distributed 
over the genotypes studied, except for the percentage of smoking patients, which was 
significantly higher in patients with the p27kip1-838AA genotype. Significantly, in spite of the 
higher percentage of current smokers, which is considered a risk factor for in-stent restenosis, 
the -838A genotype is associated with lower clinical in-stent restenosis rates. In addition, the 
association with TVR was also found in a second larger multi center cohort study.

We conclude that the p27kip1-838C>A SNP is associated with clinical in-stent restenosis, 
where the -838AA genotype gives rise to a ~2-4 fold decreased risk of TVR. Importantly, this 
polymorphism is associated with differences in basal p27kip1 promoter activity. We propose 
that increased p27kip1 expression in patients with a -838AA genotype results in decreased 
SMC proliferation and explains the decreased risk of in-stent restenosis in this patient group. 
The knowledge on this p27kip1 SNP facilitates the identification of those individuals who are 
at risk to develop in-stent restenosis in response to a bare-metal stent and thus may profit 
from treatment with drug-eluting stents. Simultaneously and maybe even more importantly, 
after further testing of this SNP in a prospective study this risk stratification may support the 
intervention cardiologist to triage patients with low risk of restenosis for treatment with a 
bare-metal stents rather than with a drug-eluting-stent.
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Clinical Perspective
The intervention cardiologist needs to decide for every patient undergoing percutaneous 
coronary intervention (PCI), whether this individual is optimally treated with a bare-metal 
stent or may need a drug-eluting stent to minimize the risk for in-stent restenosis. Drug-eluting 
stents, however, require prolonged treatment with anti-platelet drugs and show enhanced 
in-stent thrombosis. In-stent restenosis is mainly caused by excessive smooth muscle cell 
proliferation. The cyclin-dependent kinase inhibitor p27kip1 is crucial in inhibition of the 
cell cycle and has been reported to be functionally involved in vascular disease. Therefore, 
we decided to study p27kip1 gene polymorphism association with in-stent restenosis. In two 
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independent cohorts, comprising patients that received bare-metal stents and were clinically 
followed, we identified association of a single nucleotide polymorphism in the p27kip1 
promoter (-838C>A) with in-stent restenosis. Patients with the -838AA genotype have a 
decreased risk of target vessel revascularization. This -838A allele corresponds with enhanced 
p27kip1 promoter activity, which may explain decreased smooth muscle cell proliferation. In 
conclusion, our data provide novel opportunities for risk stratification of individual patients 
to support the intervention cardiologist to triage patients with low risk of restenosis for 
treatment with a bare-metal stents rather than with a drug-eluting-stent. 
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GENDER Figure S1. Kaplan-Meier estimates of event-
free survival in patients with a p27kip1-
838AA genotype compared to the combined 
heterozygous and p27kip1-838CC genotypes. 
Events include the secondary endpoints: death, 
non-fatal myocardial infarction, coronary artery 
bypass grafting, repeat PCI and TVR. Log rank 
p=0.013.
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Table S1. Primers used to genotype the p27kip1 polymorphisms by mass spectrometry 

*L: UV-photocleavable linker 

SNP PCR primer sequences Primer extension primer sequences
+326G>T 
(rs2066827)  

forward: 5’-TGCGAGTGTCTAACGGGAGC-3’ 
reverse: 5’-TTACCGTCGGTTGCAGGTC-3' 

5’-cggcgcaggagagL*caggatg-3’ 

-79C>T 
(rs34330) 

forward: 5'-TGATCAGCGGAGACTCGGCG-3' 
reverse: 5'-CTGCCTGGCGTCCATCCG-3' 

5’-gcttccgagagggL*ttcgggc-3’ 

-838C>A 
(rs36228499) 

forward: 5'- CTGCCGGCGACCTTCGCGGTC-3' 
reverse: 5'-CCTGCTCTGGCTGGCCTCGGAG3' 

5’-ccgacctccctcL*cgctcctc-3’ 

Table S1. Primers used to genotype the p27kip1 polymorphisms by mass spectrometry.

Table S2. Baseline clinical characteristics in GENDER. 

Variable -838 CC  
n = 553 (26%) 

-838 CA  
n = 1113 (53%) 

-838 AA 
n = 433 (21%) 

p-value 

Male gender, n (%) 392 (71) 797 (72) 316 (73) 0.54 
Age, years ± SD  61 ± 11 62 ± 11 61 ± 10 0.50 
Hypertension, n (%) 211 (38) 458 (41) 180 (42) 0.62 
Diabetes mellitus, n (%) 70 (13) 173 (16) 50 (12) 0.11 
Current smoking, n (%) 139 (25) 280 (25) 115 (27) 0.57 
Family history of coronary 

artery disease, n (%) 
185 (33) 376 (34) 152 (35) 0.57 

History of, n(%) 
Myocardial infarction 230 (42) 447 (40) 166 (38) 0.40 
Coronary artery bypass grafting 69 (12) 138 (12) 54 (12) 0.97 
PCI 105 (19) 174 (16) 70 (16) 0.82 

Statin/lipid lowering therapy, n (%) 316 (57) 602 (54) 238 (55) 1.0 
Restenotic lesion, n (%) 42 (68) 62 (6) 27 (6) 1.0 
Chronic total occlusion lesion, n (%) 85 (15) 157 (14) 76 (18) 0.13 
Mean stent length, mm ± SD 22 ± 14 22 ± 13 21 ± 15 0.19 

Table S2. Baseline clinical characteristics in GENDER.

  Table S3. Clinical outcome in GENDER 
Variable -838 CC  

n = 553 (26%) 

-838 CA  

n = 1113 (53%) 

-838 AA 

n = 433 (21%) 

p-value 

Target vessel revascularization, n (%) 55 (10) 101 (9) 25 (6) 0.016 

Table S3. Clinical outcome in GENDER.

Supplemental methods
Genotyping by mass spectrometry
DNA fragments containing the SNP of interest were amplified using Hotfire polymerase 
(Solis Biodyne, Tartu, Estonia) and the primers listed in Supplemental Table S1. Shrimp 
alkaline phosphatase (0.2U) and Exonuclease I (0.2U) were added to the PCR product to 
dephosphorylate and digest the remaining deoxy- and oligo-nucleotides. UV-cleavable 
biotin-labeled primers (Supplementary Table S1) (Biotez, Berlin, Germany) were used in the 
primer extension reaction with the PCR product as template. Thermipol polymerase (Solis 
Biodyne) was used for elongation with dideoxynucleotides. The primer extension product 
was purified using streptavidin-coated 384-well plates (Biotez) and the biotin labeled 
primers were cleaved by UV light (366nm). Finally the samples were spotted on 384 Bruker 
Anchortargetplates in a matrix consisting of 10mg/ml 3-hydroxypicolinic acid and 2mg/ml 
diammonium hydrogen citrate. Genotypes were determined based on the mass differences of 
the cleaved primer extension products.
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  Table S4. Cox proportional regression analysis of predictive  
   p27kip1 -838 genotype and other variables for the occurrence of  
   TVR in GENDER 

Characteristic HR for TVR 
(95% CI) 

p-value 

p27kip1-838C>A 0.61 (0.40-0.93) 0.022 
Male gender 1.08 (0. 79-1.50) 0.62 
Hypertension 1.31 (0.97-1.77) 0.083 
Diabetes mellitus 1.51 (1.05-2.18) 0.027 
Current smoking 1.23 (0.86-1.76) 0.26 
Statin therapy at time of stenting 0.93 (0.69-1.24) 0.61 
Stent length (mm) 1.01 (1.00-1.02) 0.005 

Table S4. Cox proportional regression analysis of predictive 
p27kip1 -838 genotype and other variables for the occurrence 
of TVR in GENDER.
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General Discussion
The aim of this thesis is to increase our understanding of fundamental pathways critical in 
atherosclerosis and restenosis. To achieve this aim, we performed a number of detailed studies 
on the role of NR4A nuclear receptors Nur77, Nurr1 and NOR-1 in vascular smooth muscle 
cells (SMC) and macrophages, two cell types that are extremely relevant to these pathologies. 
To bridge ‘bench and bedside’, the specific expression of NR4A nuclear receptors in human 
atherosclerotic arteries and in human in-stent restenosis lesions is further substantiated. The 
function of these transcription factors in vascular disease is studied in gain and loss of function 
experiments in SMCs or macrophages in both in vitro and in vivo models using (lentiviral and 
transgenic) overexpression and short-hairpin (sh)RNA-mediated knockdown strategies. We 
found that although NR4A nuclear receptors are only expressed in human vascular lesions, 
and not in healthy arteries, they have anti-atherogenic characteristics in human SMCs and 
macrophages as they reduce inflammation, proliferation and foam-cell formation, critical 
cellular processes in vascular lesion formation. To enhance the transcriptional activity of 
NR4A nuclear receptors we applied the immunosuppressive drug 6-mercaptopurine (6-MP) 
in mouse models relevant to atherosclerosis and restenosis. Finally, in patients, the association 
with clinical in-stent restenosis and/or target lesion revascularization risk is described for 
Nurr1 genetic haplotypes and a single nucleotide polymorphism located in the promoter of 
the p27kip1 gene, a downstream target of Nurr1 and Nur77. In this general discussion of my 
thesis, I will discuss specific subjects concerning NR4A nuclear receptors with regard to 
vascular disease not mentioned in the individual chapters and give an indication of what I 
believe are the most important research areas for the NR4As in the near (and further) future.

