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§1.1  Vascular pathologies
§1.1.1 Atherosclerosis
Blood vessels are vital in maintaining blood circulation to transport oxygen and 
nutrients to organs and to remove carbon dioxide and other waste products from the 
body. The most inner layer of a blood vessel is the intima, which mainly comprises 
a monolayer of endothelial cells (ECs) that form the physical barrier with the 
lumen through which the blood flows. The intima is covered by the media, which is 
composed of multiple layers of smooth muscle cells (SMCs) and extracellular matrix 
components. SMCs in the media provide stability to the vessel and are important in 
the regulation of blood flow. The border between the intima and the media is marked 
by the elastica interna. The adventitia is the most outer layer of the blood vessel and 
covers the media (Figure 1). The adventitia amongst others contains fibroblasts and 
capillaries that feed the vessel wall.

Atherosclerosis is a chronic inflammatory process in arteries, and is the major 
underlying cause of cardiovascular disease (CVD) of which morbidity and mortality 
is high. Systemic risk factors of atherosclerosis are well-described and amongst 
others include hypertension, smoking, chronic inflammatory diseases, and diabetes 
(Lusis, 2000). Next to systemic risk factors, also local circumstances are important, 
since atherosclerotic lesions have the tendency to arise at bifurcations and other 
locations where local blood flow is turbulent.

The first sign of atherosclerosis is a so-called fatty streak. Fatty streaks mostly 
consist of lipid-laden macrophages, so-called foam cells, which are located beneath 
the EC layer. Fatty streaks are prevalent in young people, and do not cause symptoms. 
Eventually, fatty streaks may progress into atherosclerotic lesions, which is a silent 
process that usually takes decades. A typical advanced atherosclerotic lesion is 
characterized by a lipid-rich necrotic core, calcifications, activated proliferating 
smooth muscle cells (SMCs), the presence of inflammatory cells such as T cells and, 
predominantly, monocyte-derived macrophages, and activated endothelial cells (Lusis, 

Lumen

Elastica interna

Fibroblast

Endothelial cell

Smooth muscle cell

Media

Adventitia

Intima

Figure 1. Schematic 
representation of a cross 
sectional artery.
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2000). The most critical event in atherosclerosis is the rupture of lesions, after which 
blood clots may fully obstruct blood flow through the artery. Depending on the location 
of the obstruction, this may cause an acute myocardial infarction or an ischemic stroke, 
which in turn have serious consequences, most severely immediate death.

§1.1.2 Vascular pathologies related to the treatment of atherosclerosis
In addition to myocardial infarction and stroke, atherosclerosis may also result in 
angina pectoris, which is a partial obstruction of the blood flow through a coronary 
artery. This causes temporary insufficient oxygen supply to the heart, giving rise to 
chest pain. Patients with angina pectoris may be treated with different methods, such 
as percutaneous transluminal coronary angioplasty (PTCA) or coronary artery bypass 
grafting (CABG). CABG concerns the placement of bypass vessels that reroute the 
blood around the obstructed part of the artery, thereby restoring the blood flow. The 
choice of vessels used for CABG depends on the availability of the vessels, and are 
usually mammary arteries or saphenous veins. Saphenous veins are not accustomed 
to the higher arterial blood pressures, which may result in vein-graft disease. This 
pathology is characterized by excessive SMC proliferation causing obstruction of 
the lumen of the venous bypass.

A less invasive intervention to treat angina pectoris is PTCA. This procedure 
involves a catheter equipped with a deflated balloon that is guided into the narrowed 
coronary artery. Inflation of the balloon, with optional placement of a stent, may 
restore the blood flow. A major drawback of this treatment is (in-stent) restenosis 
which, like vein-graft disease, is a SMC-rich lesion that re-narrows the coronary 
artery. Now a days, stents may be used that are coated with cytostatic drugs (so-called 
drug-eluting stents) that inhibit cell proliferation and thereby decrease the incidence 
of in-stent restenosis. This thesis focuses on the role of the NR4A nuclear receptors in 
atherosclerosis and pathologies related to atherosclerosis, like (in-stent) restenosis.

§1.2  Introduction on NR4A nuclear receptors
§1.2.1 NR4A subfamily of nuclear receptors
The nuclear hormone receptor superfamily comprises 49 human receptors, which are 
classified into 7 subfamilies based on amino-acid homology. This nuclear receptor 
superfamily comprises amongst others the estrogen receptors (ERs), peroxisome 
proliferator activated receptors (PPARs), and liver X receptors (LXRs). Next to  
the latter ligand-activated nuclear receptors, the nuclear receptor superfamily also 
includes ‘orphan’ nuclear receptors, for which no ligands have been discovered up till 
now (A unified nomenclature system for the nuclear receptor superfamily, 1999). 
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Nur77 (also indicated as NR4A1, TR3, NGFI-B, or NAK-1), Nurr1 (NR4A2, 
NOT) and NOR-1 (NR4A3, MINOR) are ‘orphan’ nuclear receptors within the NR4A 
subfamily. Although the human NR4A nuclear receptors are officially designated 
TR3, NOT and MINOR, we use the names of the mouse homologues (i.e. Nur77, 
Nurr1, and NOR-1) in this thesis also to indicate the human NR4A nuclear receptors 
for reasons of convenience. Nur77 was first identified as an ‘early response gene’ 
expressed in PC12 cells upon nerve growth factor stimulation (Nakai et al., 1990), 
and thereafter, Nurr1 and NOR-1 were documented (Law et al., 1992; Ohkura et 
al., 1994). 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 (Zetterstrom et al., 1997), Nur77 and NOR-1 are 
functionally involved in thymocyte selection (Winoto and Littman, 2002), and Nur77 
has been described in cancer cell apoptosis (Luciano et al., 2007; Lin et al., 2004).

§1.2.2 Regulation of NR4A nuclear receptors
NR4A nuclear receptors are ‘early response genes’ and are induced by a wide variety 
of stimuli, like 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, lipopolysacharide (LPS), lipoproteins 
including oxidized low density lipoprotein (ox-LDL), fatty acids, prostaglandins 
and physical stimuli such as stretch (Bonta et al., 2006; de Waard et al., 2006; 
Martinez-Gonzalez and Badimon, 2005; Maxwell and Muscat, 2006; Pei et al., 
2005). Signaling pathways described in regulation of NR4A receptor expression 
are protein kinase A, protein kinase C, calcium-calcineurin, and mitogen activated 
pathway kinases (MAPK) leading to activation of transcription factors including 
cyclic AMP responsive element binding protein (CREB), activator protein 1 (AP-1), 
nuclear factor kappa B (NF-κB), and myocyte enhancer factor 2 (MEF-2), which have 
been described to induce NR4A expression (Hsu et al., 2004; Martinez-Gonzalez 
and Badimon, 2005; Pei et al., 2005). In addition to tightly regulated expression, 
post-translational modifications are important in modulating NR4A transcriptional 
activity. For example, mouse Nur77 protein is phosphorylated by protein kinase B/
Akt at serine-350 (serine-351 in human Nur77 protein), which strongly decreases its 
DNA-binding capacity (Pekarsky et al., 2001; Liu et al., 2003), and sumoylation of 
Nurr1 by protein inhibitor of activated STATγ (PIASγ) represses the transcriptional 
activity of this nuclear receptor (Galleguillos et al., 2004). Furthermore, Nur77 is 
antagonized by the glucocorticoid receptor (NR3C1) most likely involving a direct 
protein-protein interaction (Martens et al., 2005). 
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§1.2.3 Gene regulation by NR4A nuclear receptors
The NR4A nuclear receptors 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), of which the latter is 58-
65% homologous among the NR4A members (Mangelsdorf et al., 1995; Martinez-
Gonzalez and Badimon, 2005). The N-terminal domain diverges among the NR4A 
members in amino-acid composition (approximately 26-28% homology) and is 
involved in ligand-independent co-activator recruitment (Wansa et al., 2002; Maira 
et al., 2003). Their DNA-binding domain is well-conserved (over 90% homology) 
and consists of two zinc-fingers that interact in promoters of specific target genes as 
monomers with the consensus NGFI-B responsive element (NBRE; AAAGGTCA) 
as monomers and as homo- and/or heterodimers with the Nur-responsive element 
(NurRE; TGATATTTX6AAAGTCCA) in promoters of specific target genes (Wilson 
et al., 1991). Furthermore, Nur77 and Nurr1 can form heterodimers with retinoid X 
receptors and bind to the DR5 response element (AGGTTCACCGAAAGGTCA) 
(Perlmann and Jansson, 1995). A schematic representation of the NR4A nuclear 
receptors is shown in Figure 2. NR4A nuclear receptors also influence transcription 
through transrepression mechanisms, as has recently been demonstrated for Nurr1, 
which inhibits matrix metalloproteinase (MMP)-1 expression through repression of 
the activity of E26 transformation-specific sequence (ETS)-1, a transcription factor 
involved in MMP-1 expression (Mix et al., 2007). Similarly, NR4A nuclear receptors 
have been demonstrated to be involved in repression of NF-κB (Hong et al., 2004; 
Harant and Lindley, 2004; Diatchenko et al., 2005). 

Based on structural analyses, the C-terminal ligand-binding domain of the 
NR4A receptors is considered atypical, since the classical ligand-binding cavity is 
filled with hydrophobic and aromatic amino-acid side chains and the characteristic 
co-activator recruitment cleft is absent (Wang et al., 2003). It has therefore been 
proposed that the LBD of Nurr1 is nonfunctional in the view of ligand interactions, 

2-FA1-FA LBDDBD

N CA/B C D E F

Figure 2. Schematic representation of a nuclear receptor and its structure domains. Nuclear 
receptors consist of an amino-terminal (N-terminal) A/B region which includes the activation function-
1 (AF-1) domain. The C region encodes the DNA binding domain (DBD) comprising two zinc-fingers. 
The D domain is a hinge region that connects the DBD with the ligand binding domain (LBD), the 
E region contains the LBD and the AF-2 domain, and the F region encodes the carboxy-terminal (C-
terminal) region.



12

G
en

er
al

 in
tro

du
ct

io
n

1

13

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. Accordingly, 
classical ligands have not been identified for the NR4A receptors, emphasizing the 
importance of expression levels, post-translational modifications, transrepression 
and co-activator as well as co-repressor recruitment for the functional activity of 
these nuclear receptors. Recently, a novel hydrophobic co-activator-binding surface 
has been identified in the LBD (Flaig et al., 2005; Volakakis et al., 2006). For Nurr1 
it is demonstrated that binding of 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 (Codina et al., 2004). Furthermore, several 
‘small molecule’ activators, enhancing the NR4A activity, have been described. 
Among these NR4A activators are 6-mercaptopurine (6-MP, a metabolite of the 
immunosuppressive drug azathioprine), prostaglandin A2 (PGA2), certain di-
indolylmethane-C compounds and benzimidazole derivatives (Chintharlapalli et al., 
2005; Dubois et al., 2006; Kagaya et al., 2005; Ordentlich et al., 2003; Wansa et 
al., 2003). Except for PGA2, none of these compounds has been shown to interact 
directly with NR4A proteins.

Little is know about direct downstream target genes of the NR4A receptors. The 
only genes that have thus far been documented to be directly regulated by the NR4A 
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 (Bassett 
et al., 2004; Maxwell and Muscat, 2006; Kagaya et al., 2005; Pei et al., 2006b). In 
vascular cells, plasminogen activator inhibitor-1 (PAI-1) is the only described direct 
target of Nur77 in ECs (Gruber et al., 2003). 

§1.3  NR4A nuclear receptors in vascular disease and metabolism 
§1.3.1 NR4A nuclear receptors in metabolism
Obesity and diabetes involve dysregulated lipid and glucose metabolism and are 
major risk factors for vascular disease (Van Gaal et al., 2006). With regard to the role 
of NR4A receptors in glucose metabolism, it was demonstrated that expression of all 
three NR4A nuclear receptors is induced in cultured mouse hepatocytes by glucagon, 
as well as in the livers of fasted mice (Pei et al., 2006b). 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 biphoshatase 1 
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(Fbp1). Other proteins involved in glucose metabolism and found to be induced by 
Nur77 are Fbp2, glucose transporter Glut2 (Slc2a2), enolase 3 (Eno3), and glucose 
phosphate isomerase (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 of Fbp1 and Gpi1 by Nur77 remains to be investigated. 
Furthermore, Pei et al. demonstrated that overexpression of Nur77 in mouse liver 
results in enhanced gluconeogenesis and in increased blood glucose levels after 
fasting (Pei et al., 2006b). In addition, expression of a dominant-negative mutant 
of Nur77, which inhibits the transcriptional activity of the NR4A nuclear receptors, 
results in reduced expression of Fbp1 and Slc2a2 in both fasting and random-fed 
diabetic mice, and these mice have reduced blood glucose levels. The effects of 
the NR4A nuclear receptors in gluconeogenesis observed in the latter study are 
independent of PGC-1α, which is considered a major transcriptional regulator of 
hepatic gluconeogenesis (Herzig et al., 2001).

Skeletal muscle is important in lipid and glucose utilization, and is a major 
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 (UCP)-2, UCP-3, CD36, caveolin 3 (CAV3), and 
AMP-activated protein kinase γ3 (AMPKγ3). Accordingly, lipolysis is reduced in 
skeletal muscle cells in which Nur77 is silenced. These data were further supported 
by in vivo observations that silencing Nur77 in mouse tibialis cranialis muscle 
attenuates UCP-3 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 has been proposed 
that NOR-1 plays a role in the regulation of skeletal muscle mass (Pearen et al., 
2006; Maxwell et al., 2005).

Figure 3. Schematic representation of 
hypothesized involvement of NR4A 
nuclear receptors in vascular disease and 
metabolism.

Regulation of Muscle Mass
Lipolysis
Energy expenditure

Atherogenesis

Adipogenesis

Gluconeogenesis
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β-AR agonists induce expression of Nur77 in cultured murine brown adipocytes, 
and it is demonstrated that cold-exposed mice display a transient increase in 
Nur77 protein, predominantly in the brown adipose tissue (Kanzleiter et al., 
2005). Overexpression of Nur77 in brown adipocytes induces UCP-1 expression, 
a protein important in thermogenesis and believed to play a role in energy 
expenditure. Cold-acclimated Nur77-deficient mice, however, did not reveal a 
distinct phenotype compared to cold-acclimated wild-type mice. Kanzleiter and 
colleagues explain this latter finding by redundancy between Nur77 and NOR-1 in 
regard to thermogenesis, since Nur77-deficient mice exhibit a super-induction of 
NOR-1 in response to cold exposure. Finally, it has been demonstrated that all three 
NR4A subfamily members are expressed in murine white and brown adipose tissue, 
and are induced in the early phase of adipogenesis (Bookout et al., 2006; Yang et al., 
2006; Fu et al., 2005). In the latter process, Nur77 is involved in clonal expansion of 
preadipocytes through cyclin D1 and cyclin E2 (Fumoto et al., 2007). 

In conclusion, NR4A nuclear receptors play specific roles in distinct metabolic 
processes (Figure 3). 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.

§1.3.2 NR4A nuclear receptors in 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) (Rius et al., 2006; Liu et al., 
2003; Zeng et al., 2006). VEGF treatment of ECs also decreases phosphorylation of 
Nur77 at its negative regulatory site serine-350 (Liu et al., 2003). At present, the only 
gene known to be directly regulated by Nur77 in ECs is PAI-1, which is an important 
inhibitor of fibrinolysis. Nur77 induces 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 (Gruber et al., 2003). 

Inhibition of NOR-1 expression by anti-sense oligonucleotides decreases EC 
proliferation and migration upon VEGF stimulation (Rius et al., 2006). We have 
demonstrated that overexpression of Nur77, using adenoviral vectors, arrests the 
cell cycle of ECs in the G1 phase upon serum stimulation, and we proposed that 
Nur77 is involved in the maintenance of vascular integrity (Arkenbout et al., 2003). 
Zeng et al. have demonstrated that silencing of Nur77 decreases VEGF-induced 
proliferation of ECs (Zeng et al., 2006). In line with these data, overexpression of 
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Nur77 enhances EC survival and proliferation, accompanied with an induction of 
cyclin A, cyclin D1, proliferating cell nuclear antigen (PCNA) and the transcription 
factor E2F. Furthermore, it is demonstrated 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. 

§1.3.3 NR4A nuclear receptors in macrophages
Recently, we and others revealed expression of Nur77, Nurr1 and NOR-1 in 
human atherosclerotic lesion macrophages (Bonta et al., 2006; Pei et al., 2005). 
We demonstrated that NR4A 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 that these transcription factors are active 
in this cellular compartment.

In cultured macrophages, NR4A receptor expression is regulated by stimuli 
relevant to atherogenesis. Robust and early transient expression of all NR4A members 
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 (Barish et al., 2005; Bonta 
et al., 2006; Pei et al., 2005). Promoter studies revealed direct involvement of NF-
κB in the expression of Nur77 in macrophages in response to LPS (Pei et al., 2005). 
Macrophage apoptosis is a relevant process in atherogenesis (Tabas, 2005), and 
both Nur77 and NOR-1 promote apoptosis in T cells (Cheng et al., 1997). Nur77 is 
also involved in pan-caspase inhibitor zVAD-mediated apoptosis in LPS-stimulated 
murine macrophages (Kim et al., 2003). In the latter study, zVAD inhibits proteasomal 
degradation of the transcription factor MEF-2, resulting in enhanced MEF-2 binding 
to the Nur77 promoter and increased Nur77 expression. The pro-apoptotic effect 
of zVAD was mimicked by overexpression of a Nur77 dominant-active variant 
lacking the DNA-binding domain, which is consistent with data obtained on Nur77-
mediated apoptosis in cancer cells involving translocation of Nur77 from the nucleus 
to mitochondria (Li et al., 2000; Lin et al., 2004). 

Nur77 may function as a pro-inflammatory mediator in mouse RAW macrophages, 
which involves induction of inducible I-kappa-B kinase (IKKi/IKKε) (Pei et al., 
2006a). This induction of IKKi is mediated through direct binding of Nur77 to 
the NBRE sequence of the murine promotor region of the latter gene. We have 
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demonstrated that overexpression of Nur77, Nurr1 or NOR-1 in human THP-
1 macrophages results in a substantial down-regulation of the pro-inflammatory 
cytokines interleukin-1β (IL-1β) and IL-6 and chemokines IL-8, monocyte 
chemoattractant protein-1 (MCP-1), macrophage inflammatory protein (MIP)-1α and 
MIP-1β. Furthermore, overexpression of the NR4A receptors results in reduced ox-
LDL loading. In agreement with these latter 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 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 the NR4A-mediated 
reduction of inflammatory responses in macrophages may be inhibition of the NF-
κB pathway. This is in line with Hong and colleagues who have demonstrated that 
Nur77 directly binds to the p65 subunit of NF-κB through the C-terminal domain 
of Nur77 (Hong et al., 2004). In addition to the C-terminal domain of Nur77, the 
N-terminal domain has also been shown to repress NF-κB (Harant and Lindley, 
2004). In line with these data, Diatchenko et al. reported that Nur77 inhibits NF-κB 
activation (Diatchenko et al., 2005). Based on this knowledge, we propose that our 
data may at least in part be clarified by NR4A nuclear receptor transrepression of the 
NF-κB pathway. 