NR4A nuclear receptors in monocytes/macrophages in vascular disease
Monocytes/macrophages are crucially involved in atherosclerosis and restenosis.1-3 In 
Chapter 4 we describe the expression and function of all three NR4A nuclear receptors 
in monocytes/macrophages in inflammation and foam-cell formation. Consistent with the 
NR4A expression observed in macrophages in human atherosclerosis lesions, we and others 
demonstrated that their expression in vitro is dependent on signaling pathways active during 
atherosclerotic lesion formation, including toll-like receptor-4 (TLR-4) and tumor necrosis 
factor-α (TNF-α) receptor-mediated and phorbol 12-myristat 13-acetate (PMA)-induced 
responses.4,5 Both TLR-4, which can be activated by LPS or oxidized low-density lipoprotein 
cholesterol (ox-LDL) and TNF-α-receptors, activate downstream signaling pathways 
that integrate at the nuclear factor kappa B (NF-κB) level to drive pro-inflammatory gene 
expression. Indeed, promoter analysis of the Nur77 gene revealed that NF-κB is involved in 
Nur77 expression regulation.5 
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Figure 1. Schematic representation of 
hypothetical pathways involved in Nur77 
regulation and NF-κB inhibition by Nur77 
in human macrophages. Nur77 is induced 
by LPS or TNF-α involving the NF-κB pathway 
and results in Nur77 protein localization to the 
nucleus. LPS and TNF-α activates NF-κB, 
which results phosphorylation and degradation 
of the inhibitor of NF-κB IκB-α and enables 
subsequent translocation of NF-κB to the 
nucleus, where it drives pro-inflammatory gene 
expression. The NF-κB activity necessary 
to drive pro-inflammatory gene expression 
is controlled by several mechanisms. First, 
expression levels of IκB-α are reduced by Nur77 
and NF-κB itself. Second, a direct interaction of 
Nur77 with p65 subunit of the p50/p65 NF-κB 
complex bound to promoters of inflammatory 
genes results in transrepression of the NF-
κB activity. (dashed line: translocation to the 
nucleus; arrows: expression induction; red line: 
inhibition).
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At the same time, cumulative evidence exists that NR4A nuclear receptors suppress NF-κB 
transactivation. We have shown that Nur77, Nurr1 and NOR-1 reduce inflammatory responses 
in macrophages (Chapter 4) and that Nurr1 inhibits cytokine synthesis in SMCs (Chapter 
7).4 Similar anti-inflammatory properties have been described for Nur77 in HEK293 cells, T-
cells and endothelial cells (EC) and for Nurr1 in neuronal microglia.6-9 The anti-inflammatory 
function of NR4A nuclear receptors involves inhibition of the NF-κB pathway in two ways 
(Figure 1). First, Nur77 has been described to increase expression of the inhibitor of NF-κB α 
(IκB-α) in ECs by direct binding to the promoter of this gene.9 Second, in microglia, largely 
similar to the anti-inflammatory function of PPARs and LXRs, Nurr1 has been shown to bind 
to the p65 subunit of the p50/p65 NF-κB complex bound to promoters of inflammatory genes, 
which results in transrepression of  NF-κB activity.8 In monocytes/macrophages the exact 
mechanism by which inflammatory responses are inhibited by NR4A nuclear receptors is 
unknown. We hypothesize that both direct binding to and subsequent transrepression of NF-
κB and IκB-α induction are involved. Since NF-κB expression is regulated and its activity 
repressed by NR4A nuclear receptors in multiple cell-types, it seems that these ‘orphan’ 
receptors are part of a negative feedback loop in the NF-κB pathway and as such stabilize 
inflammatory responses.
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In addition to the involvement of NR4A nuclear receptors in inflammatory responses, we 
investigated the function of these nuclear receptors in foam-cell formation by exposing PMA-
differentiated THP-1 macrophages to ox-LDL in both NR4A overexpression and shRNA-
mediated knockdown experiments. We revealed that Nur77, Nurr1 and NOR-1 reduce 
ox-LDL loading, which is explained by reduced expression levels of scavenger receptor-A 
(SR-A) and CD36. The modulation of these macrophage surface markers by NR4A nuclear 
receptors, the induction of NR4A nuclear receptor expression in THP-1 monocytes exposed 
to PMA (unpublished data) and in primary monocytes upon adherence may point towards a 
specific role of these nuclear receptors in macrophage differentiation.6 Indeed, CD11b, which 
is considered a marker of macrophage differentiation, is also repressed by NR4A nuclear 
receptors. Myeloid-derived cells, in particular circulating monocytes and macrophages, are 
well-known for their plasticity and many different, tissue-specific macrophage populations 
have been described.10,11 A possible approach to further characterize the effect of NR4A 
nuclear receptors on macrophage differentiation would be to perform micro-array expression 
analysis in similar NR4A overexpression and knockdown experiments and compare them to 
well described monocyte/macrophage subpopulations (e.g. M1/M2). 

Based on the observation that NR4A nuclear receptors have anti-inflammatory and anti-
foam-cell properties in macrophages, we hypothesize a protective function for these nuclear 
receptors in atherogenesis. This hypothesis needs to be verified in dedicated in vivo models 
and several approaches may be considered and ideally should be tested simultaneously. 
Bone-marrow transplantation experiments, in which bone marrow cells of Nur77-/- or NOR-
1-/- mice (Nurr1-/- mice are not viable because of dopaminergic agenesis), are transplanted into 
atherosclerosis-prone mice (e.g. low-density lipoprotein receptor (LDL-R)-/- or ApoE-/- mice) 
are a reasonable approach. However, it should be noted that redundancy and compensatory 
expression of NR4A nuclear receptors have been described in experiments in which one 
of the three NR4A nuclear receptors is deficient.12 For this reason Nur77/NOR-1 double-

/- mice were generated, however, unexpectedly these mice develop lethal acute myeloid 
leukemia.13 In agreement with these data, we observed that ex-vivo Nur77 or Nurr1 lentiviral 
transduction of bone-marrow cells, and subsequent transplantation of these transduced cells 
in lethally irradiated LDL-R-/- recipient mice, results in an unusually low percentage of 
bone-marrow-derived cells that express these genes (unpublished data). To avoid such bone-
marrow suppression and the problem of redundancy, the generation of transgenic mice that 
overexpress NR4A nuclear receptors late in the monocyte-macrophage lineage, using well-
described CD68 or SR-A promoter sequences in the transgene constructs and subsequent 
bone marrow transplantation to or back-crossing of these transgenic mice in atherosclerosis 
prone mice, could be an alternative approach.
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NR4A nuclear receptors in SMCs in vascular disease
SMCs form a substantial part of human atherosclerotic lesions and vascular lesions of so-called 
SMC-rich vascular pathologies including restenosis, pulmonary hypertension, transplant 
arteriosclerosis and vein graft disease. In this thesis SMC-specific expression of NR4A 
nuclear receptors in human vascular pathologies and the function of these nuclear receptors 
in SMCs in several animal models relevant to atherosclerosis and restenosis are studied. In 
mice, SMC-specific modulation of Nur77 activity was achieved by using transgenic mice, in 
which overexpression of Nur77 or its dominant negative variant ∆TA, is driven by an arterial 
SMC-specific promoter sequence.

In Chapter 5 it is demonstrated that overexpression of Nur77 in vascular SMCs inhibits 
flow-induced carotid artery remodeling in mice. To understand the underlying mechanism we 
investigated the effect of Nur77 on vascular tone and inflammatory cell recruitment, which are 
considered critical determinants of vascular remodeling. Myograph-based vasoconstriction 
and vasorelaxation studies revealed that Nur77 does not modulate vascular tone. Alternatively, 
the inhibitory function of Nur77 in vascular remodeling in these transgenic mice is explained 
by reduced macrophage recruitment and diminished matrix metalloproteinase-1 (MMP-1) 
and MMP-9 expression. Nur77-driven downregulation of chemokine expression in activated 
SMCs may be a plausible explanation for the reduced macrophage recruitment observed 
and deserves further exploration. It should be emphasized that macrophages are considered 
the most important source of MMPs in vascular disease. However, in the remodeling model 
used in this study the number of macrophages is relatively low and alternative to an effect of 
Nur77 in SMCs on macrophage recruitment, we speculate that a direct inhibitory effect of 
Nur77 on MMP-1 and/or MMP-9 expression in SMCs might be involved. Indeed, in vascular 
SMCs MMP-9 expression has been shown to be dependent on NF-κB14 and similar Nur77-
mediated inhibitory mechanisms of NF-κB signaling as described above for macrophages, but 
now in SMCs, may provide an additional explanation. Previously, our group has discovered 
that Nur77 is anti-proliferative in SMCs and protects against SMC-rich lesion formation in 
mice.15 We postulate that in addition to the mechanisms described above, also reduced SMC 
proliferation contributes to the inhibitory function of Nur77 in arterial remodeling. Since 
remodeling is of importance in tissue engineering and several vascular- and non-vascular 
diseases, including (pulmonary) hypertension, aneurysm formation and airway remodeling, 
it may be of interest to investigate the role of NR4A nuclear receptors in these pathologies.

In Chapter 7 we show Nurr1 expression in human in-stent restenosis lesions and demonstrate 
that Nurr1 inhibits inflammatory responses and, like Nur77, also inhibits SMC proliferation in 
vitro. This anti-proliferative function of Nurr1 involves increased expression of p27kip1, a key 
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cell-cycle inhibitor described protective in restenosis. Finally, it is demonstrated that Nurr1 
is protective in wire-injury-induced restenotic lesion formation in mice. The modulation of 
SMC proliferation and activation by Nur77 or Nurr1 may be explained by a comprehensive 
modulation of the arterial SMC phenotype, consistent with the earlier described regulation of 
SMC-markers calponin and smooth muscle α-actin by Nur77 in venous SMCs.16

Since SMC proliferation, activation and SMC-mediated monocyte/macrophage recruitment 
and remodeling are all pivotal in vascular pathologies, these data provide evidence that 
Nur77 and Nurr1 in SMCs, next to a beneficial role in restenosis, may also have a protective 
function in atherosclerosis and atherosclerosis-related pathologies like for example aneurysm 
formation. As far as atherosclerosis is concerned, we have preliminary data indicating 
that selective overexpression of Nur77 in SMCs in ApoE-/- mice reduces atherosclerotic 
lesion formation as compared to wild-type ApoE-/- mice (Figure 2A, B). The observation 
that enhanced expression of the transcription factor Nur77 in SMCs results in reduced 
atherosclerosis in mice, is a remarkable finding that may further substantiate a key role of 
SMCs in atherosclerosis. 

NR4A nuclear receptor function in human atherosclerosis and restenosis 
Multiple experimental studies have been performed in dedicated mouse models to delineate 
functional involvement of Nur77, Nurr1 and NOR-1 in vascular disease. The exact function of 
these transcription factors in clinical atherosclerosis and restenosis remains a major challenge 

Figure 2. SMC-specific expression of Nur77 reduces 
atherosclerotic lesion formation in ApoE-/- mice. 
ApoE-/- mice and ApoE-/- mice overexpressing Nur77 
specifically in their arterial SMCs (ApoE-/-xSMC-Nur77) 
were exposed to a high-fat diet (HFD) for 8-24 weeks. 
(A) Typical examples of aortic root atherosclerotic 
lesions seen in ApoE-/- and ApoE-/-xSMC-Nur77 mice 
after 20 weeks of HFD. As can be appreciated of these 
examples ApoE-/-xSMC-Nur77 mice have reduced 
atherosclerotic lesion surface area as compared to 
their ApoE-/- controls. Lipid droplets in red (oil-red-o) 
and nuclei in blue (hematoxylin). (B). Quantification of 
atherosclerotic lesion surface area at the aortic root at 
different time points reveals that ApoE-/-xSMC-Nur77 
develop significantly less atherosclerosis at 20 and 24 
weeks of HFD as compared to their ApoE-/- controls.
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for the future, however data provided in this thesis already contribute to the hypothesis that 
NR4A nuclear receptors are functionally active and relevant to human vascular disease. 
First, the differential expression in diseased, atherosclerosis and restenosis arteries versus 
healthy human arteries is a key observation. Second, critical signaling pathways and cellular 
processes active in atherosclerosis and restenosis are modulated by NR4A nuclear receptors 
in cultured human SMCs and human macrophages. Third, the association of Nurr1 genetic 
haplotypes (Chapter 7) and a single nucleotide polymorphism in p27kip1 (Chapter 9), a 
downstream target of Nurr1 and Nur77, with clinical in-stent restenosis, target lesion/vessel 
revascularization and/or the combined endpoint major cardiovascular events (MACE) risk 
provides evidence for a functional role of these transcription factors in human vascular 
disease. The impact of the Nurr1 haplotype association detected will be enhanced once we 
know that specific haplotypes that associate with reduced in-stent restenosis risk correlate 
with increased expression levels of Nurr1. 

Differences exist between human atherosclerotic lesions and atherosclerotic lesions in mice 
and these differences may modulate NR4A nuclear receptor function described in experimental 
studies as compared to human atherosclerosis. A key difference is that human atherosclerotic 
lesions, as opposed to the lesions in mice, are largely composed of SMCs and their secreted 
extracellular matrix molecules largely contribute to lesion size and luminal narrowing. 
Therefore the anti-proliferative function of Nur77 and/or Nurr1 in SMCs can contribute to 
reduced lesion formation in human atherosclerosis. However, clinical relevant acute coronary 
syndromes are mainly caused by atherosclerotic plaque rupture, resulting in sudden thrombus 
formation and subsequent obstruction of arterial blood flow. These ruptured, culprit plaques 
are characterized by large lipid cores, increased number of macrophages and diminished 
SMCs and SMC-derived extracellular matrix content. Consequently, the anti-proliferative 
function of Nur77 and Nurr1 in SMCs may, at least in theory, result in a more unstable, 
plaque phenotype. Overall however, I envision that the combination of anti-inflammatory 
and anti-foam cell properties of Nur77 and/or Nurr1 in monocytes/macrophages and the 
anti-proliferative function of these transcription factors in SMCs might result in a beneficial 
profile in atherosclerosis. 

NR4A nuclear receptors and 6-mercaptopurine in vascular disease
NR4A nuclear receptors have proven to be multi-potential transcription factors that modulate 
critical pathways in atherosclerosis and SMC-rich vascular pathologies including restenosis. 
The data provided in this thesis contribute significantly to this knowledge and may become 
relevant for clinical intervention since recently, several compounds that enhance NR4A 
activity have been identified, among which 6-mercaptopurine (6-MP) (See Chapter 2, Table 
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1 for a complete list). In Chapter 6 we demonstrate that 6-MP is protective in atherosclerotic 
lesion formation in ApoE*3Leiden mice involving induction of apoptosis in monocytes and 
to a lesser extent in macrophages, reduced monocyte adhesion and inhibition of macrophage 
MCP-1 expression. In Chapter 8 6-MP is applied in a drug-eluting cuff model in wild-type 
mice to study its effect on SMC-rich lesion formation, a process which relates to human (in-
stent) restenosis. The involvement of Nur77 in the inhibitory function of 6-MP in this model 
is determined by using transgenic mice overexpressing Nur77 and appropriate controls, 
including its dominant-negative variant ∆TA. The protective function of 6-MP in restenosis in 
vivo, is explained by inhibition of SMC proliferation. In addition to effects of 6-MP described 
above, it might well be that other NR4A-dependent and/or –independent effects of 6-MP, like 
for example inhibition of inflammatory responses, contribute to the protective potential of 
this drug in restenotic lesion formation. 