In summary, we propose that, even though NR4A receptors are expressed 
in atherosclerotic lesion macrophages and are induced by atherogenic stimuli, 
these nuclear receptors inhibit human macrophage foam-cell formation and pro-
inflammatory cytokine as well as chemokine production. Although the latter 
conclusion seems paradoxical, comparable atheroprotective functions crucially 
involved in controlling vascular pathologies have been described for other nuclear 
receptors like the PPARs and the LXRs (Castrillo and Tontonoz, 2004; Barish, 
2006). 

§1.3.4 NR4A nuclear receptors in smooth muscle cells
We and others have demonstrated that Nur77, Nurr1, and NOR-1 are induced in 
human SMCs following activation by inflammatory cytokines and growth factors (de 
Vries et al., 2000; Martinez-Gonzalez et al., 2003; Nomiyama et al., 2006). In line 
with these in vitro data, NR4A nuclear receptors are expressed in human vascular, 
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atherosclerotic lesions (Arkenbout et al., 2002; Arkenbout et al., 2003; Martinez-
Gonzalez et al., 2003; Nomiyama et al., 2006), and NOR-1 is transiently expressed in 
porcine coronary SMCs in response to balloon dilatation (Martinez-Gonzalez et al., 
2003). In addition, mechanical stretching of venous SMCs, 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 (de Waard et al., 2006). Recently we have demonstrated 
that Nur77 is expressed in the femoral artery during cuff-induced SMC-rich lesion 
formation, already 6 hours after injury up to 7 days later (Pires et al., 2007).

The NOR-1 promoter region contains three functional CREs that are essential 
for NOR-1 expression in SMCs in response to growth stimuli (Martinez-Gonzalez 
et al., 2003; Martinez-Gonzalez and Badimon, 2005; Rius et al., 2006). Reduced 
proliferation of human coronary SMCs is observed upon silencing of NOR-1, using 
antisense oligonucleotides (Martinez-Gonzalez et al., 2003). Moreover, SMCs 
isolated from NOR-1-deficient mice show repressed proliferation after PDGF 
stimulation, whereas reconstitution of these cells with NOR-1 partly rescues the 
proliferation rate of these cells (Nomiyama et al., 2006). In the latter study, cell-
cycle proteins cyclin D1 and cyclin D2 were decreased in SMCs isolated from NOR-
1-deficient mice, which is in line with effects of NOR-1 on proliferation. 

We have demonstrated 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 or silencing of Nur77 using 
small interfering RNA (siRNA) results in enhanced SMC proliferation in response 
to mitogenic stimuli. The inhibition of SMC proliferation by Nur77 is accompanied 
with increased expression of the cell-cycle inhibitor p27Kip1 and with a decrease in 
cell-cycle protein cyclin A (Arkenbout et al., 2002; de Waard et al., 2006; Pires et al., 
2007). Furthermore, overexpression of Nur77 increases expression of calponin and 
smooth muscle (SM)-α actin, indicating that Nur77 induces a more differentiated 
SMC phenotype (de Waard et al., 2006). 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 (Arkenbout et al., 2002; Pires et al., 2007). 
Moreover, mice overexpressing the dominant-negative variant of Nur77 develop 
larger lesions, indicating that endogenous NR4A nuclear receptors protect against 
excessive SMC proliferation. Thus, although Nur77 is expressed in atherosclerotic 
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lesion SMCs, this nuclear receptor inhibits proliferation and increases expression of 
SMC markers and as such promotes a quiescent SMC phenotype.

§1.3.5 NR4A Nuclear receptors and 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 in transplant recipients (Cara et al., 2004). It has recently been shown 
that 6-MP enhances the transcriptional activity of the NR4A nuclear receptors 
(Wansa et al., 2003; Ordentlich et al., 2003). 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 (Wansa and Muscat, 2005), which subsequently 
increase the transcriptional activity of NR4A nuclear receptors. 

It has been demonstrated that treatment of stretch-activated venous SMCs 
with increasing concentrations of 6-MP results in a dose-dependent inhibition of 
proliferation (de Waard et al., 2006). De waard et al. have subsequently demonstrated 
that this effect of 6-MP on SMC growth is fully diminished when Nur77 was 
knocked down in these cells with siRNA, indicating crucial involvement of Nur77 
in the 6-MP-mediated inhibition of venous SMC proliferation. In addition to the 
6-MP-mediated inhibition of venous SMC proliferation, it was observed 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. 

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. We next demonstrated that the effect 
of 6-MP was even stronger in transgenic mice overexpressing Nur77 under control 
of the SM22α promotor, while 6-MP had no effect on vascular lesion formation in 
mice expressing a dominant-negative variant of Nur77 in arterial SMCs, suggesting 
involvement of Nur77 in the 6-MP-mediated inhibition of lesion formation (Pires et 
al., 2007). In addition to effects of 6-MP in SMCs, treatment of ECs with 6-MP induces 
expression of hypoxia inducible factor-1α (HIF-1α), and this is partially mediated 
through the NR4A nuclear receptors. In the latter study, it was also demonstrated that 
6-MP enhances VEGF levels and capillary tube formation of ECs (Yoo et al., 2006). 

§1.4  Thesis aim
The goal of the research described in my thesis was to explore the role and therapeutic 
potential of the NR4A nuclear receptors in atherosclerosis and processes closely 
related to atherosclerosis, such as in-stent restenosis and lipid homeostasis. 
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The liver plays a major role in lipid homeostasis, and it has been demonstrated 
that NR4A nuclear receptors are expressed in this organ. We therefore aimed to 
identify a potential function of the NR4A nuclear receptors in liver lipid metabolism, 
which is highly relevant to atherosclerosis, and describe our results in Chapter 2. 
Furthermore, we investigated the role of NR4A nuclear receptors in inflammation 
and lipid loading in cultured macrophages and the data obtained from this study are 
presented in Chapter 3. In Chapter 4, we report on further insight that was gained on 
the function of the NR4A subfamily in the inflammatory and proliferative response 
of SMCs with respect to (in-stent) restenosis.

Another aim of the research described in my thesis was derived from the knowledge 
that 6-MP, a metabolite of the immunosuppressive pro-drug Azathioprine, enhances 
the transcriptional activity of the NR4A nuclear receptors. We therefore investigated 
6-MP both in atherosclerosis as well as in (in-stent) restenosis using dedicated animal 
models and in vitro approaches, in which we focused on involvement of the NR4A 
nuclear receptors. The results of these studies are reported in Chapter 5 and Chapter 
6 of this thesis. Finally, we discuss in Chapter 7 our novel findings in relation to 
relevant literature and propose directions for future research.
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Abstract
NR4A nuclear receptors are induced in the liver upon fasting and regulate hepatic 
gluconeogenesis. Here, we studied the role of nuclear receptor Nur77 (NR4A1) 
in hepatic lipid metabolism. We generated mice expressing hepatic Nur77 using 
adenoviral vectors, and demonstrate that these mice exhibit a modulation of the 
plasma lipid profile and a reduction in hepatic triglyceride. Expression analysis of 
>25 key genes involved in lipid metabolism revealed that Nur77 inhibits SREBP-
1c expression. This results in decreased SREBP-1c activity as is illustrated by 
reduced expression of its target genes stearoyl-coA desaturase-1, mitochondrial 
glycerol-3-phosphate acyltransferase, fatty acid synthase and the LDL receptor, 
and provides a mechanism for the physiological changes observed in response to 
Nur77. Expression of LXR target genes Abcg5 and Abcg8 is reduced by Nur77, and 
may suggest involvement of LXR in the inhibitory action of Nur77 on SREBP-1c 
expression. Taken together, our study demonstrates that Nur77 modulates hepatic 
lipid metabolism through suppression of SREBP-1c activity.
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Introduction
Nuclear receptor Nur77 (NR4A1) belongs together with Nurr1 (NR4A2) and NOR-1 
(NR4A3) to the NR4A subfamily of the nuclear receptor superfamily. NR4A nuclear 
receptors consist, like most other nuclear receptors, of an N-terminal activating-
function-1 domain, a central DNA binding domain, and a C-terminal ligand-binding 
domain (LBD) (Mangelsdorf et al., 1995). It has been demonstrated that the ligand 
binding pocket of Nurr1, located within the LBD domain, is filled with bulky side-
chains of hydrophobic amino acids (Wang et al., 2003). Although an induced fit of 
at present unknown ligands may not be excluded, it is very well possible that all 
three NR4A nuclear receptors are regulated independent of ligand binding to the 
LBD. Nur77 is a so-called ‘immediate-early response gene’ and is rapidly induced in 
response to various stimuli, among which growth factors, inflammatory stimuli and 
mechanical stimuli (Pols et al., 2007). 

Nur77 initiates gene transcription by binding the so called NGFI-B consensus 
response element (NBRE; AAAGGTCA) (Wilson et al., 1991). Furthermore, 
Nur77 can form homo- or heterodimers with NR4A subfamily members 
or with Retinoid X Receptor (RXR), to bind the Nurr1 response element 
(NurRE; TGATATTTn6AAATGCCA) or the DR5 consensus response element 
(GGTTCACCGAAAGGTCA), respectively (Perlmann and Jansson, 1995; Philips 
et al., 1997). In addition to directly modulating transcription, NR4A nuclear 
receptors have been described to trans-repress other transcription factors, such as 
E26 transformation specific sequence (ETS-1), nuclear factor κ beta (NFκB) and 
estrogen related receptor-1 (ERR1) (Mix et al., 2007; Hong et al., 2004; Lammi et 
al., 2007).

Nur77 regulates distinct cellular processes in a tissue-specific manner. For 
example, we have previously demonstrated that Nur77 is expressed in atherosclerotic 
lesions and inhibits neointima formation (Pols et al., 2007). More recently, Nur77 
has been shown to regulate lipolysis, energy expenditure, and glucose metabolism 
in skeletal muscle, to enhance insulin sensitivity in 3T3-L1 cells, and to increase 
energy expenditure in murine brown adipocytes (Maxwell et al., 2005; Chao et al., 
2007; Fu et al., 2007; Kanzleiter et al., 2005). 

The liver exhibits a key regulatory function in metabolism as it controls the 
regulation of both glucose and lipid homeostasis. Nur77 is expressed in human 
adult liver (Nakai et al., 1990), and has been shown to regulate gluconeogenesis 
(Pei et al., 2006). In the current study we demonstrate, to our knowledge for the 
first time, that Nur77 modulates hepatic lipid metabolism by repressing SREBP-1c 
gene expression.
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Materials and Methods
Recombinant Adenoviruses 
Full-length human Nur77 cDNA (GenBank D49728) was inserted into replication-
defective adenoviruses expressing cDNAs under control of the cytomegalovirus 
promoter. The adenoviruses were purified by CsCl gradient centrifugation as 
described before (Arkenbout et al., 2002).

Animals 
Animal care and experimental procedures were approved by the Animal Experimental 
Committee at our institute. Male 10-12 weeks old C57Bl/6 mice (n=6 per group; Charles 
River Laboratories, Wilmington, MA) were fed a standard chow diet (Special diet 
services, Witham, Essex, UK). Hepatic overexpression of Nur77 in mouse liver was 
achieved by intravenous injection of recombinant adenovirus as described previously 
(Schaap et al., 2004). Mice were sacrificed two days after adenoviral treatment, after 
fasting for 4 hours. The liver was dissected and part of the liver was fixed in formalin 
for immunohistochemistry, a part was used for lipid extraction, and a part was used 
for RNA extraction. Triglycerides and cholesterol were extracted from mouse liver as 

Gene symbol, GenBank  no., primer sequence PrimerBank ID if applicable
Human Nur77 NM_002135.3
Fw: 5’- GTTCTCTGGAGGTCATCCGCAAG -3’ 
Rv: 5’- GCAGGGACCTTGAGAAGGCCA -3’
Cyclophillin M60456
Fw: 5’- TCGGAGCGCAATATGAAGGT -3’
Rv: 5’-AAAAGGAAGACGACGGAGCC -3’
Fbp2 NM_007994
Fw: 5’- AGAAAGACCACGGAGGACGA -3’
Rv: 5’-CCCGCAGCCACGATGT -3’
Eno3 NM_007933
Fw: 5’- TCCCGTGGTCTCCATTGAG -3’
Rv: 5’-CCACCCCAGAGAG GAATGAG -3’
Srebp-1a NM_004176
Fw: 5’- CCTTAACGTGGGCCTAGTC-3’
Rv: 5’- TGTCCAGTTCGCACATCTC-3’
Srebp-1c NM_004176
Fw: 5’-CGTCTGCACGCCCTAGG-3’
Rv: 5’-CTGGAGCATGTCTTCAAATGTG-3’
Chrebp NM_021455
Fw: 5’-AGAACCGACGTATCACACACATCT-3’
Rv: 5’-CAGGGTGTCGAATCCTAGCTTAA-3’
Fas NM_007988
Fw: 5’-GGAGGTGGTGATAGCCGGTAT-3’
Rv: 5’-TGGGTAATCCATAGAGCCCAG-3’

30911099

Gpam NM_008149.3
Fw: 5’-ACGCACACAAGGCACAGAG-3’
Rv: 5’-TGCTGCTCAGTACATTCTCAGTA-3’

6680057a3

Acaca NM_133360.2
Fw: 5’-ATGGGCGGAATGGTCTCTTTC-3’
Rv: 5’-TGGGGACCTTGTCTTCATCAT-3’

14211284a1

Supplementary Table 1. Gene-specific primers for semi-quantitative real time RT-PCR analysis.
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Gene symbol, GenBank  no., Primer sequence PrimerBank ID if applicable

Apolipoproteins ApoA1 NM_009692
Fw: 5’-GGCAGAGACTATGTGTCCCAGTT-3’
Rv: 5’-CCCAGTTTTCCAGGAGATTCAG-3’
ApoB XM_137955
Fw: 5’-GCCCATTGTGGACAAGTTGATC-3’
Rv: 5’-CCAGGACTTGGAGGTCTTGGA-3’
ApoE M12414
Fw: 5’-AGCCAATAGTGGAAGACATGCA-3’
Rv: 5’-GCAGGACAGGAGAAGGATACTCAT-3’

Enzymes Acadl NM_007381
Fw: 5’-TCTTTTCCTCGGAGCATGACA-3’
Rv: 5’-GACCTCTCTACTCACTTCTCCAG-3’

31982520a1

Acadm NM_007382
Fw: 5’-AGGGTTTAGTTTTGAGTTGACGG-3’
Rv: 5’-CCCCGCTTTTGTCATATTCCG-3’

6680618a1

Acads NM_007383
Fw: 5’-CCTGGATTGTGCTGTGAAGATGC-3’
Rv: 5’-ATGGCGGACTCCTTGGTGAAAG-3’
Acat2 NM_009338.2
Fw: 5’-GCAGAGACCAGAGCGACAAGATG-3’
Rv: 5’-TGGACAGGCACGGTGGACAG-3’
Ch25h NM_009890.1
FW: 5’-TGGGCTGCTACAACGGTTC-3’ 
Rv: 5’-GTGACTGGGAAGATGGGTGAG-3’
Cyp27A1 AK004977
FW: 5’-GTGTCCCGGGATCCCAGTGT-3’ 
RV: 5’-CTTCCTCAGCCATCGGTGA-3’
Cyp7A1 NM_007824
Fw: 5’-CTGTCATACCACAAAGTCTTATGTCA-3’
Rv: 5’-ATGCTTCTGTGTCCAAATGCC-3’
Hmgcr M62766
Fw: 5’-TCTGGCAGTCAGTGGGAACTATT-3’
Rv: 5’-CCTCGTCCTTCGATCCAATTT-3’
Lipc NM_008280.2
Fw: 5’-GCACCTCTTCATTGACTCCTTG-3’
Rv: 5’-GCCTCTTGCTCTTGCCTGAC-3’
Mtp L47970
Fw: 5’-TCAAGAGAGGCTTGGCTAGCTT -3’
Rv: 5’-GGCCTGGTAGGTCACTTTACAATC-3’
Pcsk9 NM_153565.1
Fw: 5’-ATGGGACACGCTTCCACAG-3’
Rv: 5’-CCTTCCCTTGACAGTTGAGCA-3’

23956352a3

Scd1 NM_009127.3
Fw: 5’-TTCTTGCGATACACTCTGGTGC-3’
Rv: 5’-CGGGATTGAATGTTCTTGTCGT-3’

31543675a1

Uptake and Transport Abca1 NM_013454
Fw: 5’-GGTTTGGAGATGGTTATACAATAGTTGT-3’
Rv: 5’-TTCCCGGAAACGCAAGTC-3’
Abcg1 AF323659
Fw: 5’-CCTTCCTCAGCATCATGCG-3’
Rv: 5’-CCGATCCCAATGTGCGA-3’
Abcg5 NM_031884
Fw: 5’-TGGCCCTGCTCAGCATCT-3’
Rv: 5’-ATGCTGAGCAGGGCCACTAT-3’
Abcg8 NM_026180
Fw: 5’-CCGTCGTCAGATTTCCAATGA-3’
Rv: 5’-GGCTTCCGACCCATGAATG-3’
Ldlr Z19521
Fw: 5’-CTGTGGGCTCCATAGGCTATCT-3’
Rv: 5’-GCGGTCCAGGGTCATCTTC-3’
Scarb1 NM_016741
Fw: 5’-GGCTGCTGTTTGCTGCG-3’
Rv: 5’-GCTGCTTGATGAGGGAGGG-3’

Transcription factors Fxr XM122102
Fw: 5’-ACGAAGATCAGATTGCTTTGCTC-3’
Rv: 5’-CTCCGCCGAACGAAGAAAC-3’
Lxr-α AF085745
Fw: 5’-TCAGCATCTTCTCTGCAGACCGG-3’
Rv: 5’-TCATTAGCATCCGTGGGAACA-3’
Lxr-β NM_009473
Fw: 5’-AAGCTGGTGAGCCTGCGC-3’
Rv: 5’-CGGCAGCTTCTTGTCCTG-3’
Ppar-α NM_011144
Fw: 5’-TGAACAAAGACGGGATG-3’
Rv: 5’-TCAAACTTGGGTTCCATGAT-3’
Ppar-δ NM_011145
Fw: 5’-GAGGGGTGCAAGGGCTTCTT-3’
Rv: 5’-CACTTGTTGCGGTTCTTCTTCTG-3’
Rrx-α NM_011305.3
Fw: 5’-CTGCACTCTCCTATCAGCACC-3’
Rv: 5’-AGTCCCGAAGCCCAATGTG-3’

6755384a2

Srebp-1 AB017337
Fw: 5’-GACCTGGTGGTGGGCACTGA-3’
Rv: 5’-AAGCGGATGTAGTCGATGGC-3’
Srebp-2 AF374267
Fw: 5’-TGAAGCTGGCCAATCAGAAAA-3’
Rv: 5’-ACATCACTGTCCACCAGACTGC-3’

Supplementary Table 2. Target genes hepatic lipid metabolism. 