In clinical practice, in-stent restenosis remains the major drawback of percutaneous 
intervention although the application of sirolimus or paclitaxel drug-eluting stents has 
considerably reduced the incidence of in-stent restenosis.17,18 These drugs effectively 
inhibit SMC proliferation, but also hinder beneficial re-endothelialization and delay arterial 
healing, pathophysiological processes implicated in (late) in-stent thrombosis, a potentially 
fatal complication.19,20 Consequently, novel targets that support cell-specific intervention 
in in-stent restenosis, need to be identified. More specifically, such drugs ideally inhibit 
SMC proliferation, have anti-inflammatory effects on SMCs and macrophages and at the 
same time enhance re-endothelialization of the stented vascular luminal surface. We have 
demonstrated beneficial NR4A-dependent and -independent effects of 6-MP on SMC and 
monocytes/macrophage function. In addition, the effect of 6-MP on ECs has been studied, 
which revealed that 6-MP promotes angiogenesis, which is explained by Nur77-dependent 
stabilization of hypoxia-inducible factor-1α (HIF-1α) and increased VEGF expression 
levels.21 Taken together, these characteristics of 6-MP provide a combination of biological 
effects, which determine this compound as a candidate drug to prevent restenosis. Ideally, 
drug-eluting stents loaded with 6-MP will be developed, which should be tested head-to-head 
with currently available drug-eluting stents in pre-clinical animal models for their efficacy on 
restenosis inhibition and re-endothelialization. Extrapolated from the potential application of 
6-MP in treatment of in-stent restenosis, perivascular application of 6-MP-loaded pluronic 
gels to saphenous vein grafts during bypass surgery to prevent graft failure could be an 
alternative application, which has already been successfully tested in pre-clinical animal 
models by others.22 As opposed to atherosclerosis, the local nature of both in-stent restenosis 
and vein graft failure presumably make these latter vascular pathologies particularly suitable 
for treatment with 6-MP. Systemic application of 6-MP or the 6-MP pro-drug azathioprine 
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to treat atherosclerosis is highly unlikely, since long-term usage has been associated with 
significant adverse effects. Patients that require long-term immunosuppressive agents, for 
example after renal transplantation, may however benefit from azathioprine as compared 
to other immunosuppressive drugs, because of the anti-atherogenic effects and presumed 
favorable cardiovascular risk profile of this drug described.23 However, whether this holds 
true in clinical practice remains unclear and needs further investigation, especially since 
recently mycophenolate mofetil (MMF), another frequently used immunosuppressive drug 
used in transplantation patients, has been put forward as a more atheroprotective drug as 
compared to azathioprine.24

Future perspectives
The studies described in this thesis substantially contribute to the understanding of the role 
of NR4A nuclear receptors Nur77 and Nurr1 in atherosclerosis and restenosis. However, they 
elicit novel important research questions of which several have been raised already in the 
paragraphs above. A central, remaining question concerns the mechanism by which NR4A 
nuclear receptors actually determine their downstream effects. In addition to transrepression 
of other transcription factors such as NF-κB or ETS-1, it is likely that direct binding to 
the promoter of target genes is of critical importance, although only a limited number of 
direct target genes have been described so far. Genome-wide approaches that combine 
bioinformatics with a biological relevant research design will be crucial to elucidate direct 
target genes. Chromatin immunoprecipitation sequence (ChIP-seq), is a recently developed 
technique that allows detection of direct binding of the transcription factor of interest with 
the DNA and can be combined with detection of RNA-polymerase binding/activity and as 
such identifies direct target genes that are transcribed on a genome-wide basis. Alternatively, 
micro-array-based genome-wide approaches could be used to unravel direct and indirect gene 
targets modulated by NR4A nuclear receptors. These approaches when applied to relevant 
vascular disease models in combination with NR4A gain and loss of function strategies might 
ultimately provide a systems biology understanding, including temporal and possibly spatial 
dimensions, of these nuclear receptors.
Another important, remaining question is whether NR4A nuclear receptors can be selectively 
targeted with small molecules. Several lines of evidence suggest that this will be difficult. First, 
crystal structure analysis of Nurr1 has revealed that the classical ligand-binding pocket in the 
ligand-binding domain, which is highly homologous among the NR4A nuclear receptors, is 
filled with hydrophobic amino-acid side-chains and therefore is not available for a classical 
ligand. Second, since these nuclear receptors are constitutively active, and therefore do not need 
ligand-induced activation, their downstream effects are highly dependent on their expression 
levels, post-translational modifications as well as interaction with other proteins, including 
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other transcription factors, co-repressors and co-activators and localization within the cell. 
It is therefore surprising that 6-MP and several other compounds have been discovered that 
enhance the transcriptional activity of NR4A nuclear receptors. The mechanism by which 
these compounds activate NR4A nuclear receptors is at present unknown and their effects 
are far from specific since these compounds influence multiple other NR4A-independent 
pathways. Detailed mechanistic insight in the way NR4A nuclear receptors are regulated and 
exert their downstream effects in general and how this is modulated by these NR4A activating 
compounds, may allow the development of more selective NR4A agonists to further increase 
the potential of these transcription factors as future targets for clinical intervention. 

As described and discussed NR4A nuclear receptors have a fundamental impact on 
monocyte/macrophage and SMC biology and the relevance for atherosclerosis and restenosis 
is described in this thesis. However, in many other disorders, SMCs and/or macrophages 
and even more relevant the signaling pathways modulated by NR4A nuclear receptors play 
a crucial role. Therefore, it is conceivable that NR4A nuclear receptors are expressed and 
functionally active in other vascular and/or inflammation-driven pathologies, like pulmonary 
hypertension, transplant arteriosclerosis, asthma, inflammatory bowel disease or sepsis. 
Indeed in human volunteers exposed to LPS expression of all three NR4A nuclear receptors 
is strongly induced in whole blood samples with optimal levels about 1 hour after LPS 
administration (unpublished data) and in histopathological samples of patients with Crohn’s 
disease NR4A nuclear receptors are expressed in submucosal SMCs (unpublished data). 
Finally, NR4A nuclear receptor function has already been related to cancer, notably acute 
myeloid leukemia and Nurr1 to Parkinson’s disease. 

Conclusions
This thesis contributes to the understanding of NR4A nuclear receptors in vascular disease. 
For the first time we have described expression of NR4A nuclear receptors in an array of 
vascular pathologies, including human and mouse atherosclerosis and restenosis and mouse 
vascular remodeling. Nur77 and Nurr1 are discovered anti-inflammatory, anti-proliferative, 
anti-foam cell transcription factors in monocytes/macrophages and/or SMCs, which are key 
cell-types and key cellular functions in vascular disease. In addition to NR4A-independent 
atheroprotective characteristics of 6-MP in monocyes/macrophages, 6-MP can target Nur77 
in SMCs, which is shown protective in neointima formation in mice. The relevance for human 
vascular disease is illustrated by the association of Nurr1 haplotypes with in-stent restenosis, 
target revascularization, repeat PCI and MACE risk. The characterization of NR4A nuclear 
receptor expression and function in vascular disease could well contribute to new diagnostic 
and therapeutic strategies in patients with cardiovascular disease. 
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Summary
In Part I of the thesis, the subject ‘NR4A Nuclear Receptors in Vascular Disease’ 
is introduced. First a Thesis outline is provided, which is preceded by a preface that 
illustrates the magnitude of the health care problem that cardiovascular disease, including 
coronary heart disease and stroke poses on society now and in the future. Briefly, current 
preventive and treatment modalities in cardiovascular disease are described. In the General 
introduction (Chapter 1) the underlying cause of cardiovascular disease atherosclerosis 
and atherosclerosis-related pathologies, among which restenosis are explained. Current 
knowledge on the NR4A nuclear receptors Nur77, Nurr1 and NOR-1 with emphasis on gene 
structure, expression regulation, function in vascular cells and metabolism are provided in 
two published reviews (Chapter 2 and 3). 

The aim of this thesis is to increase our understanding on the role of NR4A nuclear receptors 
in atherosclerosis (Part II) and restenosis (Part III) with a focus on smooth muscle cells 
(SMC) and monocytes/macrophages. The expression and function of these transcription 
factors are studied by the application of molecular biology techniques on human artery 
specimens, cell culture systems and animal models relevant to these vascular pathologies. In 
addition, 6-mercaptopurine (6-MP), an NR4A activating drug is applied to target these nuclear 
receptors for intervention in vascular lesion formation (Chapters 6 and 8). Finally, linking 
bed-side restenosis to bench-side experiments, the association of Nurr1 genetic haplotypes 
and a functional single nucleotide polymorphism (SNP) in the p27kip1 gene, a downstream 
target of Nur77 and Nurr1 in SMCs, with percutaneous coronary intervention (PCI)-related 
in-stent restenosis risk are revealed (Chapter 7 and 9).

Part II
Lipid loading and inflammation are key cellular processes in atherosclerosis and in Chapter 
4 the expression of NR4A nuclear receptors in human atherosclerotic lesion macrophages 
and their function in lipid loading and inflammatory responses in cultured macrophages are 
described. In early and advanced human atherosclerotic lesion macrophages Nur77, Nurr1 and 
NOR-1 are expressed primarily in areas of plaque activation/progression. In cultured primary 
and THP-1 macrophages NR4A nuclear receptors are transiently expressed in response to 
lipopolysacharide (LPS) and tumor necrosis factor-α (TNF-α). Lentiviral overexpression of 
Nur77, Nurr1 or NOR-1 reduces expression and production of interleukin-1β (IL-1β) and IL-
6 pro-inflammatory cytokines and IL-8, macrophage inflammatory protein-1α (MIP-1α) and 
MIP-1β and monocyte chemoattractant protein-1 (MCP-1) chemokines. In addition, NR4A 
nuclear receptors reduce oxidized low-density lipoprotein (ox-LDL) uptake, consistent with 
downregulation of scavenger receptor-A (SR-A), CD36 and CD11b macrophage 
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marker genes. Knockdown of Nur77 or NOR-1 with gene-specific lentiviral ‘short-hairpin’ 
RNAs resulted in enhanced cytokine and chemokine synthesis, increased lipid loading and 
augmented CD11b expression, demonstrating endogenous NR4A nuclear receptors to inhibit 
macrophage activation, foam-cell formation and possibly differentiation. In conclusion, in this 
chapter we show that NR4A nuclear receptors are expressed in human atherosclerotic lesion 
macrophages and reduce human macrophage lipid loading and inflammatory responses. 

Arterial remodeling is considered a critical feature of vascular diseases, including 
atherosclerosis, and in Chapter 5 we demonstrate that Nur77 is expressed during flow-induced 
left carotid artery remodeling in mice after right carotid artery ligation. Transgenic mice, that 
express Nur77 or its dominant-negative variant ∆TA in arterial SMCs, were exposed to right 
carotid artery ligation and after 4 weeks outward remodeling was quantified by determination 
of pressure-diameter relationships in the non-ligated, left carotid artery. Structural outward 
remodeling is inhibited in Nur77-transgenic mice as compared to wild-type (WT) and ∆TA-
transgenic mice. Key determinants of outward remodeling, vascular tone and macrophage 
accumulation were studied. No differences in vasoconstrictive and vasodilatory responses 
were detected in isolated aorta, carotid and mesenteric artery segments between transgenic 
and WT mice. In transgenic mice SMC-specific overexpression of Nur77 reduced macrophage 
recruitment and repressed expression of matrix metalloproteinase-1 (MMP-1) and MMP-9. 
From these studies we conclude that Nur77 is induced during outward remodeling in response 
to altered blood flow and inhibits outward remodeling in mice. Not altered vascular tone, but 
a reduction of both macrophage content and MMP expression levels is involved in Nur77-
mediated inhibition of arterial remodeling.

In Chapter 6 the effect of 6-MP, an active metabolite of the pro-drug azathioprine, on 
monocyte/macrophage function and atherosclerosis are described. We demonstrate in 
THP-1 monocytes that 6-MP decreases intracellular purine levels and enhances caspase 
activity, resulting in monocyte apoptosis and decreased monocyte numbers. The induction of 
apoptosis by 6-MP is preceded by a strong suppression of the intrinsic anti-apoptotic factors 
Bcl-xL and Bcl-2. 6-MP also decreases expression of the adhesion integrins VLA-4, and 
platelet endothelial cell adhesion molecule-1 (PECAM-1) in THP-1 monocytes, and reduces 
monocyte adhesion. In THP-1-derived macrophages, screening of a panel of atherosclerosis-
related cytokines, in response to LPS stimulation, revealed that 6-MP robustly inhibits 
expression and secretion of MCP-1, while viability of these cells was only mildly affected 
by 6-MP. The effects of 6-MP on monocyte/macrophage function are shown independent of 
NR4A nuclear receptors opposite to our observations in SMCs. Finally, local delivery of 6-
MP to the vessel wall, using a drug-eluting cuff, inhibits atherosclerosis in ApoE*3-Leiden 
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transgenic mice fed a Western diet. This inhibition of lesion formation was accompanied by 
decreased lesion macrophage content, which is consistent with our data obtained in cultured 
cells. In summary, we here report that 6-MP induces anti-atherogenic effects in monocytes/
macrophages and inhibits atherosclerosis development, providing novel insight on the role of 
the immunosuppressive drug azathioprine in atherosclerosis.

Part III
Restenosis is a major complication of PCI including stent placement. In Chapter 7 we describe 
the association of Nurr1 haplotypes with human in-stent restenosis risk and demonstrate 
the expression and function of nuclear receptor Nurr1 in human and experimental vascular 
restenosis. In a cohort of 601 patients undergoing PCI including stent-placement, we report 
a strong association of two Nurr1 haplotypes with angiographic in-stent restenosis and target 
revascularization, repeat PCI and major adverse cardiovascular event (MACE) risk. In human 
in-stent restenosis atherectomy specimens Nurr1 is highly expressed in SMCs. In cultured 
human SMCs Nurr1 is induced in response to serum or TNF-α. To unravel the function of 
Nurr1 in SMCs lentivirus-mediated gain and loss of function experiments were performed. 
First, it is demonstrated that overexpression of Nurr1 inhibited proliferation of SMCs, which 
is in line with increased expression of the key cell-cycle inhibitor p27Kip1, whereas Nurr1 
silencing enhanced SMC growth. Second, we show that the TNFα-induced inflammatory 
response in SMCs is inhibited by Nurr1 as reflected by reduced IL-1β, TNF-α and MCP-1 
expression levels in SMCs that overexpress Nurr1. To model restenosis in mice a wire injury 
model was applied and consistent with our in vitro data, Nurr1 reduced wire injury-induced 
SMC-rich lesion formation in carotid arteries of ApoE-/- mice as revealed by local lentiviral-
mediated overexpression and knockdown of Nurr1. In conclusion, in this chapter it is shown 
that Nurr1 haplotypes associate with human restenosis risk. In addition, Nurr1 is expressed 
in human in-stent restenosis and in SMCs Nurr1 inhibits proliferation and inflammatory 
responses, which may explain the inhibition of SMC-rich lesion formation in mice. 

In previous studies Nur77 has been shown protective in SMC-rich lesion formation. In 
Chapter 8 the Nur77 activating drug 6-MP is evaluated as a promising compound to treat 
restenosis. First, we demonstrated that 6-MP increases Nur77 activity in cultured SMCs, 
resulting in reduced DNA synthesis at least partially involving Nur77 as shown by knockdown 
strategies. Nur77 mRNA is upregulated in cuffed arteries, with optimal expression after 6 hrs 
and elevated Nur77 mRNA up to 7 days after vascular injury. Next, we studied the effect of 
6-MP in a mice model of cuff-induced neointima formation. Local perivascular delivery of 6-
MP, using a drug-eluting cuff, significantly inhibits neointima formation in the femoral artery 
in wild-type mice. Locally applied 6-MP inhibits expression of ‘proliferative cell nuclear 
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antigen’ (PCNA) and enhances protein levels of the cell-cycle inhibitor p27Kip1 in the vessel 
wall. To substantiate the involvement of Nur77 in the beneficial role of 6-MP in neointima 
formation, we used our transgenic mice, that overexpress Nur77 in their arterial SMCs and 
found an increased protective effect of 6-MP against restenosis in these mice. In contrast, 
6-MP does not alter lesion formation in transgenic mice overexpressing a dominant-negative 
variant of Nur77 in arterial SMCs, providing evidence for the involvement of Nur77-like 
factors. These studies demonstrate that enhancing the activity of Nur77 by 6-MP protects 
against excessive SMC proliferation and SMC-rich neointima formation. 

In Chapter 9 we investigated the association with in-stent restenosis risk of single nucleotide 
polymorphisms (SNPs) in the p27kip1 gene, a key regulator of smooth muscle cell (SMC) 
and leukocyte proliferation and a downstream target of Nur77 and Nurr1. Three SNPs 
concerning the p27kip1 gene (-838C>A; -79C>T; +326G>T) were determined in a cohort of 
715 patients undergoing coronary angioplasty and stent placement. We discovered that the 
p27kip1-838C>A SNP is associated with clinical in-stent restenosis: the -838AA genotype 
decreases the risk of target vessel revascularization; HR = 0.28 (95% CI = 0.10-0.77). This 
finding was replicated in another cohort of 2309 patients (HR = 0.61; 95% CI=0.40-0.93). No 
association was detected between this endpoint and p27kip1 -79C>T and +326G>T SNPs. We 
subsequently studied the functional importance of the -838C>A SNP and detected a 20 fold 
increased basal p27kip1 transcriptional activity of the –838A allele containing promoter. From 
these studies we conclude that patients with a p27kip1 -838AA genotype have a decreased risk 
of in-stent restenosis, corresponding with enhanced promoter activity of the –838A allele of 
this cell cycle inhibitor. 

Part IV
In Chapter 10 the results described in this thesis and other specific areas of interest on NR4A 
nuclear receptors in atherosclerosis and restenosis are discussed and are put in a general 
scientific and clinically relevant perspective. Next, suggestions are done for future research 
to provide more insight in NR4A nuclear receptor function in vascular disease. Finally, the 
implications of (future) research for NR4A nuclear receptors as novel targets for intervention 
in vascular disease are described. 
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Samenvatting voor niet-ingewijden
Dit proefschrift getiteld “NR4A Nucleaire Receptoren in Vaatziekten”, richt zich op de 
rol van NR4A nucleaire receptoren in ziekteprocessen die leiden tot (slag)aderverkalking 
(atherosclerose) en tot in-stent restenose, wat een veelvoorkomende complicatie van het 
zogenaamde “dotteren” is. 