Gene-specific primers for semi-quantitative real time RT-PCR analysis.
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described earlier (Aerts et al., 2007), and analyzed with a colorimetric assay (Wako 
Chemicals, Neuss, Germany). Plasma cholesterol and triglyceride concentrations in 
the main lipoprotein classes were determined using high performance gel filtration 
chromatography (HPGC) as described before (Levels et al., 2003).

RNA extraction, cDNA synthesis, and RT-PCR analysis
RNA was extracted from mouse liver using Trizol (GIBCO-Invitrogen Life 

Technology, Breda, The Netherlands), after which cDNA was synthesized from 1 μg 
total RNA (iScript; Biorad, Veenendaal, The Netherlands). Semi-quantitative real-
time RT-PCR was performed using iQ SYBR-Green Super-Mix in the MyiQ RT-PCR 
system (Biorad) using gene-specific primers. Primer sequences (see Supplementary 
Table 1 and Supplementary Table 2) were obtained from literature, designed 
(Beacon designer 3, Premier Biosoft International, Palo Alto, CA), or obtained from 
the Harvard Primer Bank (pga.mgh.harvard.edu/primerbank). All expression levels 
were corrected for expression of the housekeeping gene cyclophillin A. The heat 
map was generated using Spotfire software (Spotfire Inc., MA, USA).

Immunohistochemistry 
Immunohistochemistry was perfomed using the M210 Antibody against Nur77 (Santa 
Cruz, Biotechnology, Santa Cruz, CA), a biotin-labeled goat-anti-rabbit IgG secondary 
antibody incubation (DAKO, Glostrup, Denmark), followed by streptavidin-HRP 
(DAKO) and AEC (Sigma, Zwijndrecht, The Netherlands) detection.

Statistical analysis 
All data are shown as mean ± standard error (SD). The nonparametric Mann-Whitney 
U test was used to calculate statistical significance. P values less than 0.05 were 
considered statistically significant. 

Results
Adenoviral expression of Nur77 in C57Bl/6 mice 
To achieve hepatic overexpression of Nur77 in mouse liver, we injected chow-
fed C57Bl/6 mice via the tail vein with control adenovirus (Ad.Mock) or with 
adenovirus encoding human Nur77 (Ad.Nur77). Starting plasma cholesterol and 
triglyceride levels, as well as liver weight (Wt), body Wt, and food intake did not 
reveal significant changes between the two groups (Table 1). Mice were sacrificed 
two days after adenoviral injection, after which livers were dissected and used for 
immunohistochemistry, lipid analysis, and RNA expression analysis. We detected 
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hepatic mRNA expression of the Nur77 transgene in all mice injected with Ad.Nur77 
virus (Figure 1A). Immunohistochemistry demonstrated enhanced expression 
of Nur77 protein, predominantly in the nuclei of liver cells, in mice treated with 
Ad.Nur77 virus as compared to Ad.Mock-treated animals (Figure 1B). In addition, 
expression of enolase 3 (Eno3) and fructose-1,6-bisphosphatase 2 (Fbp2), two direct 
target genes of Nur77 in mouse liver (Pei et al., 2006), was increased in livers of 
mice with enhanced expression of Nur77 (7.3 and 18.0 fold induction, respectively; 
Figure 1C), which confirmed expression of functional Nur77 protein.

Figure 1. Adenoviral 
expression of Nur77 in 
C57BL/6 mice. (A) Hepatic 
mRNA expression of the 
human Nur77 transgene 
in animals intravenously 
injected with Ad.Nur77 or 
Ad.Mock virus. (B) Nur77 
protein in livers of mice 
injected with Ad.Mock (left 
panel) and Ad.Nur77 virus 
(right panel). Insets in the 
right upper corners show a 
higher magnification. (C) 
Hepatic mRNA expression 
of Eno3 (left panel) and 
Fbp2 (right panel) of mice 
overexpressing Nur77 (Ad.
Nur77; white bars) and of 
control animals (Ad.Mock; 
black bars). Result represent 
mean±SD, n=6; *statistically 
significant, P<0.05.
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Ad.Mock Ad.Nur77 
Before treatment 
(day -1)

Body Wt (g) 23.6 ± 0.5 24.3 ± 0.5
Total Plasma Cholesterol (mmol/L) 3.05 ± 0.34 3.18 ± 0.20
Total Plasma Triglycerides (mmol/L) 0.87 ± 0.10 0.91 ± 0.11

After treatment 
(day 2)

Body Wt (g) 23.5 ± 0.4 24.2 ± 0.5
Food intake, day -1 to 2 (g/day/mouse) 3.1 ± 0.5 3.3 ± 0.4
Liver Wt (g) 1.2 ± 0.1 1.4 ± 0.1
Liver Wt (% of body Wt) 5.3 ± 0.2 6.0 ± 0.6

Table 1. Physiological parameters of mice overexpressing hepatic Nur77 (Ad.Nur77) and of 
control animals (Ad.Mock). 

Results represent mean±SD, n=6. Wt Weight.
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Nur77 modulates the plasma lipid profile
The plasma lipid profile analyzed two days after adenoviral treatment by HPGC 
revealed that Nur77 induced a redistribution of plasma cholesterol and trigylceride. 
Plasma HDL-cholesterol showed a moderate 12% reduction in response to Nur77 
(2.15 ± 0.18 mmol/L vs. 2.52 ± 0.25 mmol/L in controls; Table 2). Concomitantly, 
plasma LDL-cholesterol was 98% increased in animals with hepatic expression 
of Nur77 as compared to control animals (0.79 ± 0.15 vs. 0.40 ± 0.03 mmol/L, 
respectively; Table 2). In addition, plasma LDL-triglyceride was 67% increased in 
mice overexpressing hepatic Nur77 as compared to control animals (0.55 ± 0.11 
mmol/L vs. 0.33 ± 0.03 mmol/L, respectively; Table 2). Total plasma triglyceride 
and cholesterol was found similar between the two groups.

Nur77 reduces hepatic triglyceride levels
We next analyzed cholesterol and triglyceride content of the liver. Hepatic cholesterol 
level did not change in response to hepatic expression of Nur77 (Figure 2A). Hepatic 
triglyceride levels, however, were reduced in response to expression of Nur77 (1.5 ± 
0.3 vs. 1.9 ± 0.3 µmol/g, respectively; Figure 2B).

Plasma Cholesterol (mmol/L)
VLDL LDL HDL Total

Ad.Mock 0.12 ± 0.06 0.40 ± 0.03 2.52 ± 0.25 3.02 ± 0.31
Ad.Nur77 0.13 ± 0.02 0.79 ± 0.15 * 2.15 ± 0.18 * 3.07 ± 0.17

Plasma Triglycerides (mmol/L)
VLDL LDL HDL Total

Ad.Mock 0.64 ± 0.25 0.33 ± 0.03 0.05 ± 0.02 1.02 ± 0.25
Ad.Nur77 0.47 ± 0.06 0.55 ± 0.11 * 0.06 ± 0.02 1.08 ± 0.16

Table 2. Plasma lipid profile of animals overexpressing hepatic Nur77 (Ad.Nur77) and of control 
animals (Ad.Mock). 
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Figure   2. Nur77 reduces 
hepatic triglyceride levels. 
(A) Hepatic cholesterol 
levels, and (B) hepatic 
triglyceride levels of mice 
overexpressing hepatic 
Nur77 (Ad.Nur77; white 
circles) and of control 
animals (Ad.Mock; black 
circles). *statistically 
significant, P<0.05; NS not 
significant.

Results represent mean±SD, n=6; *statistically significant, P<0.05.
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Nur77 modulates hepatic gene expression
We next wished to understand the mechanism underlying the altered plasma lipid 
profile and the reduced hepatic triglyceride content in response to hepatic expression 
of Nur77. For this purpose, we performed mRNA expression analysis of a panel 
of genes involved in hepatic lipid metabolism encoding transcription factors, 
apolipoproteins, enzymes, and proteins involved in the uptake and transport of lipids 
(see Supplementary Table 2). We visualized mRNA expression of individual mice in 
a heat map, shown in Figure 3A.  Even though we did not observe induction of genes 
by Nur77 in our selection, a number of genes were found to be downregulated upon 
expression of Nur77, suggesting activity of trans-repression mechanisms.

Nur77 downregulated genes encoding the transcription factors Sterol regulatory 
element-binding binding protein-1 (SREBP-1), Retinoid X receptor-α (RXRα), and 
the Farnesoid X receptor (FXR) (Figure 3B). Other genes observed downregulated 
by expression of Nur77 are Stearoyl-coA desaturase-1 (Scd1), Hepatic lipase (Lipc), 
Low density lipoprotein receptor (Ldlr), ATP-binding cassette subfamily G member 5 
(Abcg5), Abcg8, Apolipoprotein-B (ApoB) and ApoE (Figure 3B).

In our initial selection of genes, SREBP-1 expression is most strongly suppressed 
by Nur77. SREBP-1 directly controls transcription of multiple genes involved 
in triglyceride synthesis, and is considered a major regulator of the latter process 
(Horton et al., 2002). Our initial selection of genes comprised two direct target genes 
of SREBP-1, Ldlr and Scd1, which are both downregulated upon expression of Nur77, 
confirming decreased SREBP-1 activity in the livers of mice expressing Nur77.

Nur77 inhibits SREBP-1c and its downstream genes 
To investigate whether the observed decrease in SREBP-1 expression involved 
attenuated SREBP-1c expression, the major isoform of SREBP-1 in liver 
(Shimomura et al., 1997), we analyzed expression of the two isoforms of SREBP-1. 
SREBP-1a expression was not modulated by Nur77, but we did observe that Nur77 
downregulated expression of SREBP-1c mRNA 6.3 fold (Figure 4A).

The expression of SREBP-1c target genes Scd1 and Ldlr (Figure 3B) decreased 
in response to Nur77 and to validate the effect of reduced SREBP-1c expression, 
we analyzed expression of three additional SREBP-1c downstream genes crucial in 
triglyceride synthesis: mitochondrial glycerol-3-phosphate acyltransferase (Gpam), 
fatty acid synthase (Fas), and acetyl-CoA carboxylase-α (Acaca). Although Acaca 
was not significantly downregulated by Nur77 (P=0.06), we did observe that Nur77 
downregulated expression of Gpam and Fas (Figure 4B), which further confirmed 
decreased SREBP-1c activity in response to Nur77.
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Discussion
Using a gain-of-function-approach, we demonstrate that hepatic expression of Nur77 
modulates the plasma lipid profile and decreases hepatic triglyceride content. Analysis 
of mRNA expression of a panel of genes involved in hepatic lipid metabolism revealed 
that Nur77 suppresses SREBP-1c gene expression, and provides an explanation for 
the physiological changes observed. 

The decrease in SREBP-1c activity and its downstream lipogenic enzymes Scd1, 
Fas, and Gpam explains the reduced hepatic triglyceride levels observed in response 
to Nur77. The increase in circulating LDL-triglycerides and LDL-cholesterol in 
animals expressing Nur77 in the liver is explained by reduced expression of the Ldlr, 
another SREBP-1c target gene. 

Figure 3. Nur77 modulates hepatic gene expression. (A) Heat map of mRNA expression of genes 
involved in lipid metabolism in livers of mice overexpressing hepatic Nur77 (Ad.Nur77) and of 
control animals (Ad.Mock) shown as fold change from the median. The average fold change in mRNA 
expression is indicated at the right side of the heat map. (B) Bar graphs of mRNA expression of genes 
involved in lipid metabolism in livers of mice overexpressing hepatic Nur77 (Ad.Nur77) and of control 
animals (Ad.Mock). Only SREBP1 mRNA expression of control animals (Ad.Mock) is shown. Result 
represent mean±SD, n=6; *statistically significant, P<0.05.
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We searched for consensus NBRE-, NurRE- and DR5 response elements within 
the first 2 kilobase pairs promoter region of genes downregulated by Nur77, and found 
that only the Lipc gene contains a consensus NBRE sequence (at -76bp). This may 
indicate that Nur77 regulates most of the selected genes either through poorly defined 
response elements, or by trans-repression of other transcription factors. 

Nur77 inhibits expression of Abcg5 and Abcg8 (Figure 3B), well known target 
genes of LXR, indicating that the activity of LXR may be reduced (Repa et al., 
2002). This may reflect trans-repression of LXR by Nur77, and could provide 
an explanation for reduced expression of SREBP-1c, also a target gene of LXR, 
in response to Nur77 (Repa et al., 2000). Further study, however, is required to 
determine the precise mechanism by which Nur77 inhibits SREBP-1c expression. 
Of note, hepatic mRNA levels of both LXRα and LXRβ were unaffected by 
expression of Nur77 (Figure 3B), which demonstrates that Nur77 does not reduce 
the transcriptional activity of LXR by inhibiting expression levels of these nuclear 
receptors. Also Sterol 27-hydroxylase (Cyp27a1) and Cholesterol 25-hydroxylase 
(Ch25h), enzymes involved in the production of oxysterols, physiological LXR 
ligands, were not modified by Nur77 (Figure 3B), which eliminates reduced 
LXR activity through changes in expression levels of these enzymes (Chen et al., 
2007). 

It has been described that glucagon inhibits insulin-induced SREBP-1c expression, 
although at present the exact regulatory pathways remain to be elucidated (Shimomura 
et al., 2000). Since expression of Nur77 is, amongst others, regulated by cAMP 
second messenger pathways in tissues such as pituitary, skeletal muscle and, as has 
most recently been shown, in liver, our findings may indicate that Nur77 contributes 
to glucagon-induced downregulation of SREBP-1c expression (Kovalovsky et al., 
2002; Maxwell et al., 2005; Pei et al., 2006).

Figure 4. Nur77 inhibits SREBP1c and its downstream genes. (A) Hepatic mRNA expression of 
SREBP-1a and SREBP-1c, and (B) hepatic mRNA expression of SREBP-1c target genes Fas, Gpam, 
and Acaca of mice overexpressing hepatic Nur77 (Ad.Nur77; white bars) and of control animals (Ad.
Mock; black bars). Result represent mean±SD, n=6; *statistically significant, P<0.05.
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Recently, Pei et al. reported that Nur77 contributes to enhanced hepatic 
gluconeogenesis observed in diabetic mice (Pei et al., 2006). If we extend our findings 
to type II diabetes, Nur77 may also have beneficial properties in the latter disease. 
High blood glucose levels and high insulin levels are observed in type II diabetes, 
but insulin fails to properly stimulate glucose clearance from plasma by peripheral 
tissue. Hepatic SREBP-1c-mediated lipogenesis, however, remains (over-)stimulated 
by insulin in this pathology, promoting hepatic steatosis (Shimomura et al., 2000). 
From this angle, we speculate that enhancing the expression and/or activity of Nur77 
in the liver may be beneficial in type II diabetes with regard to its inhibitory effect on 
SREBP-1c activity. Dedicated animal models are required to explore this hypothesis, 
and potential unfavorable effects of Nur77, such as a potential increase in plasma 
LDL and/or glucose levels, should be taken into consideration.

In summary, we demonstrate that Nur77 reduces hepatic triglyceride and 
modulates the plasma lipid distribution. These physiological changes are explained 
by decreased expression of SREBP-1c downstream genes, resulting from suppression 
of SREBP-1c activity by Nur77.
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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-factors in response to LPS and TNF-α. Lentiviral overexpression 
of Nur77, Nurr1 or NOR-1 reduces expression and production of IL-1β and IL-6 
pro-inflammatory cytokines and IL-8, MIP-1α and -1β and MCP-1 chemokines. In 
addition, NR4A-factors reduce oxidized–LDL 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-factors to inhibit macrophage 
activation, foam-cell formation and differentiation.

Conclusion: NR4A-factors 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-factors in 
atherogenesis.
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Introduction
Atherosclerosis is a chronic inflammatory disease, involving deregulation of both 
immune system and lipid metabolism (Ross, 1999; Libby, 2002). 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 (Hansson, 2005; Welt and Rogers, 2002). 
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 (van der Wal et al., 1994). 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 (Kirii et al., 2003; Weber et al., 2004). 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 (Nakai et al., 
1990; Law et al., 1992; Ohkura et al., 1994). This NR4A subfamily comprises three 
members, notably Nur77 (NR4A1, TR3, NGFI-B, NAK-1), Nurr1 (NR4A2, NOT) 
and NOR-1 (NR4A3, MINOR) (A unified nomenclature system for the nuclear 
receptor superfamily, 1999). Like other nuclear receptors, NR4A-factors 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 (Philips et al., 1997). 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 (Hsu et 
al., 2004). At the C-terminal domain both Nur77 and Nurr1 can heterodimerize 
with RXRs and mediate retinoid responses (Wallen-Mackenzie et al., 2003). The 
NR4A family members have been shown to be functionally involved in T-cell and 
cancer cell apoptosis (Cheng et al., 1997; Li et al., 2000; Lin et al., 2004), and in 



44 45

dopaminergic differentiation of neurons (Zetterstrom et al., 1997).
In search for genes involved in SMC activation in atherogenesis, we revealed 

induction of Nur77 and NOR-1 expression in in vitro–activated SMCs (de Vries 
et al., 2000). Furthermore, we have shown expression of all three NR4A-factors 
in atherosclerotic lesions and in cultured human SMCs and endothelial cells (ECs) 
(Arkenbout et al., 2002; Arkenbout et al., 2003). We demonstrated that Nur77 
overexpression in vitro inhibits proliferation of both SMCs and ECs. In vivo 
overexpression of Nur77 under the control of an arterial SMC-specific promoter in 
transgenic mice protects against SMC-rich lesion formation (Arkenbout et al., 2002). 
Other nuclear receptors, notably PPARs and LXRs play an important role in both 
SMC and macrophage function relevant to atherosclerosis and restenosis (Blaschke 
et al., 2004; Joseph et al., 2003; Li et al., 2004; Marx et al., 2004). However, the 
function of NR4A-factors 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
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 (Stary et al., 1995).

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, Supplemental Figure SI) 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) 
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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 steptavidin-HRP (DAKO), 
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 (Arkenbout 
et al., 2002). 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 
hemotoxylin 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 hours at a density of 
0.5-1 × 106 cells/ml before 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 100 U/ml penicillin/streptomycin (GIBCO-BRL). 
Cells were plated in 12-wells plates at a density of 0.5 × 106 cells/ml, differentiated 
into macrophages by PMA (100 ng/ml) for 48 hours. After differentiation, cells were 
washed twice with PBS and grown in medium for 24 hours. Reagents used were 
PMA (Sigma), LPS (Sigma), recombinant human TNF-α (R&D) and DiI-labeled 
ox-LDL (Intracel-RP-173). 

Lentiviral vector construction, infection and shRNA interference
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-
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N2 (Clontech) using SalI-XbaI digestion, subsequently ligated into the corresponding 
sites of the pRRl-cPPt-PGK-PreSIN vector (Seppen et al., 2002). Short hairpin (sh) 
Nur77and shNOR-1 were cloned into p156RRL-sinPPT-CMV-GFP-PRE/NheI (Dekker 
et al., 2005). Briefly, shNur77: CAGTCCAGCCATGCTCCTC TCTCTTGAA 
GAGGAGC ATGGCTGGACTG and shNOR-1: GAAGATCAGACATTACTTA 
TCTCTTGAA TAAGTAATGTCTGATCTTC (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 (Dekker et al., 2005). Virus was produced as described (Seppen et al., 
2002). Briefly, 20 µg of PGK transfer vector, 13 µg of pMDLg/pRRE, 7 μg pVSV-g, 
and 5 µg of pRSV-REV were co-transfected into 180 cm2 HEK293T cells using the 
calcium phosphate co-precipitation method. Conditioned medium was harvested at 48 
hours and 72 hours after transfection, filtered through 0.45µm filters and concentrated 
by ultra centrifugation (20.000 rpm, 2 hours, 4°C). Viral titers were determined 
essentially as described before (Sastry et al., 2002). In short, HEK 293 cells were 
transduced with serially diluted viral concentrate, 48 hours 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’). THP-1 and U937 cells were transduced for 
24 hours with recombinant lentivirus at a multiplicity of infection (MOI) of 3 and 9 
respectively in the presence of 10μgr/ml DEAE-dextran. After transduction cells were 
cultured in suspension for 72 hours, 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 (Supplemental Figure 
SII.1). shNur77 and shNOR-1 constructs contained CMV-GFP and transduction 
efficiency was verified by flow cytometric analysis (GFP). Knockdown was confirmed 
by RT-PCR (Supplemental Figure SII.2) and immunofluorescence (de Waard et al., 
2006).

Lentiviral infection 
THP-1 and U937 cells were transduced in the presence of 10 μg/ml DEAE-dextran 
with recombinant lentivirus for 24 hours 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 hours, differentiated into 
macrophages and cultured as described. Overexpression of Nur77, Nurr1, NOR-
1 and EGFP was checked by immunofluorescence and flow cytometric analyses 
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(EGFP) (Supplemental Figure SII.1). shNur77 and shNOR-1 constructs contained 
CMV-GFP and transduction efficiency was verified by flow cytometric analysis 
(GFP) (data not shown). For imumunofluorescence, cells were cultured on 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 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). 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. 
Specific primers for Nur77, Nurr1, NOR-1, scavenger receptor-A (SR-A), CD36, 
CD11b, macrophage inflammatory protein-1α (MIP-1α) and-1β (MIP-1β), monocyte 
chemoattractant protein-1 (MCP-1), IL-8, IL-1β, IL-6 and ribosomal protein P0 were 
designed as follows:

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. 

Forward primer sequence Reverse primer sequence
Nur77 5’-GTTCTCTGGAGGTCATCCGCAAG-3’ 5’-GCAGGGACCTTGAGAAGGCCA-3’
Nurr1 5’-TATTCCAGGTTCCAGGCGAA-3’ 5’-GCTAATCGAAGGACAAACAG-3’
NOR-1 5’-CCAAGCCTTAGCCTGCCTGTC-3’ 5’-AGCCTGTCCCTTACTCTGGTGG-3’
IL-1β 5’-TGGCAGAAAGGGAACAGAAAGG-3’ 5’-GTGAGTAGGAGAGGTGAGAGAGG-3’
IL-6 5’-TGTAGCCGCCCCACACAG-3’ 5’-GCTGCTTTCACACATGTTACTCTTG-3’
IL-8 5’-CTGCGCCAACACAGAAATTA-3’ 5’-ATTGCATCTGGCAACCCTAC-3’
MIP-1α 5’-ACGGGCAGCAGACAGTGG-3’ 5’-GGCGTGTCAGCAGCAAGTG-3’
MIP-1β 5’-GCGTGACTGTCCTGTCTCTCC-3’ 5’-ACCACAAAGTTGCGAGGAAGC-3’
MCP-1 5’-CCTAGCTTTCCCCAGACACC-3’ 5’-CCCAGGGGTAGAACTGTGG-3’
SR-A 5’-CTCGCTCAATGACAGCTTTGCTTC-3 5’-TCGTTTCCCACTTCAGGAGTTGAG-3’
CD36 5’-GAGAACTGTTATGGGGCTAT-3’ 5’-TTCAACTGGAGAGGCAAAGG-3’
CD11b 5’-CAGCACACGCAGACAGACACAG-3’ 5’-GAGGTTCCCGAAAGCAGACAATGG-3’
P0 5’-TCGACAATGGCAGCATCTAC-3’ 5’-ATCCGTCTCCACAGACAAGG-3’
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Statistical analysis 
The unpaired Student’s t-test was used to calculate the statistical significance of the 
expression ratios versus control. P values less than 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 (Arkenbout et al., 2002; 
Arkenbout et al., 2003). 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 and 1B) (Stary et al., 1995). 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 1C-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 1F-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.

Nur77, Nurr1 and NOR-1 are expressed in response to inflammatory stimuli and 
reduce ox-LDL lipid loading 
High expression levels of NR4A-factors 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 (Pei et al., 2005), we observed robust and 
transient mRNA expression of all three NR4A-factors in primary macrophages and in 
monocytic THP-1 cells in response to LPS. In addition, we show that NR4A-factors 
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. 
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Figure 1, A-E; 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.

Sex Age 
(yrs)

Class 
(AHA)

Lesion MØ Lesion SMC Area of expression in 
vessel wallNur77 Nurr1 NOR-1 Nur77 Nurr1 NOR-1

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

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

M: male; F: female; yrs: years; AHA: American Heart Association Classification; +: low expression, 
++: moderate expression, +++: high expression; †: shown in Fig1A-1E; ‡: shown in Figure 1F-1I.
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Immunofluorescent analysis of NOR-1 expression revealed that this protein localizes 
predominantly to the nucleus after LPS stimulation (Supplemental Figure SIII).

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 (Supplemental Figure 
SII.1). Viability of NR4A overexpressing cells was comparable to control cells 
(data not shown). In macrophages overexpressing NR4A-factors DiI-labeled ox-
LDL uptake was quantified by fluorometry and was shown to be reduced after 3 
to 6 hours, with more than 30% reduction after 24 hours (Figure 2A). Confocal 
microscopy was performed to assess the cellular localization of DiI-labeled ox-LDL 
in macrophages. After 24 hours, DiI-fluorescence localizes to lipid vacuoles and 
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Figure 2. NR4A overexpression in human macrophages reduces DiI-labeled ox-LDL uptake and 
expression of SR-A, CD36 and CD11b. Uptake of DiI-labeled ox-LDL for 3, 6 and 24 hours was 
determined by fluorometry. Lipid loading was significantly lower in THP-1 macrophages overexpressing 
Nur77, Nurr1 or NOR-1 as compared to Mock (A). After 24 hours 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 (B). mRNA expression of SR-A, 
CD36 and CD11b was determined by real-time RT-PCR. THP-1 macrophages overexpressing Nur77, 
Nurr1 and NOR-1 expressed significantly lower levels of SR-A, CD36 and CD11b (C) (A, C; n=3 ±SD, 
Student’s t-test; p<0.01). 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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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 and 2D).  To unravel the function of endogenous NR4A-factors 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). 

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). 
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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. DiI-labeled ox-LDL uptake 
for 24 hours was determined by fluorometry. Ox-LDL uptake was significantly increased in THP-1 
macrophages expressing shNur77 and shNOR-1 as compared to control shRNA (A), consistent with 
a significant increase in SR-A and CD36 mRNA expression as determined by RT-PCR (B) (A-B; n=2 
±SD, Student’s t-test, p<0.05).  In addition, in shNur77 and shNOR-1 expressing THP-1 macrophages 
elevated CD11b mRNA expression levels was detected as compared to shRNA control (C; n=2 ±SD, 
Student’s t-test, p<0.05). 
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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 
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Figure 4. Nur77, Nurr1 or NOR-1 overexpression in human macrophages reduces inflammatory 
cytokine and chemokine synthesis. THP-1 macrophages overexpressing Nur77, Nurr1 and NOR-1 
were stimulated with LPS (100ng/ml), TNFα (20ng/ml) or control for 3 hours and mRNA levels of IL-
1β, IL-6, IL-8, MIP-1α/-1β and MCP-1 (A) 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. Protein levels of IL-8, IL-1β and IL-6 were determined in conditioned media 
collected at 0, 6 and 24 hours after treatment with LPS (B).  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). In U937 macrophages overexpression 
of NRA4-factors 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 hours and 24 hours LPS (100ng/ml), respectively (n=2 
±SD, Student’s t-test, p<0.05).  All data shown are significant as compared to Mock.
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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 hours 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-factors 
in human macrophages, we analyzed cytokine and chemokine expression in human 
U937 cells in gain of function experiments. After stimulation with LPS NR4A-factors 
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 and 4D). 

The function of endogenous NR4A-factors in inflammatory responses is 
substantiated by specific shRNAs against Nur77 or NOR-1. Lentivirally 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 
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Figure 5. Nur77 and NOR-1 knockdown in THP-1 macrophages augments cytokine and chemokine 
synthesis. 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 hours LPS was determined (A) 
and protein levels of IL-1β and IL-8 after 24 hours 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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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 (Pei et al., 2005). Lentiviral overexpression of NR4A-
factors 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-factors 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 (Pei et al., 2005). 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 
(Michelsen et al., 2004). Paradoxically, NR4A-factors 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 (Arkenbout et al., 
2002; Blaschke et al., 2004; Joseph et al., 2003; Li et al., 2004; Marx et al., 2004).

Nur77 and NOR-1 have been implicated in apoptosis of T-cells involving the 
transcriptional activity of these transcription factors (Cheng et al., 1997). In 
macrophages, LPS in combination with the pan-caspase inhibitor zVAD was shown 
to induce apoptosis involving Nur77, however, the exact mechanism of Nur77 action 
in zVAD-mediated apoptosis has not been elucidated yet (Kim et al., 2003). In 
cancer cells, the apoptotic effect of Nur77 depends on the presence of pro-apoptotic 
agents and involves translocation of Nur77 to mitochondria (Li et al., 2000). 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 
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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 knock out mice in dedicated atherosclerosis 
models (Babaev et al., 2000; Febbraio et al., 2004). 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 (Boring et al., 1998). The 
expression of CD36, and a number of other genes, has been shown to be dependent on 
Nur77 in skeletal muscle (Maxwell et al., 2005). 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 atherogenesis (Ross, 1999; Libby, 2002; Hansson, 
2005; Welt and Rogers, 2002; Kirii et al., 2003; Weber et al., 2004), and the NF-
κB pathway is vital for expression of these genes (Ghosh and Karin, 2002). In 
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Supplemental Figure SI. 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 & 
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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monocytes Nur77 has been isolated in a genome-wide screen that was designed to 
identify inhibitors of the NF-κB pathway (Diatchenko et al., 2005). 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 (Harant and Lindley, 2004),comparable to the direct 
inhibitory interaction of the glucocorticoid receptor with NF-κB (Wissink et al., 
1997). Taken together, our data may at least in part be explained by transrepression 
of the NF-κB pathway by NR4A-factors. 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 (Pei et al., 2006). 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.

The role of NR4A nuclear receptors in various vascular cell types has been 
studied in our group and by others (Arkenbout et al., 2002; Arkenbout et al., 
2003; de Waard et al., 2006; Martinez-Gonzalez and Badimon, 2005; Zeng et al., 
2006). Nur77 has been shown to promote angiogenesis in dedicated mouse models 
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Supplemental Figure SII. Transduction efficiency of lentiviral infection of THP-1 cells, nuclear 
localization of the encoded nuclear receptors and shNur77 and shNOR-1 efficiency. Figure SII.1 
THP-1 cells infected with control lentivirus Mock (A, B) or EGFP-encoding lentivirus (C, D) were 
analyzed by flow cytometry (A-D). Lentiviral infection resulted in 80-90% transduction efficiency. 
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. SII.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).
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(Zeng et al., 2006), and to inhibit SMC-rich lesion formation in transgenic mice 
(Arkenbout et al., 2002). 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 (Martinez-Gonzalez and Badimon, 2005). 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 

Supplemental Figure SIII. Expression of Nur77, Nurr1 and NOR-1 in primary macrophages 
and THP-1-derived macrophages in response to LPS and TNFα. mRNA expression levels were 
determined by real-time RT-PCR. Primary macrophages of 2 different donors were treated with LPS 
(100ng/ml), TNFα (10ng/ml) or vehicle for 2 hours and substantially increased mRNA expression 
levels of Nur77, Nurr1 and NOR-1 were observed (A). 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 hours) (B) and TNFα (10ng/ml, 1 hour for Nur77 and Nurr1, 3 hours 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). Protein expression of NOR-1 was analyzed after 
6 hours LPS in THP-1-derived macrophages by immunofluorescence and NOR-1 protein localized to 
the nucleus (D). All data shown are significant (p≤0.05) as compared to Mock.
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towards atheroprotective properties of NR4A-factors 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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Nuclear receptor Nurr1 expressed in human in-stent 
restenosis inhibits proliferation and inflammatory 
gene expression of smooth muscle cells and reduces 
neointima formation in mice
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Abstract
Background: Restenosis is the major drawback of percutaneous transluminal 
coronary angioplasty and is characterized by activation and subsequent excessive 
proliferation of smooth muscle cells (SMC). In this study, we investigated expression 
of the nuclear receptor Nurr1 (NR4A2) in human in-stent restenosis and established 
the role of this transcription factor in vascular lesion formation. 

Methods and Results: Nurr1, as well as its subfamily members Nur77 and NOR-
1 are expressed in human coronary in-stent restenosis lesions as demonstrated by 
in-situ hybridization. In human primary SMCs Nurr1 is expressed in response to 
serum and tumor necrosis factor (TNF)-α. Lentiviral overexpression of Nurr1 in 
SMCs results in enhanced Nurr1 protein levels, predominantly in the nucleus, and 
inhibits proliferation of these cells, consistent with increased protein levels of the 
key cell-cycle inhibitor p27Kip1. Accordingly, silencing of Nurr1 with short hairpin 
RNA enhances proliferation of SMCs. Treatment of SMCs with TNF-α results in a 
remarkable pro-inflammatory response, whereas simultaneous Nurr1 overexpression 
reduces interleukin-1β, TNF-α and monocyte chemo-attractant protein (MCP)-1 
expression in these cells. Significantly, Nurr1 reduces wire injury-induced lesion 
formation in carotid arteries of ApoE-/- mice.

Conclusion: Nurr1 is expressed in human in-stent restenosis lesions, inhibits 
proliferation and inflammatory gene expression in SMCs and reduces neointima 
formation in mice. Since recently small-molecule drugs have been identified that 
enhance the transcriptional activity of this nuclear receptor, Nurr1 is an attractive 
novel target for intervention in vascular lesion formation. 
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Introduction
The major complication following percutaneous transluminal coronary angioplasty 
(PTCA) is (in-stent) restenosis, which is considered an accelerated form of 
atherosclerosis that can develop within months after the procedure (Welt and Rogers, 
2002). The pathophysiological mechanism of restenosis involves endothelial 
denudation and injury of the vessel wall caused by inflation of the angioplasty 
balloon in combination with stent placement. This injury to the vessel wall leads 
to local platelet aggregation and inflammatory cell recruitment, ultimately driving 
(excessive) smooth muscle cell (SMC) activation and proliferation (Costa and 
Simon, 2005). 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 
pathology. Recently, the application of sirolimus or paclitaxel drug-eluting stents, 
has considerably reduced the incidence of in-stent restenosis (Serruys et al., 2006; 
Stone et al., 2007). These drugs effectively inhibit SMC proliferation, but may also 
prohibit re-endothelialization and delay arterial healing, pathological processes 
implicated in (late) in-stent thrombosis (Luscher et al., 2007; Farb et al., 1999; Farb 
and Boam, 2007). Consequently, novel targets for specific intervention in in-stent 
restenosis, preferably with small-molecule drugs, need to be identified. 

In search for genes involved in SMC activation and proliferation, we discovered 
that the nuclear receptor Nurr1 is expressed in activated SMCs in vitro and in SMCs 
and macrophages in human atherosclerotic lesions (Arkenbout et al., 2002; Bonta et 
al., 2006; de Vries et al., 2000). So far, the transcription factor Nurr1 has mainly been 
associated with brain development in line with the observation that Nurr1-/- mice lack 
dopaminergic neurons (Zetterstrom et al., 1997). Other studies showed that Nurr1 is 
not only essential in the development of mesencephalic dopaminergic neurons and 
maintenance of their function, but that it may also play a role in the pathogenesis of 
Parkinson’s disease and related disorders (Chu et al., 2006). In addition, enhanced 
Nurr1 expression has been observed in human rheumatoid arthritis (McEvoy et al., 
2002), however, the expression of Nurr1 in human restenosis and the function of 
Nurr1 in SMCs in restenosis has not yet been described. 

The nuclear ‘orphan’ receptor Nurr1 (also denoted NR4A2 or NOT) is classified 
into the NR4A subfamily of nuclear receptors, which also includes Nur77 (NR4A1, 
TR3, NGFI-B) and NOR-1 (NR4A3, MINOR). The nuclear receptor superfamily 
comprises both ‘classical’ ligand-activated receptors such as the estrogen receptor, 
liver X receptors (LXR) and peroxisome-proliferator-activated receptors (PPAR) 
as well as orphan receptors like Nurr1, for which ligands have not been identified 
yet (A unified nomenclature system for the nuclear receptor superfamily, 1999). 
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Nurr1 contains a two zinc-finger DNA-binding domain, a C-terminal ligand-binding 
domain, and an N-terminal activation domain of which the latter shows only ~30% 
homology with the other two members of the subfamily (Maruyama et al., 1998). 
The DNA-binding domain interacts as a monomer with the consensus nerve growth 
factor-induced clone B (NGFI-B) response element (NBRE; AAAGGTCA) and 
as a homodimer and/or heterodimer with the palindromic Nur-responsive element 
(NurRE; TGATATTTX6AAAGTCCA) in promoters of target genes (Philips et al., 
1997). Furthermore, Nurr1 can form heterodimers with retinoid X receptors (RXR) 
via its C-terminal domain to mediate retinoid responses via a DR5-element (Wallen-
Mackenzie et al., 2003). In addition to direct binding to the promoter of target genes, 
Nurr1 also modulates gene transcription by transrepression of other transcription 
factors (Mix et al., 2007). 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 (Volakakis et al., 2006; Wang et al., 2003). In line with these data, 
classical ligands that interact with the Nurr1 ligand-binding domain have not been 
identified thus far. Recently, however, several small-molecule drugs that enhance 
the transcriptional activity of Nurr1 have been documented, among which 6-
meraptopurine and benzamidizoles (Dubois et al., 2006; Ordentlich et al., 2003; 
Wansa et al., 2003). 

In the current study we show that Nurr1 is expressed in human in-stent restenosis 
tissue obtained by coronary atherectomy, and we demonstrate that Nurr1 has an anti-
proliferative and anti-inflammatory function in human cultured SMCs. In agreement 
with our in vitro data, Nurr1 protects against arterial wire-injury induced neointima 
formation in ApoE-/- mice. 