Deel I 
Het Voorwoord gaat in op hart- en vaatziekten die het gevolg zijn van atherosclerose, 
waarvan die van de kransslagaderen van het hart (coronaire hartziekten) en van de slagaderen 
naar het brein (herseninfarct) klinisch het meest voorkomen. Vervolgens worden kort 
de huidige preventieve, medicamenteuze en invasieve behandelingsmogelijkheden van 
coronaire hartziekten beschreven. De maatschappelijke impact van hart- en vaatziekten wordt 
onderbouwd met het feit dat wereldwijd nu, maar ook in de toekomst, hart- en vaatziekten 
en met name ook coronaire hartziekten een belangrijke doodsoorzaak zijn. Het doel van dit 
proefschrift is om de kennis over de zogenaamde NR4A nucleaire receptoren Nur77, Nurr1 
en NOR-1 in hart- en vaatziekten te vergroten en zodanig de weg te openen tot nieuwe, 
innovatieve diagnostische en therapeutische mogelijkheden.
 
Het Voorwoord wordt gevolgd door een korte beschrijving van de afzonderlijke hoofdstukken 
in de “Outline of the thesis” 

Hierna volgt de Algemene Introductie, waarin atherosclerose en (in-stent) restenose worden 
uitgelegd. Atherosclerose is een inflammatoire aandoening van de arteriële vaatwand, die 
reeds op jonge leeftijd zijn oorsprong vindt als gevolg van een verhoogde doorgankelijkheid 
van de binnenbekleding van de vaatwand oftewel het endotheel. Systemische factoren, die 
bekend staan als risicofactoren voor hart- en vaatziekten zoals hoge bloeddruk, suikerziekte, 
roken en cholesterol spelen hierbij een belangrijke rol. Niet alleen deze systemische 
factoren, maar ook lokale factoren zijn van belang, wat is af te leiden uit het gegeven, dat 
atherosclerose zich bij voorkeur manifesteert op vertakkingen van de arteriële vaatboom. Op 
deze plaatsen is de bloedstroom turbulent hetgeen de infiltratie van bepaalde cellen in het 
bloed, de monocyten, in de vaatwand bevordert en wat gezien kan worden als de eerste stap 
in het ontstaan van atherosclerose. Monocyten veranderen tijdens infiltratie in de vaatwand 
in macrofagen, die vervolgens gemodificeerd cholesterol (onder andere geoxideerd low-
density lipoprotein cholesterol (ox-LDL)) opnemen en daardoor veranderen in zogenaamde 
“schuimcellen” ook wel “foam cells” genoemd. Deze schuimcellen zijn kenmerkend 
voor atherosclerose en staan centraal in het ziekteproces om samen met geactiveerde, 
zich vermenigvuldigende gladde spiercellen, de ontstekingsreactie te bevorderen, die 
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het endotheel aanstuurt tot het aantrekken van nog meer monocyten. In de loop van jaren 
ontstaat op deze wijze een zogenaamde atherosclerotische plaque die aanleiding kan geven 
tot een vernauwing van de betreffende arterie. Om de binnendiameter of het vaatlumen te 
behouden ondergaat de slagader expansieve remodelering ofwel “outward remodeling”. 
Echter, als dit compensatiemechanisme tekortschiet kan de patiënt, in het geval de 
vernauwing een kransslagader van het hart betreft, dit merken als een drukkend gevoel op de 
borst bij inspanning, ook wel genoemd “angina pectoris”. Het kan ook voorkomen dat een 
atherosclerotische plaque scheurt (plaque ruptuur), waardoor een bloedstolsel ontstaat dat 
de slagader ineens volledig afsluit met een acuut hartinfarct als gevolg. Als dit gebeurt zal 
de patiënt met spoed naar het ziekenhuis moeten worden gebracht. voor een zogenaamde 
“dotter” of percutane coronaire interventie (PCI). De cardioloog zal dan proberen de 
verstopte kransslagader van het hart te openen met een ballon en stent om op deze wijze 
verdere schade aan het hart te voorkomen. Helaas is het zo dat 20% van de geplaatste stents 
weer dicht gaan zitten als gevolg van ontstekingsgemedieerde groei van gladde spiercellen. 
Dit proces heet (in-stent) restenose en is vaak aanleiding voor een nieuwe percutane coronaire 
interventie (PCI) behandeling. Een vergelijkbaar probleem, dat graft failure genoemd wordt, 
kan zich voordoen na een bypass operatie of coronary artery bypass graft (CABG). Bij 
deze operatie wordt de kransslagader middels een omleiding of graft omgeleid. 

In Hoofdstuk 2 en 3 worden de “NR4A nucleaire receptoren” geïntroduceerd in twee 
gepubliceerde overzichtsartikelen. Om beter geschikt te zijn als inleiding van dit proefschrift 
zijn deze artikelen enigszins aangepast in vergelijking met de originele publicaties. De NR4A 
nucleaire receptoren behoren tot een zogenaamde superfamilie van eiwitten: de nucleaire 
hormoonreceptoren. Deze superfamilie heeft 49 leden en is onderverdeeld in 7 subfamilies, 
waarvan de NR4A nucleaire receptoren, bestaande uit Nur77, Nurr1 en NOR-1, één 
subfamilie vormt. Van oudsher wordt er een onderverdeling gemaakt in ligand-activeerbare 
nucleaire receptoren, zoals de oestrogeen receptor of de schildklierhormoon receptor en de 
“orphan” nucleaire receptoren, waarvan het ligand nog onbekend is of mogelijk ontbreekt. 
Een belangrijk kenmerk van NR4A nucleaire receptoren is, dat het expressieniveau in de 
cel sterk en snel gereguleerd wordt door omgevingssignalen, zoals ontstekingsfactoren 
en groeifactoren. Derhalve behoren deze receptoren tot de “early response genes”. NR4A 
nucleaire receptoren functioneren als transcriptiefactoren en sturen groepen “downstream” 
genen aan, en dus specifieke cellulaire functies. Behoudens de expressie van deze 
receptoren speelt hierin ook de interactie met andere transcriptiefactoren, co-repressoren 
en -activatoren een belangrijke rol. Recent is door onze onderzoeksgroep aangetoond, dat 
NR4A nucleaire receptoren aanwezig zijn in geactiveerde gladde spiercellen en macrofagen 
in de atherosclerotische vaatwand. Deze waarneming is in tegenstelling tot de gezonde, niet-
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atherosclerotische vaatwand, waarin geen expressie van deze transcriptiefactoren is. 

Deel II 
In Hoofdstuk 4 beschrijven wij voor het eerst dat de NR4A nucleaire receptoren 
specifiek aanwezig zijn in macrofagen in de humane atherosclerotische plaque, maar niet 
in de gezonde vaatwand. Tevens wordt de expressie en functie van de NR4A nucleaire 
receptoren in gekweekte humane macrofagen ontrafeld. Eerst wordt aangetoond dat in 
gekweekte “THP-1” macrofagen NR4A nucleaire receptoren sterk gereguleerd worden door 
ontstekingsbevorderende moleculen, zoals lipopolysachariden (LPS) en tumor necrosis factor-
α (TNF-α). Vervolgens wordt de functie in deze cellen bestudeerd door gebruik te maken van 
(lenti)virussen, waarmee de NR4A nucleaire receptoren tot overexpressie worden gebracht, 
dan wel uitgeschakeld kunnen worden middels “short hairpin” RNA. Uit deze experimenten 
blijkt dat NR4A nucleaire receptoren in staat zijn ontstekingsprocessen te remmen, welke een 
belangrijke rol spelen bij het ontstaan en de progressie van atherosclerose. Deze remming 
betreft met name de expressie van de pro-inflammatoire eiwitten interleukine-1β (IL-1β) en 
IL-6, en de chemokines IL-8, macrophage inflammatory protein-1α (MIP-1α), MIP-1β en 
monocyte chemoattractant protein-1 (MCP-1). In aanvulling hierop hebben wij aangetoond 
dat NR4A nucleaire receptoren de opname van ox-LDL in de macrofaag, en derhalve de 
vorming van “schuimcellen”, remmen. Dit kan verklaard worden door verminderde expressie 
van receptoren die ox-LDL in de cel kunnen opnemen, zoals scavenger receptor-A (SR-A) 
en CD36. Verder is ook de expressie van oppervlakte marker CD11b verminderd, wat erop 
kan duiden dat NR4A nucleaire receptoren de differentiatie van monocyt naar macrofaag 
remmen. Tot slot concluderen wij dat, gezien de remmende werking van NR4A nucleaire 
receptoren in macrofagen op ontsteking en opname van cholesterol, het waarschijnlijk is dat 
deze receptoren een beschermend effect hebben op de ontwikkeling van atherosclerose.