Materials and methods
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, according to protocols approved 
by the Medical Ethical Committee of the Academic Medical Center, Amsterdam, The 
Netherlands. The retrieved specimens were immediately frozen in liquid nitrogen, stored 
at -80°C, and 5-µm sections were mounted on Superfrost plus glass slides (Emergo, 
Amsterdam, The Netherlands). In situ hybridization was performed with gene specific 
probes as described previously (Arkenbout et al., 2002). Immunohistochemistry was 
performed for Nurr1 protein and SMC detection and Elastin von Giesson staining was 
used to visualize elastic laminae of mouse carotid arteries. 
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Lentiviral Vector Construction and shRNA 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 (Seppen et al., 2002). Viral titers were determined by standard 
procedures as described (Sastry et al., 2002). For knockdown experiments short 
hairpin (sh) human and mouse Nurr1 sequences were designed and determined 
unique by the Whitehead Institute (Cambridge, UK) shRNA selection program 
(Yuan et al., 2004), and were cloned into p156RRL-sinPPT-CMV-GFP-PRE/NheI. 
Lentiviral transduction efficiency in human SMCs was determined by standard 
immunofluorescence techniques. Efficiency of endogenous Nurr1 knockdown by 
shNurr1 encoding virus was determined using semi-quantitative real-time RT-PCR 
(qRT-PCR). 

Short hairpin (sh) RNA primer sequences

*Bold sequences are target sequences; underlined sequences represent hairpin

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 hours 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 hours 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, 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 

Human 
Nurr1: 

5’-CTGTCTAGACAAAAATACAGCTCCGATTTCTTAATCTCTTGAA
TTAAGAAATCGGAGCTGTAGGGGATCTGTGGTCTCATACA-3’*

Murine 
Nurr1: 

5’-CTGTCTAGACAAAAAATACGTGTGTTTAGCAAATTCTCTTGAA
ATTTGCTAAACACACGTATGGGGATCTGTGGTCTCATACA-3’*



68 69

the Lumi-Imager (Boehringer Mannheim, Mannheim, Germany). α-Tubulin staining 
served as a control for equal loading.

Inflammatory Gene Expression Analysis 
SMCs were stimulated with 25 ng/ml recombinant human TNF-α (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 with 
multiplex ligation-dependent probe amplification (MLPA) assay (MRC-Holland, 
The Netherlands) (Eldering et al., 2003), or qRT-PCR using gene-specific primers 
and SYBR-Green (MyiQ RT-PCR System, Biorad). 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. Transluminal 
wire injury of the left common carotid artery was performed as described previously 
(Krohn et al., 2007; Lindner et al., 1993; Schober et al., 2004). Briefly, a 0.36 mm 
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 
minutes with lentivirus containing Nurr1, shNurr1 sequences or control lentivirus 
(1010 IU/mouse supplemented with 10 μg/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 (5 µm) were obtained from left common carotid arteries. For 
morphometry, 10 sections (each 250 µm apart) were Elastin von Giesson stained 

Gene Forward primer sequence Reverse primer sequence
hNurr1 5’-TATTCCAGGTTCCAGGCGAA-3’   5’-GCTAATCGAAGGACAAACAG-3’ 
mNurr1 5’-CCGCCTGTCACTCTTCTCC-3’ 5’-GGTCTGCCCATCCACTACG-3’
hIL-1β 5’-TGGCAGAAAGGGAACAGAAAGG-3’ 5’-GTGAGTAGGAGAGGTGAGAGAGG-3’
hTNF-α 5’-AGGACACCATGAGCACTGAAAG-3’ 5’-AGGAGAAGAGGCTGAGGAACAAG-3’
hMCP-1 5’-CCTAGCTTTCCCCAGACACC-3’    5’-CCCAGGGGTAGAACTGTGG-3
hIL-6 5’-TGTAGCCGCCCCACACAG-3’ 5’-GCTGCTTTCACACATGTTACTCTTG-3’
hIL-8 5’-CTGCGCCAACACAGAAATTA-3’ 5’-ATTGCATCTGGCAACCCTAC-3’
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to visualize elastic laminae and medial, intimal and luminal surface areas were 
quantified by morphometric analysis (Leica Qwin, Germany). Experiments were 
performed with 7 to 9 animals per group.

Statistical Analyses
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 nonparametric Mann-Whitney 
2-tailed U test (SPSS 12.0 for Windows, SPSS Inc, Chicago, Illinois, USA). P<0.05 
was considered statistically significant.

Results
NR4A Nuclear Receptors are expressed in Human In-Stent Restenosis
In the current study, we analyzed expression of all three NR4A nuclear receptors in 
human in-stent restenosis, a vascular pathology characterized by SMC proliferation 
and activation (Costa and Simon, 2005). In-stent restenosis specimens, obtained by 
intravascular directional atherectomy in coronary arteries of nine different patients, were 
analyzed for Nurr1, Nur77 and NOR-1 expression by radioactive in situ hybridization 
(see Table 1 for patient characteristics; gender, age, and time interval between stenting 
and atherectomy). In accordance with previous studies, immunohistochemical analyses 
demonstrated that the main cell-type in human in-stent restenosis lesions is the SMC 
(Figure 1A) (Komatsu et al., 1998). In addition to SMCs, a relatively low number 
of macrophages were detected by macrophage-specific immunohistochemistry on 
consecutive sections (Figure 1B). NR4A nuclear receptor mRNA expression was 
observed by in situ hybridization experiments with gene-specific probes as shown in 
Figure 1C and at larger magnification in specimens derived from two distinct patients 
in Figure 1D-F and G-I, respectively. In each of the nine different specimens analyzed, 
we observed substantial expression of Nurr1 throughout the lesion. The percentage of 
cells expressing each of the nuclear receptors was determined and revealed a relatively 
high percentage of cells expressing Nurr1 (36 ± 6%) and Nur77 (33 ± 7%), whereas 
NOR-1 expression was less abundant (17 ± 3%; Table 1). 

Nurr1 inhibits Proliferation of Human Vascular SMCs 
Since proliferation of vascular SMCs is of critical importance in (in-stent) restenosis, 
we analyzed the function of Nurr1 in this process. In cultured human vascular 
SMCs, Nurr1 mRNA is transiently induced with optimal mRNA expression levels 
2 hours after treatment with FCS, a strong mitogenic stimulus (supplementary 
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Sex Age (yrs)
Time Interval 

(mo)
NR4A expression (% of cells)

Nurr1 Nur77 NOR-1

F 75 8.6 23 38 33
M† 68 2.1 25 31 16
M‡ 68 17.5 35 31 25
M 57 15.1 27 13 7
M 75 9.7 18 17 18
M 62 7.2 48 2 -
F 48 4.0 28 45 4
M 69 3.0 50 78 21
F 48 2.2 70 43 13

Average (±SEM) 36 (±6) 33 (±7) 17 (±3)
M: male; F: female; yrs: years; mo: months between PTCA and atherectomy; -: not determined. †: 
shown in Figure 1, A-F; ‡: shown in Figure 1, G-I.

Table 1. Patient characteristics and mRNA expression of Nurr1, Nur77 and NOR-1 in human 
coronary atherectomy specimens. 

Figure 1. Nurr1, Nur77 and NOR-1 expression in human in-stent restenosis atherectomy specimens. 
Serial sections were analyzed by immunohistochemistry to detect (A) SMCs and (B) macrophages 
(red). (C-I) NR4A nuclear receptor expression was detected by radioactive in-situ hybridization with 
gene-specific probes on consecutive sections. mRNA expression (black silver grains) expression of 
Nurr1 (D, G), Nur77 (E,H) and NOR-1 (F, I) was detected throughout the lesions. The data from two 
specimens are shown (D-F and G-I, respectively). All sections were counterstained with hematoxylin to 
detect nuclei (blue).  A-C: 25x magnification; D-I: 200x magnification. Mφ indicated macrophages. 
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Figure S1A). Four hours after treatment with FCS endogenous Nurr1 protein is 
observed in the nucleus (supplementary Figure S1B). These data are in line with 
our previous observation that conditioned medium of activated macrophages 
promotes expression of this nuclear receptor (Arkenbout et al., 2002). To perform 
gain of function experiments we applied recombinant lentivirus encoding Nurr1 
to optimally express Nurr1 in primary SMCs. In addition, short-hairpin (sh)RNA 
encoding viruses were generated for knockdown experiments. Nurr1 overexpression 
results in nuclear localization of Nurr1 protein as shown by immunofluorescence 
(Figure 2A). Lentiviral delivery of shRNA directed against Nurr1 mRNA resulted 
in over 80% knockdown of endogenous Nurr1 mRNA levels both in the absence 
and in the presence of FCS (supplementary Figure S2). We demonstrate that Nurr1 
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Figure 2. Nurr1 inhibits proliferation of human vascular SMCs. (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) SMCs were transduced with lentiviruses encoding either Nurr1, 
shNurr1 or with the control viruses. Quiescent SMCs were stimulated with FCS and p27Kip1 protein 
expression was analyzed by Western blotting, showing increased expression in SMCs overexpressing 
Nurr1 (specific band indicated with an arrow, nonspecific bands indicated by asterisk (*). α-tubulin 
expression served as loading control (B, left panel). Quantification of p27Kip1 protein showed a 1.8 fold 
increase in Nurr1 overexpressing SMCs as compared to control (B, right panel). (C) Proliferation was 
assessed by DNA synthesis BrdU-incorporation assays and demonstrated that Nurr1 overexpression 
results in inhibition of proliferation of SMCs as compared to control. (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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overexpression in SMCs results in increased protein levels of p27Kip1, a crucial cell-
cycle inhibitor in vascular SMCs (Figure 2B) (Boehm and Nabel, 2003). Consistent 
with these data, Nurr1 overexpression reduces DNA synthesis 1.7 fold as measured 
by BrdU incorporation in these cells (Figure 2C), whereas knockdown of endogenous 
Nurr1 increases DNA synthesis 2.6 fold (Figure 2D). From these data we conclude 
that Nurr1 inhibits vascular SMC proliferation involving upregulation of p27Kip1.

Nurr1 reduces Inflammatory Gene Expression in Vascular SMCs
Next, we assayed whether Nurr1 modulates SMC activation, since inflammatory 
processes are crucially involved in (in-stent) restenotic lesion formation. First, we 
studied the expression of Nurr1 in human vascular SMCs in response to LPS or 
TNF-α, pro-atherogenic stimuli involved in neointima formation (Hansson and 
Libby, 2006). In response to TNF-α, Nurr1 mRNA is transiently induced over 50 
fold with optimal expression 1 hour after stimulation, whereas LPS does not affect 
early Nurr1 expression (Figure 3A). To characterize the inflammatory response of 
SMCs, we performed a multiplex ligation-dependent amplification (MLPA) assay 
(Figure 3B) and semi-quantitative, real-time RT-PCR (Figure 3C) on RNA samples 
from TNF-α and LPS-treated SMCs. These experiments revealed strong induction of 
several pro-inflammatory cytokines and chemokines, most significantly IL-1β, TNF-
α, MCP-1, IL-8 and IL-6  (Figure 3B and C). 

To investigate the function of Nurr1 during SMC activation the expression of 
these inflammatory genes was analyzed in gain of function and knockdown studies. 
Nurr1 does not change IL-8 and IL-6 expression (data no shown), however, Nurr1 
overexpression inhibits TNF-α-induced expression of IL-1β (2.5 fold), TNF-α (1.5 
fold) and MCP-1 (1.7 fold; Figure 4A). In line with these data, shRNA-mediated 
knockdown of endogenous Nurr1 revealed a robust 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 4B). 

Nurr1 reduces Neointima Formation after Arterial Injury in ApoE-/- mice.
Based on our observation that Nurr1 is expressed in human in-stent restenosis lesions 
and the inhibitory effect of Nurr1 on vascular SMC proliferation and inflammatory 
gene expression in vitro, we hypothesized that Nurr1 attenuates neointima formation. 
To test this hypothesis, we applied a dedicated arterial wire-injury model in ApoE-

/- mice. In this model, endothelial denudation of the left common carotid artery was 
performed by wire injury followed by local transduction of the injured vessel wall 
with lentiviruses encoding either Nurr1 or shRNA directed against endogenous Nurr1 
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Figure 4. Nurr1 inhibits inflammatory gene expression in human vascular SMCs. (A-B) SMCs 
were transduced with lentiviruses encoding Nurr1, shNurr1 or with the control viruses and cyto- and 
chemokine expression was determined 6 hours after TNFα stimulation. (A) Nurr1 overexpression 
inhibits expression of IL1β, TNFα and MCP1. (B) 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).

Figure 3. Nurr1 is expressed in TNFα-activated vascular SMCs, in which the inflammatory response 
is characterized by increased expression levels of pro-inflammatory cyto- and chemokines. (A) 
Nurr1 mRNA is transiently induced in human SMCs after TNFα stimulation with optimal expression 
after 1 hour, as determined by real-time RT-PCR. (B) The expression of pro-inflammatory cytokines 
and chemokines was assayed 6 hours after TNFα and LPS activation of SMCs by MLPA. The data of 
triplicate experiments are summarized in a heat map. (C) For a number of pro-inflammatory cytokines 
and chemokines (IL-1β, IL-6, IL-8, TNF-α and MCP-1 mRNA expression levels were assessed at 
different time points after TNF-α stimulation by real-time RT-PCR. 
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or with control virus. Following injury the mice received a Western-type diet for 4 
weeks after which the arteries were harvested and the lesions at the site of injury 
were analyzed. Nurr1 overexpression was detected in medial SMCs by radioactive 
in situ hybridization (Figure 5A). ShRNA-mediated Nurr1 knockdown resulted 
in a 5.4 fold reduction of endogenous Nurr1 expression in murine vascular SMCs 
(Figure 5B). Immunohistochemical analyses of the lesions revealed the presence of 
SMCs (Figure 5C), and morphometric analysis demonstrated that medial surface 
area (Figure 5D), and total vascular surface area (data not shown) were comparable 
between all groups. Overexpression of Nurr1 resulted in a significant 2.5 fold 
reduction in neointimal area as compared to control (42.2 ± 9.0 × 103 µm2 vs. 16.9 ± 
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Figure 5. Nurr1 inhibits neointima formation in the arterial wire-injury model in ApoE-/- mice. 
Carotid arteries of female ApoE-/- mice were exposed to transluminal wire-injury and subsequently 
treated with lentivirus containing Nurr1, shNurr1 or control virus. Lesions were analyzed 4 weeks 
after atherogenic diet. (A) Nurr1 overexpression was detected in medial SMCs by radioactive 
in situ hybridization. (B) 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. (C) 
Immunohistochemical analysis of the neointima in control mice revealed a SMC- and macrophage-rich 
lesion. SMCs were detected by immunohistochemistry (red) and Elastin von Giesson staining (EVG, 
black) was used to visualize the elastic laminae. All sections were counterstained with hematoxylin 
(blue). (D) Morphometric analyses revealed that medial surface areas were comparable between all 
groups. (E-F) 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 neointimal area 
and neointima/media ratio (n=7 to 9 per group, ±SEM, nonparametric Mann-Whitney 2-tailed U test, 
p<0.05).
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3.3 × 103 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 
towards a 1.4 fold increase in neointimal area as compared to control (42.2 ± 9.0 × 
103 µm2 vs. 61.0 ± 13.5 × 103 µm2; p=0.27) and a 1.5 fold increase in neointima/
media ratio (0.75 ± 0.17 vs. 1.16 ± 0.25; p=0.16; Figure 5E-F). 

Discussion
In this study, we demonstrate high expression levels of the nuclear receptor Nurr1 
and its subfamily members in human coronary in-stent restenosis lesions and we 
show that overexpression of Nurr1 reduces lesion formation upon wire-injury in 
ApoE-/- mice. Decreased lesion formation is explained by Nurr1-mediated inhibition 
of SMC proliferation as well as by reduction of the inflammatory response of these 
cells. Thus, even though increased expression of Nurr1 is seen in response to pro-
atherogenic stimuli in SMCs and in vascular lesions, Nurr1 has a protective function 
in SMCs and vascular lesion formation, pointing towards involvement of Nurr1 in a 
negative feedback mechanism. 

SMC proliferation and migration are well-established crucial events in progression 
of restenosis and other SMC-rich vascular pathologies, like vein-graft disease and 
transplant vasculopathy (Dzau et al., 2002; Mitchell and Libby, 2007). In the current 
study, we demonstrate early and transient Nurr1 expression in human vascular 
SMCs in response to FCS, a strong mitogenic stimulus. ShRNA-mediated Nurr1 
knockdown was shown to increase proliferation of SMCs, whereas overexpression 
of Nurr1 reduces SMC proliferation concomitant with increased expression of 

Nurr1

Time [hrs]

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8

m
R

N
A

ex
pr

es
si

on
[A

U
]

A - FCS

anti-Nurr1

merge

Hoechst

B

Supplementary Figure S1. Human vascular SMCs were stimulated with FCS and endogenous 
Nurr1 expression was detected by real-time RT-PCR and immunofluorescence. (A) Nurr1 
mRNA is transiently induced with optimal expression levels 2 hours after treatment with FCS. (B) 
Endogenous Nurr1 protein localizes to the nucleus 4 hours after treatment with FCS as detected by 
immunofluorescence using a Nurr1-specific antibody. Nurr1 protein (red). Nuclei were detected by 
Hoechst (blue). 
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p27Kip1. Various studies using human vascular tissue and animal models have 
provided cumulative evidence that p27Kip1, a cyclin-dependent kinase inhibitor, is a 
key regulator of vascular SMC proliferation in restenosis (Boehm and Nabel, 2003; 
Tanner et al., 1998). Relatively low levels of p27Kip1 expression has been reported 
in primary human atherosclerotic and restenotic tissue versus non-diseased arterial 
tissue and p27Kip1 expression level and proliferation rate of vascular SMCs were 
shown to be inversely correlated in human atheroma (Braun-Dullaeus et al., 2003). 
Moreover, in the rat balloon injury model, adenovirus-mediated overexpression of 
p27Kip1 attenuated neointimal lesion formation (Chen et al., 1997). In line with these 
data, the observed enhanced p27Kip1 expression in Nurr1 transduced SMCs may, at 
least partially, explain the growth inhibitory effect of Nurr1. 

We have previously shown that NR4A-subfamily member Nur77, has an anti-
proliferative function in cultured human vascular SMCs and that transgenic mice, 
which overexpress Nur77 in arterial SMCs are protected from SMC-rich lesion 
formation (Arkenbout et al., 2002).These data could indicate that Nurr1 and Nur77 
have similar functions in controlling SMC proliferation. In contrast to Nurr1 and 
Nur77, NOR-1 promotes human vascular SMC growth in vitro, and SMCs isolated 
from NOR-1-deficient mice show repressed proliferation, which is rescued by 
re-introducing the NOR-1 gene in these cells (Martinez-Gonzalez et al., 2003; 
Nomiyama et al., 2006). At this moment, the mechanism for the distinct roles of 
the NR4A family members in SMC proliferation remains to be elucidated, however, 
the ability of both Nurr1 and Nur77, unlike NOR-1, to heterodimerize with RXR 
enables these two nuclear receptors to mediate gene expression in vascular cells 
via rexinoid-responsive elements, which may explain the distinct effects of these 
nuclear receptors. Alternatively, because RXR is a common partner for other nuclear 
receptors that affect vascular SMC function such as PPARs or LXRs, competition for 
these alternative RXR heterodimeric partners for RXR may be involved (Blaschke et 
al., 2004; Marx et al., 1998). 

Supplementary Figure S2. 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 semi-quantitive RT-PCR.
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The modulation of the inflammatory response of SMCs in vascular disease has 
gained less attention than the role of proliferation and migration of these cells. 
However, evidence accumulates that SMC activation also involves increased synthesis 
of pro-inflammatory cytokines and chemokines, like for example MCP-1, that are 
responsible for accelerated inflammatory cell recruitment (Krohn et al., 2007; Wang 
et al., 1991; Weber et al., 2004). In line with these data, 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 (Chi et al., 2007). In the 
current study, we revealed high Nurr1 expression in vascular SMCs in response to 
TNF-α, a major pro-inflammatory and pro-proliferative stimulus in vascular diseases 
(Zhang et al., 2007). Further analysis of inflammatory gene expression in human 
vascular SMCs demonstrated that TNF-α and LPS enhance the expression of an array 
of pro-inflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-6, IL-8, 
and MCP-1, which are of critical importance in vascular disease (Hansson and Libby, 
2006). Significantly, Nurr1 overexpression in SMCs reduces expression of IL-1β, 
TNF-α and MCP-1, whereas shRNA-mediated knockdown experiments showed an 
increase of TNF-α, and to a lesser extent IL-1β and MCP-1 expression. We hypothesize 
that inhibition of the pro-inflammatory transcription factor NF-κB is involved in the 
anti-inflammatory properties of Nurr1 in SMCs, since Nurr1 has been identified in a 
genome-wide screen as an inhibitor of NF-κB (Diatchenko et al., 2005). 

To study the in vivo function of Nurr1 in SMC-rich lesion formation, we applied 
the wire-injury model in ApoE-/- mice and infected the carotid artery locally with 
lentiviral vehicles. In this model predominantly SMCs are infected by the recombinant 
virus as the wire disrupts the endothelial cell layer and inflammatory cells have not 
been recruited yet. Therefore, this approach allowed us to specifically establish the 
protective function of Nurr1 in SMCs in neointima formation. 

Recent structural studies showed that the ligand-binding pocket of Nurr1 is filled 
with bulky amino-acid side chains (Wang et al., 2003). Taken this into account, 
it is remarkable that small-molecule drugs have been identified that enhance the 
transcriptional activity of this nuclear receptor (Dubois et al., 2006; Ordentlich et 
al., 2003; Wansa et al., 2003; Hintermann et al., 2007; Morita et al., 2005). So far 
these Nurr1 activators are considered as potential drugs to modulate dopaminergic 
neuron function, and may be beneficial 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 expression of Nurr1 in human in-stent restenosis 
lesions, and demonstrated that Nurr1 reduces SMC proliferation and inflammatory 
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responses, and inhibits vascular lesion formation. Based on these data we 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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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 hours 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 an excessive proliferation of vascular smooth 
muscle cells (SMC) (Komatsu et al., 1998). This results in renarrowing 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 (Moses et al., 
2003; Stone et al., 2004; van der Hoeven et al., 2005).

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 (de Vries et al., 2000). Furthermore, we showed that 
Nur77 is expressed in SMCs in the diseased human vessel wall, but not in healthy 
vessels (Arkenbout et al., 2002). 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 (Arkenbout et al., 2002). 
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 (Maruyama et al., 1998). The NR4A transcription 
factors are implicated in diverse cellular events, such as apoptosis, differentiation and 
proliferation (Hsu et al., 2004; Winoto and Littman, 2002). 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 (Giguere, 1999). 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 (Wansa et al., 
2003). 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 (Estlin, 
2001; Gearry and Barclay, 2005; McGeown et al., 1988).

A well-defined mouse model of neointima formation consists of placement of 
a non-constrictive perivascular cuff around the mouse femoral artery (Quax et al., 
2001). Previously, we have shown that the non-constrictive perivascular cuff may 
be constructed from a polymeric formulation suitable for controlled drug delivery 
(Pires et al., 2005). This novel drug-eluting polymer cuff simultaneously induces 
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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. 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 0.5-mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Diagnostics, 
St. Louis). After two hours, medium was discarded, formazan crystals were dissolved 
in isopropanol and optical density was measured at 590nm.Apoptosis was induced 
by incubating cells for 24 hours in medium with 0.25 µM 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, 0.5-1.0 x 106 cells were used 
and 3.5 µg Nur77-reporter plasmid with 1.5 µg 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 (Philips et al., 1997). 24 hours after transfection, cells were 
incubated with 6-MP (Sigma) for 24 hours 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 1-4 x 104 cells per well and reached 60% to 
70% confluency after 24 hours. SMCs were made quiescent by incubation for 24 
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hours in FBS-free medium. 6-MP was dissolved in dimethylsulfoxide and applied 
one hour before FBS stimulation. SMCs were stimulated for 24 hours with 10% (v/v) 
FBS and subsequently cells were labeled for 18 hours with 0.25 µCi/well {methyl-
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. 

siRNA experiments 
The following small interfering (si)RNA sequences were used: Nur77 siRNA, 
5'-CAGUCCAGCCAUGCUCCUC dTdT-3', as described previously (Kolluri 
et al., 2003), and control siRNA, 5'-CAGACGAGCCUUGCUCGUC dTdT-3' 
(Ambion Inc., Austin, Texas). Five µg of siRNA was transfected into 0.5-1 x 106 
SMCs, using Nucleofector reagent for SMCs (Amaxa) as per the manufacturer's 
recommendations. Total mRNA was isolated five days after transfection, using 
the Absolutely mRNA miniprep kit (Stratagene, La Jolla, Calif). Subsequent 
cDNA synthesis was performed using the iScript cDNA synthesis kit (Biorad, 
Hercules, Calif). Real-time polymerase chain reaction (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’-GCAGGGACCTTGAGAAGGCCA-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’- 
ATCCGTCTCCACAGACAAGG -3’.

Drug-eluting cuffs 
Poly(ε-caprolactone)-based drug-delivery cuffs were manufactured as previously 
described (Pires et al., 2005). 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 0.5 mm, an external diameter of 1.0 mm, a length of 2.0 mm and 
a weight of approximately 5.0 mg (Pires et al., 2005). 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) (Pires et al., 2005). 6-MP showed a 
sustained and dose-dependent release. Total release at 4 weeks was: 11.3±2.3 µg (46.3%) 
and 30.0±3.5 µg (58.7%) for the 0.5% and 1% 6-MP-eluting cuff, respectively.



88 89

 Femoral artery cuff murine 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 (Arkenbout 
et al., 2002). Male mice, 10-12 weeks old, were fed a standard chow diet.  At the 
time of surgery, mice were anaesthetized with an intraperitoneal injection of 5 mg/kg 
midazolam (Roche, Basel, Switzerland), 0.5 mg/kg medetomidine (Orion, Helsinki, 
Finland) and 0.05 mg/kg fentanyl (Janssen, Geel, Belgium). The femoral artery was 
dissected from its surroundings and loosely sheathed with a non-constrictive cuff 
(Quax et al., 2001). 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 hours, 
and 7 days), employing four 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'; antisense: 5’-AGGCTGCTTGGGTTTTGAAG-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, reverse transcription  
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 (100 mmHg) with 4% (v/v) formaldehyde 
in 0.9% (w/v) NaCl was performed for 5 min by cardiac puncture. After perfusion, 
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femoral arteries were harvested, fixed overnight in 4% (v/v) formaldehyde, dehydrated 
and paraffin embedded. Serial cross-sections (5 µm 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 (Quax et al., 2001). 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-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 (Wansa et al., 2003; Ordentlich et al., 2003). 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-
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overexpressing SMCs were subsequently electroporated with the firefly luciferase 
reporter construct, containing the palindromic NurRE (Nur77 response element from 
the POMC-promoter) sequence (TGATATTTn6AAATGCCA) (Philips et al., 1997) 
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 hours with 50 µM 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, 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 real-time reverse transcription  PCR (Figure 
2B). {methyl-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 {methyl-
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 
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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 hours in the presence of 6-MP (n=4, Mean±SEM); 
*Statistically significant.
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(P=0.021 at 25uM and P=0.021 at 50uM 6-MP). These data clearly demonstrate that 
6-MP inhibits DNA synthesis in SMCs at least partly through activation of Nur77.

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 hours 
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 hours 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).

A

B

C

*

*

*

*

*

0

2

4

6

Control
siRNA

siNur77

m
R

N
A

N
ur

77
 [A

U
]

0

20

40

60

80

100

0 25 50
6-MP [µM]

[3 H
]T

hy
m

id
in

e
in

co
rp

or
at

io
n

[%
of

co
nt

ro
l]

siRNA Nur77

control siRNA

0

4000

8000

12000

0 1 10 25 50
6-MP [µM]

[3 H
]T

hy
m

id
in

e
in

co
rp

or
at

io
n 

[c
pm

] 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 25 
µM or 50 µM 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 real-
time reverse transcription  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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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 (Quax et al., 2001). 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 hours after vascular injury (189±26-fold 
increase; Figure 4). Nur77 mRNA expression is enhanced 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 (Pires et al., 2005). 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). 
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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 hours 
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 hours 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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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 of the effect of 6-MP 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 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 
(Simon et al., 2000). 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 four 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 
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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 hours after injury 
and remains elevated up to 7 days.
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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%: 0.75±0.05, (P=0.15); 1%: 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 
(Arkenbout et al., 2002). In line with these data, we also observed enhanced lesion 
formation in the currently applied femoral artery cuff model, resulting in 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 

6-MP-eluting cuff
Control 0.5% (P) 1% (P)

Intimal area, x103 µm2 3.9±0.5 3.0±0.5 (0.346) 2.0±0.3 (0.014)*
Medial area, x103 µm2 11.9±0.8 10.3±0.8 (0.099) 9.0±0.9 (0.086)
Total vessel area,† x103 µm2 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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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% (P=0.46) nor in the 
1% (P=0.37) 6-MP cuff (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 
(Arkenbout et al., 2002; de Waard et al., 2006). 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 
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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 placement 
of cuffs. 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 placement of cuffs 
containing either no, 0.5% or 
1% 6-MP. (mean±SEM, n=6). 
*Statistically significant.
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reduced lesion formation, both in Wild-type and Nur77-mice. The lesions in ∆TA-
mice were analyzed after 2 weeks, because lesions develop much faster in these mice 
in which the transcriptional activity of Nur77 is inhibited. In ∆TA-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 (Wansa et al., 2003), while Ordentlich et al., did not observe enhanced 
Nur77 activity in response to 6-MP in CV-1  cells (Ordentlich et al., 2003). 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 (Wansa, K. D. and Muscat, G. E. 2005). 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 
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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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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 an even further inhibition of lesion formation in comparison to 6-MP-
treated wild-type mice. In addition, transgenic mice overexpressing in the vessel 
wall 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 (de Vries et al., 2000; Arkenbout et al., 
2002; Martinez-Gonzalez et al., 2003; Martinez-Gonzalez and Badimon, 2005). 
For NOR-1, it has been demonstrated that gene-specific anti-sense oligonucleotides 
decrease SMC proliferation (Martinez-Gonzalez et al., 2003). 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 (Wansa et al., 2003). In the current study, we observed 
a decrease in DNA synthesis of SMCs in the presence of 6-MP. Nur77 knock down 
by a 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 (Estlin, 2001; Gearry and Barclay, 2005; McGeown et al., 1988). 
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 (Tidd and Paterson, 1974). 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 (Polifka and Friedman, 2002). 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 (Hollander 
et al. 1995; Sutherland et al., 1993; Miller, 2002). Consequently, the prescription of 
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azathioprine currently experiences a revival in clinical practice, with beneficial effects 
on lipid profiles, extent of plasma LDL oxidation and fibrinolytic parameters (van den 
Dorpel et al., 1997; van den Dorpel et al., 1999). 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 Nur77 by 6-MP or by other activators/agonists is a 
rational approach to treat (in-stent) restenosis.   



98 99

5

6-
M

er
ca

pt
op

ur
in

e 
an

d 
N

ur
77

 in
 re

st
en

os
is

References
Arkenbout EK, de Waard V, van Bragt M, van Achterberg TA, Grimbergen JM, Pichon B, Pannekoek 
H, and de Vries CJ. Protective function of transcription factor TR3 orphan receptor in atherogenesis: 
decreased lesion formation in carotid artery ligation model in TR3 transgenic mice. Circulation (2002); 
106: 1530-1535.

de Vries CJ, van Achterberg TA, Horrevoets AJ, ten Cate JW, and Pannekoek H. Differential display 
identification of 40 genes with altered expression in activated human smooth muscle cells. Local 
expression in atherosclerotic lesions of smags, smooth muscle activation-specific genes. J. Biol. Chem. 
(2000); 275: 23939-23947.

de W, V, Arkenbout EK, Vos M, Mocking AI, Niessen HW, Stooker W, de Mol BA, Quax PH, Bakker 
EN, VanBavel E, Pannekoek H, and de Vries CJ. TR3 nuclear orphan receptor prevents cyclic stretch-
induced proliferation of venous smooth muscle cells. Am. J. Pathol. (2006); 168: 2027-2035.

Estlin EJ. Continuing therapy for childhood acute lymphoblastic leukaemia: clinical and cellular 
pharmacology of methotrexate, 6-mercaptopurine and 6-thioguanine. Cancer Treat. Rev. (2001); 27: 
351-363.

Gearry RB and Barclay ML. Azathioprine and 6-mercaptopurine pharmacogenetics and metabolite 
monitoring in inflammatory bowel disease. J. Gastroenterol. Hepatol. (2005); 20: 1149-1157.

Giguere V. Orphan nuclear receptors: from gene to function. Endocr. Rev. (1999); 20: 689-725.

Hollander AA, van Saase JL, Kootte AM, van Dorp WT, van Bockel HJ, van Es LA, and van der Woude 
FJ. Beneficial effects of conversion from cyclosporin to azathioprine after kidney transplantation. 
Lancet (1995); 345: 610-614.

Hsu HC, Zhou T, and Mountz JD. Nur77 family of nuclear hormone receptors. Curr. Drug Targets. 
Inflamm. Allergy (2004); 3: 413-423.

Kolluri SK, Bruey-Sedano N, Cao X, Lin B, Lin F, Han YH, Dawson MI, and Zhang XK. Mitogenic 
effect of orphan receptor TR3 and its regulation by MEKK1 in lung cancer cells. Mol. Cell Biol. (2003); 
23: 8651-8667.

Komatsu R, Ueda M, Naruko T, Kojima A, and Becker AE. Neointimal tissue response at sites of 
coronary stenting in humans: macroscopic, histological, and immunohistochemical analyses. Circulation 
(1998); 98: 224-233.

Martinez-Gonzalez J and Badimon L. The NR4A subfamily of nuclear receptors: new early genes 
regulated by growth factors in vascular cells. Cardiovasc. Res. (2005); 65: 609-618.

Martinez-Gonzalez J, Rius J, Castello A, Cases-Langhoff C, and Badimon L. Neuron-derived orphan 
receptor-1 (NOR-1) modulates vascular smooth muscle cell proliferation. Circ. Res. (2003); 92: 96-
103.

Maruyama K, Tsukada T, Ohkura N, Bandoh S, Hosono T, and Yamaguchi K. The NGFI-B subfamily 
of the nuclear receptor superfamily (review). Int. J. Oncol. (1998); 12: 1237-1243.



100 101

McGeown MG, Douglas JF, Donaldson RA, Hill CM, Kennedy JA, Loughridge WG, and Middleton D. 
Ten-year results of renal transplantation with azathioprine and prednisolone as only immunosuppression. 
Lancet (1988); 1: 983-985.

Miller LW. Cardiovascular toxicities of immunosuppressive agents. Am. J. Transplant. (2002); 2: 807-
818.

Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O>Shaughnessy C, Caputo RP, Kereiakes 
DJ, Williams DO, Teirstein PS, Jaeger JL, and Kuntz RE. Sirolimus-eluting stents versus standard 
stents in patients with stenosis in a native coronary artery. N. Engl. J. Med. (2003); 349: 1315-
1323.

Ordentlich P, Yan Y, Zhou S, and Heyman RA. Identification of the antineoplastic agent 6-mercaptopurine 
as an activator of the orphan nuclear hormone receptor Nurr1. J. Biol. Chem. (2003); 278: 24791-
24799.

Philips A, Maira M, Mullick A, Chamberland M, Lesage S, Hugo P, and Drouin J. Antagonism between 
Nur77 and glucocorticoid receptor for control of transcription. Mol. Cell Biol. (1997); 17: 5952-5959.

Pires NM, van der Hoeven BL, de Vries MR, Havekes LM, van Vlijmen BJ, Hennink WE, Quax PH, 
and Jukema JW. Local perivascular delivery of anti-restenotic agents from a drug-eluting poly(epsilon-
caprolactone) stent cuff. Biomaterials (2005); 26: 5386-5394.

Polifka JE and Friedman JM. Teratogen update: azathioprine and 6-mercaptopurine. Teratology (2002); 
65: 240-261.

Quax PH, Lamfers ML, Lardenoye JH, Grimbergen JM, de Vries MR, Slomp J, de Ruiter MC, Kockx 
MM, Verheijen JH, and van Hinsbergh VW. Adenoviral expression of a urokinase receptor-targeted 
protease inhibitor inhibits neointima formation in murine and human blood vessels. Circulation (2001); 
103: 562-569.

Simon DI, Dhen Z, Seifert P, Edelman ER, Ballantyne CM, and Rogers C. Decreased neointimal 
formation in Mac-1(-/-) mice reveals a role for inflammation in vascular repair after angioplasty. J. 
Clin. Invest (2000); 105: 293-300.

Stone GW, Ellis SG, Cox DA, Hermiller J, O>Shaughnessy C, Mann JT, Turco M, Caputo R, Bergin 
P, Greenberg J, Popma JJ, and Russell ME. A polymer-based, paclitaxel-eluting stent in patients with 
coronary artery disease. N. Engl. J. Med. (2004); 350: 221-231.

Sutherland F, Burgess E, Klassen J, Buckle S, and Paul LC. Post-transplant conversion from cyclosporin 
to azathioprine: effect on cardiovascular risk profile. Transpl. Int. (1993); 6: 129-132.

Tidd DM and Paterson AR. A biochemical mechanism for the delayed cytotoxic reaction of 6-
mercaptopurine. Cancer Res. (1974); 34: 738-746.

van den Dorpel MA, Ghanem H, Rischen-Vos J, Man i, V, Jansen H, and Weimar W. Conversion 
from cyclosporine A to azathioprine treatment improves LDL oxidation in kidney transplant recipients. 
Kidney Int. (1997); 51: 1608-1612.



100 101

5

6-
M

er
ca

pt
op

ur
in

e 
an

d 
N

ur
77

 in
 re

st
en

os
is

van den Dorpel MA, Veld AJ, Levi M, ten Cate JW, and Weimar W. Beneficial effects of conversion 
from cyclosporine to azathioprine on fibrinolysis in renal transplant recipients. Arterioscler. Thromb. 
Vasc. Biol. (1999); 19: 1555-1558.

van der Hoeven BL, Pires NM, Warda HM, Oemrawsingh PV, van Vlijmen BJ, Quax PH, Schalij MJ, 
van der Wall EE, and Jukema JW. Drug-eluting stents: results, promises and problems. Int. J. Cardiol. 
(2005); 99: 9-17.