Expansieve remodelering is een belangrijk proces in atherosclerose, omdat dit proces enerzijds 
een compensatiemechanisme is bij arteriële vernauwingen en anderzijds omdat plaque 
rupturen vaker optreden in arteriën die kenmerken vertonen van expansieve remodelering. 
In Hoofdstuk 5 maken wij gebruik van een muizenmodel, waarbij expansieve remodelering 
van de linker halsslagader optreedt ten gevolge van het afbinden van de rechter halsslagader. 
Deze expansieve remodelering vindt plaats in 4 weken en wij laten zien dat Nur77 tot 
expressie komt tijdens dit proces. Om de functie van Nur77 in dit proces te onderzoeken 
maken we gebruik van transgene muizen, die Nur77 of een dominant-negatieve remmer 
van Nur77 (∆TA) specifiek tot overexpressie brengen in gladde spiercellen in de arteriële 
vaatwand. Wanneer deze muizen worden blootgesteld aan expansieve remodelering van 
de halsslagader, blijkt dat Nur77 transgene muizen minder goed in staat zijn expansief te 
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remodeleren dan ∆TA-transgene of wild-type muizen. Vaattonus en ontsteking spelen bij 
expansieve remodelering een belangrijke rol en in aanvullende experimenten laten wij zien dat 
in Nur77 transgene muizen de vaattonus onveranderd is ten opzichte van wild-type muizen, 
maar dat het aantal macrofagen en de expressie van zogenaamde matrix-metalloproteinasen 
(MMP-1 en MMP-9) verminderd is. Wij concluderen, dat in muizen Nur77 tot expressie 
komt gedurende expansieve remodelering en dat Nur77 in gladde spiercellen dit proces remt. 
Een verminderd aantal macrofagen en verlaagde expressie van MMPs in de vaatwand van 
Nur77 transgene muizen spelen hierin een cruciale rol. 

In Hoofdstuk 6 wordt het effect van 6-MP, een actieve metaboliet van het immunosuppressieve 
geneesmiddel azathioprine, op monocyten en macrofagen in atherosclerose beschreven. Wij 
laten in gekweekte THP-1 monocyten zien, dat 6-MP het niveau van purines (bouwstenen 
voor DNA) verlaagt en geprogrammeerde celdood (apoptose) verhoogt, wat resulteert in een 
verminderd aantal monocyten. De inductie van apoptose gaat gepaard met een verhoogde 
caspase activiteit en verlaagde expressie van twee genen die tegen apoptose beschermen; 
Bcl-xL en Bcl-2. Ook vermindert 6-MP de expressieniveaus van de adhesiemoleculen VLA-4 
en platelet endothelial adhesion molecule-1 (PECAM-1), eiwitten die betrokken zijn bij het 
uittreden van monocyten uit de bloedbaan in de vaatwand. Stimulatie van THP-1 macrofagen 
met de ontstekingsfactor LPS resulteert in aanmaak en uitscheiding van MCP-1, een eiwit dat 
de migratie van monocyten uit de bloedbaan naar de vaatwand bevordert. In aanwezigheid van 
6-MP is de MCP-1 productie sterk verlaagd, terwijl de overleving van de macrofagen slechts 
in beperkte mate wordt beïnvloed door dit eiwit. Tot slot laten wij zien, dat in een muismodel 
voor atherosclerose dat gebaseerd is op het gebruik van ApoE*3-Leiden transgene muizen 
blootgesteld aan een vetrijk dieet, lokaal toegediend 6-MP middels een “drug-eluting cuff” 
rondom de beenarterie de vorming van atherosclerotische lesies remt. In overeenstemming 
met de resultaten van onze experimenten met gekweekte gladde spiercellen, gaat deze 
remming van atherosclerose in muizen gepaard met een verminderd aantal macrofagen.

Deel III 
Restenose is de meest voorkomende complicatie van PCI en in Hoofdstuk 7 beschrijven wij 
de associatie van vaak voorkomende genetische variaties van één van de NR4A-genen, Nurr1 
met het risico op (in-stent) restenose en de expressie en functie van Nurr1 in restenose. In een 
prospectief patiënten cohort, waarvan alle patiënten PCI met stentplaatsing ondergingen, laten 
wij zien dat Nurr1 haplotypes zijn geassocieerd met een hoger risico op in-stent restenose en 
de daarbij behorende behandelingen voor re-vascularisatie. Bovendien wordt aangetoond, dat 
Nurr1 tot expressie komt in gladde spiercellen in humane in-stent restenose lesies. Vervolgens 
wordt, wederom door gebruik te maken van lenti(virussen) die Nurr1 tot overexpressie 
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brengen dan wel Nurr1 uitschakelen met behulp van “short hairpin” RNA, de functie van 
Nurr1 in gekweekte humane gladde spiercellen bestudeerd. Het blijkt dat Nurr1 de groei van 
gladde spiercellen remt en dat dit gepaard gaat met verhoogde eiwitniveaus van p27kip1, een 
eiwit dat de celcyclus remt en dus de groei van deze cellen verhindert. In aanvulling op deze 
experimenten laten wij zien dat Nurr1 de expressie remt van de ontstekingsfactoren TNF-α, 
MCP-1 en IL-1β in humane gladde spiercellen. In een speciaal muismodel voor restenose, 
waarbij de vaatwand wordt beschadigd met een metalen draadje, wordt in overeenstemming 
met de resultaten in gekweekte gladde spiercellen, aangetoond dat Nurr1 een beschermend 
effect heeft op de vorming van gladde spiercelrijke lesies.

In eerdere studies hebben wij laten zien dat Nur77 tot expressie komen in restenose en de 
vorming van gladde spiercelrijke lesies in arteriën verminderd. In Hoofdstuk 8 wordt 6-MP, 
een stof waarvan aangetoond is dat het de activiteit van Nur77 verhoogd, geëvalueerd als een 
mogelijk (lokaal) medicijn voor het remmen van (in-stent) restenose. Allereerst laten wij zien 
dat 6-MP de transcriptionele activiteit van Nur77 in gladde spiercellen bevordert. Dit gaat 
gepaard met een remming van de celdeling van gladde spiercellen en middels “knockdown” 
van Nur77 door “small interfering” RNA tonen wij aan dat Nur77 hierbij betrokken is. Het 
effect van 6-MP op gladde spiercelrijke lesie vorming in vivo wordt getoetst in een muismodel 
voor restenose, waarbij rondom de beenslagader wederom een “cuff” wordt geplaatst, die 
ook geladen kan worden met 6-MP. Tengevolge van het plaatsen van een dergelijke cuff 
komt Nur77 verhoogd tot expressie. Vervolgens wordt aangetoond dat er minder gladde 
spiercelrijke lesie vorming is, wanneer een met 6-MP geladen cuff wordt gebruikt ten opzicht 
van controle cuffs, die geen 6-MP bevatten. Dit effect gaat gepaard met een verminderd aantal 
cellen dat “proliferative cell nuclear antigen” (PCNA) tot expressie brengt en een verhoogde 
expressie van p27kip1, wat erop duidt dat 6-MP de deling van gladde spiercellen in vivo remt. 
Om de bijdrage van Nur77 in het remmend effect van 6-MP op vasculaire lesie vorming te 
toetsen, hebben we wederom gebruik gemaakt van transgene muizen die Nur77 of de remmer 
van Nur77, “∆TA”, specifiek tot overexpressie brengen in gladde spiercellen. In Nur77 
transgene muizen laten wij een versterkt effect van de beschermende uitwerking van 6-MP 
op vasculaire lesie vorming zien, terwijl in “∆TA” transgene muizen het beschermend effect 
van 6-MP niet meer aanwezig is. Samengevat laten deze resultaten zien dat het beschermend 
effect van 6-MP op gladde spiercelrijke lesie vorming afhankelijk is van Nur77.

In de Hoofdstukken 7 en 8 wordt genoemd dat p27kip1 een remmer is van de celcyclus in 
gladde spiercellen en macrofagen en dat de expressie van dit eiwit wordt gereguleerd door 
Nur77 en Nurr1. In Hoofdstuk 9 hebben wij de associatie tussen genetische variaties van 
één bouwsteen van het DNA, zogenaamde “single nucleotide polymorphisms” (SNPs) in 
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het p27kip1 gen en het risico op in-stent restenose bestudeerd. Drie verschillende SNPs in 
het p27kip1 gen (-838C>A; -79C>T; +326G>T) werden bepaald in een prospectief patiënten 
cohort, waarvan alle patiënten PCI met stentplaatsing ondergingen. Hierin vonden wij dat de 
p27kip1-838C>A SNP geassocieerd is met in-stent restenose: het -838AA genotype vermindert 
het risico op in-stent restenose. Deze bevinding werd bevestigd in een tweede patiënten cohort 
bestaande uit 2309 patiënten, die ook PCI met stentplaatsing ondergingen. Er werd in beide 
studies geen associatie gevonden tussen in-stent restenose en de andere twee p27kip1 SNPs; 
-79C>T en +326G>T. Vervolgens werd het effect van de p27kip1-838C>A SNP, dat gelegen 
is in het deel van het DNA dat de expressie van p27kip1 reguleert, op de transcriptionele 
activiteit van de promotor van het p27kip1 gen bepaald. Het blijkt dat de promotor activiteit 
20 keer hoger is, indien het –838A allel aanwezig is. Op grond van deze bevindingen hebben 
wij geconcludeerd dat patiënten met het p27kip1 -838AA genotype een verminderd risico op 
in-stent restenose hebben, wat in overeenstemming is met een verhoogde promotor activiteit 
van het -838A allel van deze celcyclus remmer. 

Deel IV
In aanvulling op de afzonderlijke hoofdstukken worden in Hoofdstuk 10 de resultaten 
van het onderzoek naar NR4A nucleaire receptoren in atherosclerose en restenose verder 
bediscussieerd. Tevens worden de resultaten verkregen in een algemeen wetenschappelijk 
en meer klinisch perspectief geplaatst. Tot slot worden er conclusies getrokken en suggesties 
gedaan voor verder onderzoek om het inzicht in de NR4A nucleaire receptoren te vergroten 
met als doel de klinische toepasbaarheid van de kennis over deze receptoren rondom hart- en 
vaatziekten te bevorderen.
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Dankwoord
Mijn promotores Prof. dr. Hans Pannekoek en Prof. dr. C.J.M. de Vries. Beste Hans en beste 
Carlie, door jullie blind vertrouwen in mij als arts in het laboratorium kreeg ik de kans cellulaire 
en moleculaire biologie te bedrijven in hun volle omvang. Oprecht voel ik mij na meer dan 
4 jaar worstelen in het lab naast arts ook moleculair bioloog. Het is rijkdom om geschoold 
te zijn door zulke gedreven en scherpe wetenschappers. Ik bewonder jullie diepgaande 
motivatie tot het ontrafelen van de biologie van de vaatwand en de grondige aanpak die 
daarbij hoort, waarbij het gebruik van innoverende moleculaire technologieën centraal staat. 
Voor menig promovendus op het lab (en dat waren niet alleen maar artsen!)  waartoe ik ook 
behoor, bleek dit een bijna onneembare vesting met een uiteindelijk wonderbaarlijke afloop. 
Carlie, geweldig om jou nu ook als promotor in mijn proefschrift te hebben! Dank voor je 
ondersteuning en voor het eindeloos aantal inspirerende discussies die wij hebben gevoerd. 
De veerkracht nodig om de talloze (goede en minder goede) ideeën die eruit voortvloeiden op 
te vangen was groot, maar mijns inziens hebben we er uiteindelijk succesvol een selectie van 
gemaakt. Uniek waren onze afdalingen in de Rockies met veelzeggende namen als “Eagle 
Ridge”. Hans, dank voor je immers kritische en opbouwende adviezen en scherpe tekstuele 
suggesties ook na je emeritaat! Het is een eer om jouw laatste promovendus te zijn!

De leden van de promotie commissie Prof. dr. J.M.F.G. Aerts, Prof. dr. L. Badimon, Dr. 
E.N.T.P. Bakker, Prof. dr. Th.J.C. van Berkel, Prof. dr. M.M. Levi en Prof. dr. R.J. de Winter 
wil ik bedanken voor het kritisch doornemen van het manuscript en hun bereidheid zitting te 
nemen in mijn promotie commissie. Beste Marcel, jij was degene die het vertrouwen in mij 
had dat ik me naast medisch specialist ook kon bekwamen in de moleculaire biologie en wat 
resulteerde in mijn promotie traject in de Pannekoek-groep. Mijn dank hiervoor.

In het bijzonder wil ik een aantal mensen van het “de Vries”-lab bedanken, die een grote 
bijdrage aan het proefschrift hebben geleverd. Thijs, wij vormden samen een uniek 
onderzoeksduo, dat na een wat aarzelende start zich ontpopte tot een “figuren-machine”. Ik 
vond het zeer prettig om met je samen te werken, veel dank hiervoor en het is een eer om je 
paranimf geweest te zijn. De zeil- en racefietstochtjes waren onvergetelijk en voor herhaling 
vatbaar, hopelijk al in Lausanne! Claudia, om het kort samen te vatten, als ik jou toch niet had! 
Als “Queen of Cloning” was je onmisbaar en je bijdrage aan de genetische associatie studies 
is groot. Legendarisch was de Bontiel fabriek, de productielijn voor de massale hoeveelheid 
virus die we nodig hadden! De Rocky experiences in de witte poeder waren onbeheersbaar 
cool! Mariska, voor talloze experimenten en logistiek was je ondersteuning onmisbaar en 
de vaatoperaties in het muizen huis onder genot van Sky radio zal ik nooit vergeten. Dank 
hiervoor! Karin en Vivian, als voorgangers en doorstarters op het lab hebben jullie een 
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gedenkwaardige rol gespeeld. Ook de andere (ex-)collega’s van het lab zijn onvergetelijk: 
Anita, Anouk, Babu, Bianca, Farid, Germaine, Goran, Jasper, Katrijn, Maaike en Maarten: 
dank voor jullie gezelligheid, ondersteuning en adviezen. 

Niet te vergeten zijn mijn collega onderzoekers van het voormalige “Pannekoek”-lab: Hans 
van T, jij was de enige andere arts tussen het die-hard lab geweld en daarin ben je een dierbare 
bondgenoot gebleken! Reinier, als student schreef je bij mij je scriptie en toen al wist ik dat 
je een getalenteerd onderzoeker was en niets is minder waar gebleken. Ze boffen met je 
in Frankfurt! Joost, je bereidheid “even te checken” of de NR4As op de microarrays nog 
wat interessants lieten zien in combinatie met je vrolijke noot op het lab, maar zeker ook 
in Papendal en de  EVGN Summerschool zijn onvergetelijk. Jakub, een Tjech op het lab is 
een enorme verrijking gebleken. Je siRNA kunsten hebben zijn weerklank gevonden, maar 
bovenal de biertjes in café De Wilde Man waren een genoegen. Wanneer zien we elkaar in 
Bohemen? Tevens: Anton, Oscar, Ruud en Rob D. de verschillende congressen, feestjes en 
andere gelegenheden waren onvergetelijk. De (ex-)promovendi, onderzoekers, maar zeker 
ook analisten, en andere collega’s van de afdeling Medische Biochemie wil ik hartelijk 
danken voor hun essentiële ondersteuning gedurende de afgelopen jaren! 

Verscheidene samenwerkingen met andere afdelingen binnen en buiten het AMC 
hebben bijgedragen aan mijn proefschrift en mijn dank voor deze prettige en vruchtbare 
samenwerkingen is groot! Marcel Beijk, Saskia Rittersma, Karel Koch en Robbert de Winter 
en Douwe Pons en Wouter Jukema uit Leiden dankzij jullie GEISHA en GENDER populaties 
waren we in staat de genetische associatie studies te doen. Ted Bradley en Frank Baas jullie 
waren onmisbaar bij de MALDI analyses hiervan en Michael Tanck, je statistische kunsten 
zijn van grote waarde gebleken! Hanke Matlung, Erik Bakker en Stephan Peters, jullie 
remodeling en myograaf opstellingen en hulp daarbij waren kortweg geniaal! Ilze Bot uit 
Leiden en Erik Biessen uit Maastricht, dankzij jullie unieke, lokale transductie model konden 
we ook in vivo de functie van Nurr1 bepalen! Nuno Pires, Margreet de Vries en Paul Quax 
uit Leiden, dank dat wij van jullie het cuff model konden leren! Hella Aberson, Petra van den 
Pangaart, Arnold Spek en Tom van der Poll, dank voor jullie ondersteuning bij de MLPA en 
CBA-metingen, ze waren een meer dan gewenste aanvulling en een garantie voor heel veel 
data! Verder wil ik noemen Peter Westerweel uit het UMCU en Rachel van Beem en Peter 
Hordijk van Sanquin. Goda Choi, je digitale kunsten voor lay-out zijn zeer gewaardeerd.  

Dank ook aan mijn vrienden, die zo lang al mijn verhalen over het onderzoek hebben 
aangehoord en in het bijzonder mijn paranimfen, Daniel Koster en mijn broer Tjebbel Jan 
Maris die mij op de dag van mijn  promotie willen bijstaan!
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Lieve ouders, dankzij jullie ben ik wie ik geworden ben. En nog steeds staan jullie altijd voor 
mij klaar en zijn jullie een bron van wijsheden en onvoorwaardelijke steun.

Lieve Hanna, mijn vrouw, op jouw inspiratie, steun en liefde kan ik immer weer rekenen en 
samen met “onze kleine” in wording is leven met jou een godsgeschenk!
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