Wansa KD, Harris JM, Yan G, Ordentlich P, and Muscat GE. The AF-1 domain of the orphan nuclear 
receptor NOR-1 mediates trans-activation, coactivator recruitment, and activation by the purine anti-
metabolite 6-mercaptopurine. J. Biol. Chem. (2003); 278: 24776-24790.

Wansa KD and Muscat GE. TRAP220 is modulated by the antineoplastic agent 6-Mercaptopurine, and 
mediates the activation of the NR4A subgroup of nuclear receptors. J. Mol. Endocrinol. (2005); 34: 
835-848.

Winoto A and Littman DR. Nuclear hormone receptors in T lymphocytes. Cell (2002); 109 Suppl: 
S57-S66.



102 103



102 103

6
6-mercaptopurine induces anti-atherogenic 
effects in monocytes/macrophages and inhibits 
atherosclerosis in ApoE*3-Leiden transgenic mice

Thijs WH Pols1, Peter I Bonta1, Nuno MM Pires3, Margreet R de Vries3, 
Mariska Vos1, Jeroen Roelofsen2, Louis M Havekes5, Paul HA Quax3,4, 
André BP van Kuilenburg2, Hans Pannekoek1, and Carlie JM de Vries1.

1Department of Medical Biochemistry, 2Department of Genetic and 
Metabolic Diseases, Academic Medical Center, Amsterdam; 3TNO-
Quality of Life, Gaubius Laboratory, Leiden; 4Department of Surgery, 
5Department of cardiology, Leiden University Medical Center, Leiden, 
The Netherlands.

Submitted for publication



104 105

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 (LPS) stimulation, revealed that 6-MP robustly inhibits 
expression and secretion of monocyte chemoattractant protein-1 (MCP-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 both in initiation and as well as in progression of atherosclerosis (Lusis, 
2000). 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 
infarctions and strokes, resulting from ruptured lesions. 

Transplant recipients or patients suffering from chronic systemic inflammatory 
conditions are at high risk to develop CVD (Lusis, 2000; Cara et al., 2004). 
Azathioprine is widely used as an immunosuppressive agent to prevent transplant 
rejection and to treat several chronic inflammatory conditions, such as inflammatory 
bowel diseases (IBD), multiple sclerosis (MS), and systemic lupus erythematosus 
(SLE) (Miller, 2002; Dubinsky, 2004; Casetta et al., 2007; Dooley and Ginzler, 
2006). It has been proposed that Azathioprine is among the more beneficial 
immunosuppressive drugs with regard to CVD (Miller, 2002).

The pro-drug Azathioprine is rapidly converted to 6-mercaptopurine (6-MP), 
whereafter it is further metabolized (Cara et al., 2004). The immunosuppressive 
mechanism of 6-MP is believed to be mainly derived from anti-proliferative and pro-
apoptotic effects on T- and B-cells (Cara et al., 2004). 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 (Cara et al., 2004; Tiede et al., 2003). 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 
(Ordentlich et al., 2003; Wansa et al., 2003). 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 (de Waard et al., 
2006; Yoo et al., 2007).

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 
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propose that our data provide novel insight into actions of the immunosuppressive 
drug Azathioprine in the atherosclerotic vessel wall.

Materials 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% (vol/vol) fetal bovine serum (GIBCO-Invitrogen) and 100 U/ml penicillin/
streptomycin (GIBCO-Invitrogen). THP-1 monocytic cells were differentiated into 
macrophages by culturing cells for 24 hrs in the presence of 100 ng/ml phorbol 12-
myristate 13-acetate (PMA; Sigma, St. Louis, MO). THP-1-derived macrophages 
were activated by stimulation with 100 ng/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 (Pires et al., 
2007). 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 (Bonta et al., 2006). 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 (Bonta et al., 2006). 
 
Nucleotide measurements
Ribonucleotides were extracted by adding 150 µl of ice-cold 0.4 M perchloric acid 
to a cell pellet of 5 × 106 cells. After 10 min. on ice, the suspension was centrifuged 
at 11.000 × g at 4 oC for 15 min. The supernatant was removed and neutralized with 
approximately 7.5 µl 5.0 M K2CO3. After centrifugation (11.000 x g at 4 oC for 5 
min) the supernatant was used for HPLC analysis. The pellet containing total protein 
was dissolved in 500 µl 0.2 M NaOH and the protein content was measured with a 
copper-reduction method using bicinchonic acid, essentially as described by Smith et 
al. (Smith et al., 1985). Nucleotide profiles were determined by ion exchange HPLC 
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using a Whatman Partisphere SAX column (4.6 x 125 mm, 5 µm particle size) and a 
Whatman AX (10 x 25 mm) guard column. Buffer A consisted of 9 mM NH4H2PO4 
(pH 3.5) and buffer B consisted of 325 mM NH4H2PO4 (pH 4.4) and 500 mM KCL. 
Nucleotides were eluted with a gradient from 100% buffer A to 90% buffer B in 60 
min at a flow-rate of 1 ml/min.

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 500 ng 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 (PARP1)-cleavage was detected by Western blotting 
with antibodies recognizing both cleaved and uncleaved PARP1 (BD Pharmingen, 
Breda, The Netherlands). Protein levels of monocyte chemotactic 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 50 μl Annexin-V binding buffer (Molecular Probes), and 
stained with propidium iodine (PI; 100 μg/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 
FACSCalibur, using cellquest software (BD Biosciences, Breda, The Netherlands).

Monocyte adhesion assay
Flatbottom 96-well plates (Nunc, Roskilde, Denmark) were coated with 1 mg/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 hours, or control-treated 
cells, were transferred to the 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 addition, the wells were 
extensively washed with PBS, and the amount of adherent THP-1 monocytes was 
quantified using the MTT assay.
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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 5 mg/

Gene(s) Genbank no. Forward (Fw) 
and reverse (Rv) primer

Cytokines IL-1β 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-α 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’

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

Mis-
cellaneous

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’

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

Bcl 
members

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

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

Integrin-β2 NM_000211.3 Fw: 5’-ATTGGCTTCGGGTCCTTCGTG-3’
Rv: 5’-TGGCACTCTTTCTCCTTGTTGGG-3’

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); A PCR primer bank for quantitative gene expression analysis. Nucleic Acids Research 31(24): 
e154; pp.1-8.).

Supplemental Table S1. Gene specific primers.
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kg midazolam (Roche, Basel, Switzerland), 0.5 mg/kg medetomidine (Orion, Helsinki, 
Finland) and 0.05 mg/kg fentanyl (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 (Pires et al., 2007). The cuffs were manufactured, as described before (Pires 
et al., 2007). Release of 6-MP from the cuff was determined as described before (Pires 
et al., 2007). Briefly, 6-MP showed a sustained and dose-dependent release from the 6-
MP eluting cuffs, which was 6.3 ± 0.7 μg total release in 14 days for 1% 6-MP eluting 
cuffs and 12.0 ± 1.3 μg 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 5 μm, each separated 
by 200 μm, 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 DAP (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 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 (Cara et al., 2004). We therefore 
first examined a potential inhibition of purine synthesis in THP-1 monocytes by 
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analyzing intracellular nucleotide levels in response to 6-MP. HPLC analysis 
revealed that 10 μM 6-MP decreased both ATP (1.5 fold reduction at 8 hrs, P<0.05; 
Figure 1A) as well as GTP levels (4.1 fold reduction at 8 hrs, P<0.05; Figure 1B). 
Addition of 10 μM 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 (Lusis, 2000; Lessner et al., 2002). To evaluate the effect of 6-
MP on monocyte numbers, we treated proliferating THP-1 monocytes with 10 μM 6-
MP, and observed that 6-MP decreased the number of monocytes in time as compared 
to control conditions (1.9 fold reduction at 48 hrs, P<0.05; Figure 1D). Exogenous 

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 10 μM 
6-MP (diamonds) and treated under control conditions (squares). (C) Intracellular ATP and GTP levels 
in monocytes treated for 8 hrs with 10 μM 6-MP (white bars) or treated under control conditions (black 
bars) with and without simultaneous addition of 10 μM adenine (light grey bars and dark grey bars). (D) 
Timecourse of monocyte numbers in response to 10 μM 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 (10 μM 6-MP, grey bars; 50 μM 6-MP, white bars) as compared to control conditions (black 
bars), with and without simultaneous addition of 10 μM adenine. Results represent means±SEM, n=3; 
*statistically significant, P<0.05. NS, not significant.
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addition of 10 μM adenine rescued the effect of 6-MP on monocyte numbers (Figure 
1E), indicating that this effect 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. 10 μM 6-MP increased the number of early apoptotic cells 
5.3 fold after 48 hrs (P<0.05; Figure 2A and 2B). Next, we examined cleavage of 
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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 10 μM 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 10 μM 6-MP (diamonds) and in control-
treated monocyte cultures (squares) as analyzed by FACS. (C) Western blot of intact PARP1 (113kD 
band) and the larger fragment of cleaved PARP1 (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 10 μM 6-MP (white bars) and treated under control conditions (black bars) with and without 
simultaneous addition of 10 μM 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 10 μM 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.
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poly ADP-ribose polymerase-1 (PARP-1), which is a substrate of caspases and may 
be considered as a read-out for caspase activity in the cell. Clear PARP-1 cleavage 
in 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 10 μM 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 (Ordentlich et al., 
2003; Wansa et al., 2003), which are implicated in apoptosis of myeloid progenitor 
cells (Mullican et al., 2007). 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 10 
μM 6-MP. We chose to analyze gene expression of monocytes after 24 hours 6-MP 
treatment, a timepoint 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 (Fig 2E), we observed that the anti-apoptotic factors 
Bcl-xL (1.7 fold reduction, P<0.05; Fig 2F) and Bcl-2 (3.2 fold reduction, P<0.05; 
Fig 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 (Lusis, 2000; Lessner et al., 2002). 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 (Lusis, 2000). Expression of 
integrin-β2 was not modulated in THP-1 monocytes treated with 10 μM 6-MP 
for 24 hrs (Figure 3A), but we did observe that 6-MP reduced expression of the 
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integrins PECAM-1 (2.0 fold reduction, P<0.05; Fig 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 10 μM 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 
(VCAM)-1 with fibronectin (Chan et al., 1992). 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 (Lusis, 2000). To investigate the influence of 6-
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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 10 
μM 6-MP for 24 hrs (white 
bars) and of control treated 
monocytes (black bars). (D) 
Quantification of adherent 
THP-1 monocytes treated 
with 10 μM 6-MP for 24 
hrs (diamonds) and of 
control treated monocytes 
(squares) to gelatin-coated 
and (E) fibronectin-coated 
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the MTT assay. Results 
represent means±SEM, 
n=4; *statistically 
significant, P<0.05.
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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 50 μM 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-S2C), 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-A (SR-A; Figure S2E and Figure S2F).

To examine a potential modulation of inflammatory gene expression by 6-MP, 
we pre-treated macrophages for 48 hrs with 10 μM 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 
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compared to the cell viability of macrophages treated under control conditions (black bars). (B) MCP-
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over non-LPS treated macrophages. (C) MCP-1 protein in the supernatant of 24 hrs LPS-stimulated 
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bars; 50 μM 6-MP, white bars) or without 6-MP treatment (black bars) with and without simultaneous 
addition of 10 μM adenine. Results represent means±SEM, n=3; *statistically significant, P<0.05. NS, 
not significant.
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response to 2, 25 and 50 μM 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 observed reduced MCP-1 protein in response to 6-MP treatment 
(2.4 fold reduction at 10 μM 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 (Hong et al., 

*

Ctrl

In
tim

a
μ

m
2 ]

100μm

2.5% 6-MP

GA

0

2000

4000

6000

8000

10000

12000

14000

16000

Ctrl 1% 2.5%

*
D

B

E

C

F

M
A

C
3

H
E

-L
aw

so
n

1% 6-MP

su
rfa

ce
 [

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 100 μm. (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.
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2004). 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 cuffs (or control cuffs) loosely around the 
femoral arteries of ApoE*3-Leiden transgenic mice fed a Western diet (Lardenoye et 
al., 2000). Two weeks after cuff placement, equal high plasma cholesterol levels of 
approximately 9 mmol/L were observed in all mice (data not shown). Cross-sections 
stained with HE-Lawson (Figure 5A-5C), and with immunohistochemistry for Mac3 
to detect macrophages (Figure 5D-5F), 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 ± 541 μm2, P<0.05) and 2.5% 6-MP (1.409 ± 466 μm2, 
P<0.05) as compared to lesions induced by control cuffs (9962 ± 1.644 μm2; 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-

6-MP-Eluting Cuff
Control 1% 2.5%

Total vessel area#, ×103 μm2 28.7 ± 2.6 25.6 ± 1.6 26.0 ± 3.6
Media, ×103 μm2 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, ×103 μm2

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.

Table 1. Morphometric data.
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MP cuffs as compared to lesions induced by control cuffs (565 ± 259 μm2, P<0.05 
and 434 ± 139 μm2, P<0.05, respectively vs 2448 ± 901 μm2; Table 1) as well 
as in the media of arteries (1263 ± 397 μm2, P<0.05 and 672 ± 297 μm2, P<0.05 
respectively vs 3439 ± 958 μm2; 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 (de Waard 
et al., 2006; Pires et al., 2007).

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 
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Supplemental 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 10 μM 
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 10 μM 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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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 (Lardenoye et al., 2000). 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 (Stoneman et al., 2007). The 
decreased expression of the anti-apoptotic factors Bcl-2 and Bcl-xL provides insight 
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into the mechanism by which 6-MP induces apoptosis (Adams and Cory, 2007), 
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 (Lusis, 
2000; Lessner et al., 2002). 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 (Lusis, 2000; Shih 
et al., 1999). 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 
(Kitamoto and Egashira, 2002). 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 amidotransferase (Cara et al., 2004). 
We demonstrate that the effects of 6-MP observed in monocytes/macrophages were 
attributed to decreased intracellular nucleotide 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 (Tiede et al., 2003).

The clinical indications for which 6-MP is currently applied as an immuno-
suppressive 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 
(Barnett et al., 2006; Pringe et al., 2007; Herfarth et al., 2003). Furthermore, MCP-
1 is elevated in Crohn’s disease and is associated with the degree of intestinal 
inflammation (Herfarth et al., 2003). 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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§7.1  Thesis outline
The research described in my thesis focuses on the three nuclear receptors of the 
NR4A subfamily: Nur77, Nurr1, and NOR-1, as potential novel molecular targets 
to intervene in atherosclerosis and related (vascular) pathologies. We aimed to 
gather further knowledge on mechanisms of actions of these transcription factors in 
processes relevant to vascular pathologies. 6-mercaptopurine (6-MP), derived from 
the immunosuppressive pro-drug Azathioprine has been reported to enhance the 
transcriptional activity of the NR4A nuclear receptors. We therefore also investigated 
6-MP with respect to vascular pathologies.

I introduce the NR4A nuclear receptors and describe their documented actions 
in processes relevant to cardiovascular disease in Chapter 1. Next, I demonstrate 
in Chapter 2 that hepatic expression of Nur77 reduces hepatic triglyceride levels 
and modulates the plasma lipid profile, which is at least partly caused by a potent 
suppression of the transcription factor sterol regulatory element binding protein 
(SREBP)-1c by Nur77. We subsequently show in Chapter 3 that the three NR4A 
nuclear receptors are expressed in atherosclerotic lesion macrophages, and inhibit 
cytokine secretion and reduce foam cell formation of cultured THP-1 macrophages. 
We demonstrate in Chapter 4 that the NR4A nuclear receptors Nur77, Nurr1 and 
NOR-1 are expressed in human in-stent restenosis. We report that Nurr1 inhibits 
inflammation and proliferation of primary human smooth muscle cells (SMCs), 
and inhibits SMC-rich lesion formation in vivo. In Chapter 5 we report that 6-MP 
inhibits SMC proliferation and SMC-rich lesion formation with involvement of 
Nur77. We show in Chapter 6 that locally applied 6-MP inhibits atherosclerosis, 
which is at least partially mediated through anti-atherogenic effects of 6-MP on 
monocytes/macrophages, involving adhesion, apoptosis, and inhibition of monocyte 
chemoattractant protein (MCP)-1 secretion.

In the current chapter (Chapter 7), we discuss our results and other issues of 
the studies that have not been discussed in the preceding chapters. I also describe 
the potential prospective of the NR4A nuclear receptors and of 6-MP as potential 
targets/drugs for intervention in vascular pathologies, and generate considerations 
and recommendations for future research.

§7.2  Nur77 in hepatic lipid metabolism
In Chapter 2, we investigated the role of nuclear receptor Nur77 in hepatic lipid 
metabolism by an adenoviral gain-of-function approach, and made several novel 
observations. Briefly, even though no effects of Nur77 on total plasma cholesterol 
and triglycerides were induced, we observed that Nur77 increased both plasma 



126 127

low-density lipoprotein (LDL)-triglycerides as well as plasma LDL-cholesterol. 
Furthermore, we observed that Nur77 reduces hepatic triglyceride levels. We propose 
that these physiological changes are at least partially caused by a strong inhibition 
of expression of the transcription factor SREBP-1c by Nur77 (Figure 1). Although 
SREBP-1c is also regulated at post-transcriptional level, involving binding to SREBP 
cleavage-activating protein (SCAP), it is conceivable that the strong inhibition of 
expression of SREBP-1c by Nur77 influences SREBP-1c activity. In line with this, 
we indeed observed suppression of a number of SREBP-1c-target genes (Figure 
1). Of note, a similar gain-of-function approach for nuclear receptor Nurr1 gave 
comparable results regarding the physiological changes observed in response to 
Nur77, as well as in terms of changes in hepatic gene expression (unpublished data; 
not shown in this thesis). In line with our findings that overexpression of Nur77 and 
Nurr1 inhibit SREBP-1c expression, Maxwell et al. reported that silencing of Nur77 
in mouse C2C12 skeletal muscle cells increases SREBP-1c expression (Maxwell et 
al., 2005), indicating that endogenous levels of Nur77 are physiologically relevant 
in regulating SREBP-1c expression levels. 

The observed increase in plasma LDL-cholesterol and LDL-triglycerides by 
Nur77 may at least partially be explained by decreased uptake of LDL particles via 
the LDL-receptor (LDLR), of which expression is inhibited in response to Nur77. 
Decreased expression of the LDLR is most probably caused by Nur77-mediated 
suppression of SREBP-1c that directly regulates LDLR expression. A primary event 
in atherosclerosis is the accumulation of modified LDL particles in the intimal 
compartment of arteries, and higher LDL levels are correlated with increased 
deposition of LDL particles (Lusis, 2000). The observation that expression of Nur77 
and Nurr1 in murine livers results in increased plasma LDL levels is obviously 
undesirable in the treatment of atherosclerosis, and indicates that precautions must 
be taken to avoid this effect in response to enhancement of the expression or activity 
of Nur77 and/or Nurr1.

Nur77 SREBP-1c

Hepatocyte

Nucleus

Glucagon

cAMP

↓ LDL receptor

↓ Lipogenic enzymes
• Fatty acid synthase

• Glycerol-3-phosphate
acylransferase

• Stearoyl-coA desaturase-1

Figure 1. Hypothetical schematic 
representation of the inhibition 
of SREBP-1c by Nur77. Nur77, 
downstream of the glucagon-
cAMP axis in hepatocytes, inhibits 
expression of SREBP-1c. This 
results in decreased SREBP-1c 
activity, and reduced expression of 
the SREBP-1c downstream genes: 
the LDL receptor and several 
lipogenic enzymes.
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Several intriguing questions are still remaining. We observed that a relatively 
large number of genes are changed in response to Nur77. It will be of interest to 
determine the full effect induced by Nur77 on the hepatic transcriptome and the 
potential connection between modulated genes. This may perhaps also provide an 
explanation for the finding that total plasma lipids are unchanged in response to 
Nur77, despite increased LDL lipid levels. Plasma lipid profiles of wild-type mice 
are different from those of humans. It will therefore be of interest to investigate 
Nur77 also in ApoE*3-Leiden.cholesteryl ester transfer protein (CETP) transgenic 
mice, which have plasma lipid profiles that are more comparable to that of humans 
(Zadelaar et al., 2007). This approach will give even better insight into potential 
effects of hepatic expression of Nur77 in humans. In addition, studies in primary 
hepatocytes could be performed to dissect the precise mechanism by which Nur77 
modulates SREBP-1c expression.

SREBP-1c has been proposed to play a key role in hepatic steatosis, a condition of 
the liver characterized by excessive hepatic lipid accumulation, which may result in 
fibrosis and cirrhosis of the liver (Shimomura et al., 1999; Ahmed and Byrne, 2007). 
Since Nur77 and Nurr1 inhibit expression of SREBP-1c, enhancing the activity or 
expression of Nur77 and/or Nurr1 may have a beneficial outcome in hepatic steatosis, 
although potential increases in plasma LDL levels should be taken into consideration. 
Further insight into potential beneficial effects of Nur77 and Nurr1 in hepatic steatosis 
may be obtained by using dedicated animal models. For example, Obese/Obese (Ob/
Ob) mice, that are deficient in the appetite-suppressing hormone leptin, develop fatty 
livers, and as such provide a tool to investigate a potential beneficial role of Nur77 
and Nurr1 in the formation of hepatic steatosis (Yang et al., 1997).

§7.3 Mouse models of in-stent restenosis and atherosclerosis
In addition to extensive experiments in cultured cells, we applied various animal 
models to gain insight into the function of Nur77-like nuclear receptors and 6-MP 
in atherosclerosis and in (in-stent) restenosis. In our studies concerning (in-stent) 
restenosis, we used two different mouse models of SMC-rich lesion formation. 
Notably, the mouse carotid artery guide wire-injury model (used in the study described 
in Chapter 4) and the mouse femoral artery cuff model (used in the study described 
in Chapter 5). The rational to choose between the various animal models of vascular 
lesion formation was based on the specific properties of each of these animal models. 
An advantage of the femoral artery cuff model is that this model allows placement 
of drug-eluting cuffs that deliver certain drugs, like 6-MP, locally to the perivascular 
space around the artery (Pires et al., 2005). Clearly, this mouse femoral artery cuff 
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model also has its weaknesses. For example, the precise mechanism responsible for 
the induction of vascular lesion formation in the mouse femoral artery cuff model 
is not exactly known, and may involve a disturbance in the adventitial blood flow, 
vascular damage and/or production of cytokines by the granulation tissue (Pires 
et al., 2006). The mechanism responsible for the cuff-induced SMC-rich lesion 
formation thereby does not mimic the initial pathogenic stimulus as it occurs in the 
pathogenesis of human in-stent restenosis. Human restenotic lesions are believed to 
be initiated by de-endothelialization, crush of the plaque (often with dissection into 
the media and occasionally adventitia), and stretch of the entire artery by the balloon 
angioplasty procedure (Costa and Simon, 2005). An advantage of the mouse carotid 
artery guide wire-injury model is therefore that this lesion formation is evoked by 
damage to the endothelial cell layer, and as such may more closely resemble this 
aspect of human restenosis development, although also this model still considerably 
differs from human in-stent restenosis in multiple other facets, e.g. stretch of the 
artery, which occurs in balloon angioplasty, is not mimicked in this model.

In Chapter 6, we applied a variation of the femoral artery cuff model to study 
atherosclerotic lesion formation. This model, described by Lardenoye et al., involves 
the placement of cuffs around the femoral artery of ApoE*3-Leiden transgenic mice 
that are fed a high fat diet, resulting in atherosclerotic lesion formation (Lardenoye 
et al., 2000). It should be noted that a large difference exists between human 
atherosclerosis and animal models of atherosclerosis regarding the time-span of 
atherosclerosis development. In humans, the development of atherosclerosis may 
take decades, whereas in animal models, such as in the latter mouse femoral artery 
cuff model, lesions are generated in 1-4 weeks.  Despite the large difference in 
time-span of lesion development between human atherosclerosis and the lesions in 
animal models, a typical atherosclerotic lesion phenotype is observed in the latter 
mouse femoral artery cuff model, exemplified by the presence of foam cell-like 
macrophages, and a fibrous cap containing SMCs (Lardenoye et al., 2000). 

In conclusion, none of the used animal models is ‘ideal’ and each model holds 
several deviations from human vascular pathologies, such as differences in genetics, 
vessel size dimensions, initiation stimuli, and time-span of lesion development. 
Data obtained from the animal models described in this thesis should therefore 
be interpreted with care. Despite these disadvantages, the animal models share 
basic aspects of human vascular lesion formation, such as inflammation, foam 
cell formation, and SMC proliferation, involving complex cell-cell interactions 
in an environment that can not be mimicked with cultured cells. As such, animal 
models provide a first step into identification of roles of specific proteins in vascular 
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pathologies and may provide useful insight into the efficacy and safety of potential 
novel treatments/drugs.

§7.4  Nur77-like nuclear receptors in atherosclerotic lesion macrophages   
 and inflammation
Monocyte-derived macrophages are key players in atherosclerosis in which they act 
throughout the three well-defined stages of the disease: initiation, progression, and 
rupture. In Chapter 3 of this thesis, we demonstrate that the NR4A nuclear receptors 
are expressed in macrophages in atherosclerotic lesions and inhibit oxidized-LDL 
loading and inflammatory responses of these cells.

Our findings demonstrating that the NR4A nuclear receptors reduce oxidized-
LDL uptake in macrophages, and thereby potentially prevent macrophage foam-cell 
formation, may be considered anti-atherogenic. This reduction in oxidized-LDL 
loading in macrophages by the NR4A nuclear receptors is at least partially caused 
by abrogated expression levels of the scavenger receptors SR-A and CD36, involved 
in the uptake of foreign particles like oxidized-LDL and other modified forms of 
LDL present in atherosclerotic lesions. The precise mechanism responsible for the 
decrease in SR-A and CD36 in macrophages by the NR4A nuclear receptors is 
unknown, but likely involves effects of the NR4A nuclear receptors on macrophage 
differentiation. This is further underlined by the finding that the NR4A nuclear 
receptors decrease expression of CD11b, a gene representative for macrophage 
differentiation. It remains of great interest to investigate whether and how Nur77 
drives macrophages into a potential anti-atherogenic macrophage phenotype. A 
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p65p50

IκB

Nucleus

Cytoplasm

p65p50

p65p50
NF- κB response element
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DegradationIκB
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Figure 2. Hypothetical 
schematic representation 
of Nur77 in the negative 
regulation of NF-κB. 
Activation of the TNF receptor 
results in activation of NF-
κB by releasing it from its 
IκB inhibitor molecules. This 
results in nuclear localization 
of NF-κB and, amongst others, 
the transcription of several 
inflammatory cytokines. Nur77 
is also induced by NF-κB, and 
Nur77 protein inhibits NF-κB 
activity, providing a negative 
feedback loop that limits the 
duration and intensitity of NF-
κB signaling.
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potential approach to gain additional insight in the latter phenomenon may involve 
gene expression profiling of the Nur77-induced phenotype and compare this with 
other macrophage phenotypes, of which many are documented (e.g. M1, M2a, M2b, 
M2c) (Mantovani et al., 2004).

We also demonstrated that NR4A nuclear receptors inhibit the inflammatory 
response of activated macrophages. Since atherosclerosis is a chronic inflammatory 
process, anti-inflammatory properties of the NR4A nuclear receptors in macrophages 
are clearly beneficial in atherosclerosis. We believe that the anti-inflammatory 
properties of the NR4A nuclear receptors, in addition to potential effects that are 
derived via a change in macrophage phenotype, are at least partially mediated through 
inhibition of NF-κB (extensively discussed in Chapter 1). In line with the anti-
inflammatory actions of the NR4A nuclear receptors in macrophages, we describe 
in Chapter 4 anti-inflammatory properties of Nurr1 in SMCs, which may also be 
derived from inhibition of NF-κB. The mouse promoter region of the Nur77 gene 
contains two NF-κB response elements that are also present in the human Nur77 
promoter. It has been demonstrated that these NF-κB binding sites are involved in the 
upregulation of Nur77 in response to the pro-inflammatory stimulus lipopolysacharide 
(Pei et al., 2005). The data that NR4A nuclear receptors are driven by NF-κB and 
expressed in atherosclerosis, while reducing inflammation may be explained by the 
hypothesis that Nur77 is part of a negative feedback loop that controls the intensity 
and duration of NF-κB activity (Figure 2). This hypothesis may point towards a 
means to counterbalance NF-κB signaling via enhancing expression of the NR4A 
nuclear receptors, which may have a beneficial outcome in atherosclerosis.

§7.5  Nuclear receptors Nurr1 and Nur77 in smooth muscle cells: beneficial 
 or detrimental in atherosclerosis?
SMCs in the media of normal healthy vessels are quiescent differentiated cells that are 
crucial in regulating blood pressure and vessel wall stability. SMCs are not terminally 
differentiated, and have retained their ability to differentiate into activated SMC 
phenotypes. This phenotypic plasticity of SMCs is important in repair of damaged 
vessels and allows the vessel wall to adapt to specific, altered, circumstances. SMCs 
needed for these processes are not only derived from the media, but may also be 
recruited from other sources, such as from circulating SMC progenitor cells, which 
are originating from the bone marrow (Kawai-Kowase and Owens, 2007). In case 
of percutaneous balloon dilatation angioplasty or bypass operations the vessel is 
damaged (also described in Chapter 1 and in paragraph 7.3), and a repair reaction of 
SMCs is initiated. This repair response of SMCs to damage is sometimes excessive, 
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giving rise to a SMC-rich vascular pathology that obstructs the blood flow. The 
inhibition of SMC proliferation by the NR4A nuclear receptors Nur77 and Nurr1 
is therefore evidently beneficial in SMC-rich vascular pathologies (described in 
Chapter 4 and Chapter 5).

The role of SMC proliferation is more complex with regard to atherosclerosis. 
Although SMCs greatly contribute to atherosclerotic lesion size, SMCs and their 
secreted matrix molecules also provide stability to plaques. In this way, SMCs 
protect against acute myocardial infarction and ischemic stroke that result from 
rupture of unstable/vulnerable atherosclerotic lesions. The role of Nur77 and 
Nurr1, and their inhibition of SMC proliferation, is therefore also more intricate 
in atherosclerosis. It can not be excluded that expression or activation of Nur77 
and/or Nurr1 makes atherosclerotic plaques more prone to rupture. I speculate that 
the adverse effect of Nur77 and Nurr1 in SMCs regarding plaque vulnerability is 
compensated by a strong beneficial outcome of the NR4A nuclear receptors on 
inflammation (described in Chapter 3 and Chapter 4), which is also important in the 
rupture of atherosclerotic lesions. Atherosclerosis models on NR4A-deficient mice 
may provide more insight into how and to what extent the NR4A nuclear receptors 
modulate plaque composition and stability.

§7.6 6-Mercaptopurine is anti-atherogenic through both NR4A-dependent 
 and NR4A-independent pathways
In an attempt to identify compounds that enhance the transcriptional activity of 
Nurr1, Ordentlich et al. screened 800 prototypic compounds, and observed that 
6-MP enhanced the transcriptional activity of Nurr1 in CV-1 cells. An additional 
screening of 340,000 compounds did not result in any other hits, underlining this 
unique property of 6-MP (Ordentlich et al., 2003). The same authors observed that 6-
MP enhances the transcriptional activity of NOR-1 in a similar screening, and in line 
with the previous study, Wansa et al. reported that 6-MP enhances the transcriptional 
activity of Nur77, Nurr1 and NOR-1 in C2C12 cells (Wansa et al., 2003). The 
primary mechanism by which 6-MP modulates the transcriptional activity of the 
NR4A nuclear receptors likely involves interference of 6-MP in purine biosynthesis 
and/or genotoxic stress, since simultaneous addition of certain compounds of the 
purine synthesis (e.g. adenine, adenosine, guanosine, hypoxanthine, and inosine) 
inhibited Nurr1 activation by 6-MP (Ordentlich et al., 2003).

We investigated 6-MP both in atherosclerosis as well as in (in-stent) restenosis 
using dedicated animal models and in vitro approaches, in which we focused on 
involvement of the NR4A nuclear receptors. In line with the study from de Waard et 
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al. demonstrating that effects of 6-MP on venous SMC proliferation is fully dependent 
on Nur77 (de Waard et al., 2006), we observed that 6-MP inhibited proliferation of 
arterial SMCs at least partially through involvement of Nur77, which is described 
in Chapter 5 (Figure 3). We subsequently describe in Chapter 6 novel unrecognized 
anti-atherogenic actions of 6-MP in monocytes/macrophages (Figure 3). In contrast 
to the effects of 6-MP on SMCs, we observed that the anti-atherogenic effects of 
6-MP on monocytes/macrophages with respect to apoptosis and MCP-1 secretion 
were independent of the NR4A nuclear receptors. In addition to effects of 6-MP on 
apoptosis and MCP-1 secretion, 6-MP also inhibited expression of the monocyte 
adhesion integrins VLA-4 and platelet cell adhesion molecule-1 (PECAM-1), and 
inhibits monocyte adhesion (Figure 3). It remains to be resolved whether this action 
of 6-MP involves NR4A transcriptional activity. A potential approach to identify 
changes of 6-MP on gene expression which are mediated through enhanced activity 
of the NR4A nuclear receptors may involve comparison of the transcriptome of 6-
MP treated monocytes/macrophages in which NR4A function is manipulated and 
control cells, for example by using micro-arrays.

§7.7 Perspective of the NR4A nuclear receptors as targets for 
 intervention in vascular pathologies
NR4A nuclear receptors are expressed in the diseased vessel wall as well as in other 
tissues in which these nuclear receptors have specific more or less well-defined 
functions. In my thesis, several novel facets of the NR4A nuclear receptors and 
of 6-MP are described that are highly relevant to the potential utilization of these 
receptors as targets for intervention in vascular pathologies.

6-MP

Smooth muscle cell
proliferation

Monocyte
apoptosis

Macrophage chemokine
secretion

Monocyte
adhesion

Downregulation of MCP-1

Downregulation of
VLA-4 and PECAM-1

Upregulation of p27Kip1

Downregulation of
Bcl-2 and Bcl-xL

Fig. 3. Actions of 6-MP described in this thesis that modulate atherogenesis.
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We demonstrate novel athero-protective actions of NR4A nuclear receptor Nurr1 
in cultured SMCs and in a mouse model of (in-stent) restenosis. Furthermore, we 
report that 6-MP could be promising as a potential novel anti-restenotic compound, 
exerting its protective effects with involvement of Nur77. In addition to a protective 
effect of the NR4A nuclear receptors in in-stent restenosis, we report beneficial 
properties of the NR4A nuclear receptors Nur77, Nurr1 and NOR-1 in cultured 
macrophages with respect to atherosclerosis. Furthermore, we demonstrate novel, 
NR4A-independent, anti-atherogenic actions of 6-MP in cultured monocytes/
macrophages, and demonstrate that 6-MP inhibits atherosclerosis development in 
mice. These data clearly demonstrate that NR4A nuclear receptors and 6-MP are 
promising tools to treat in (in-stent) restenosis and atherosclerosis.

Our results showing that Nur77 interferes with the transcription factor SREBP-
1c in the liver may suggest that local targeting of the NR4A nuclear receptors, e.g. 
using drug-eluting stents, may have advantages over systemic targeting. However, 
more research is required to fully elucidate all effects of NR4A nuclear receptors 
in metabolism and vascular biology. For example, the effect of the NR4A nuclear 
receptors on endothelial activation is still unknown. In conclusion, the results 
described in this thesis provide further knowledge on the NR4A nuclear receptors 
with respect to vascular pathologies and brings us more close to the identification of 
the full prospective of these receptors as potential targets for intervention in vascular 
pathologies.
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Summary

Atherosclerosis is a chronic disease of the arterial vessel wall that results in 
thickening of the vessel wall and may severely narrow the lumen of a blood vessel. 
Acute myocardial infarctions or ischemic strokes are caused upon local rupture of 
such a thickening, also named as atherosclerotic lesion, and the subsequent induction 
of blood coagulation obstructs the blood flow to vital organs and tissues. Risk factors 
for atherosclerosis are amongst others obesity, high blood pressure, smoking, and 
diabetes. When coronary arteries are narrowed due to atherosclerosis, clinical 
intervention usually involves balloon angioplasty with optional placement of a stent. 
A major complication of this angioplasty procedure is (in-stent) restenosis, a re-
narrowing of the treated vessel which is caused by excessive growth of vascular 
smooth muscle cells (SMCs). The goal of the research described in my thesis was 
to further explore the role and therapeutic potential of the NR4A nuclear receptors 
Nur77, Nurr1, and NOR-1 in atherosclerosis and processes closely related to this 
process, such as (in-stent) restenosis and lipid metabolism. 6-Mercaptopurine (6-
MP) is a metabolite of the immunosuppressive drug Azathioprine, which has recently 
been shown to enhance the transcriptional activity of NR4A nuclear receptors. 
The research described in this thesis therefore also focuses on effects of 6-MP in 
atherosclerosis and related vascular pathologies and the potential clinical application 
of this drug in vascular disease.

In Chapter 1, a brief introduction on atherosclerosis and related vascular 
pathologies is provided and the NR4A nuclear receptors are introduced. We describe 
knowledge that has thus far been obtained in the ‘research field’ of the NR4A nuclear 
receptors on the topic of their regulation of expression and transcriptional activity, 
and mechanisms by which the NR4A nuclear receptors modulate gene transcription. 
In addition, current insights on the NR4A nuclear receptors with respect to 
vascular disease are reported, and the aim of the research described in this thesis is 
formulated.

To identify a potential role of Nur77 in hepatic lipid metabolism a gain-of-function 
approach, involving adenovirus-mediated overexpression of Nur77 in liver of mice, 
was performed. The results of this study are described in Chapter 2. We report that 
Nur77 reduces hepatic triglyceride levels and modulates the plasma lipid distribution. 
Total plasma cholesterol and triglyceride levels remained the same but both low-
density lipoprotein (LDL)-triglycerides as well as LDL-cholesterol were increased. 
Analysis of the expression levels of a selection of >25 key genes involved in hepatic 
lipid metabolism revealed that Nur77 potently inhibits expression of the transcription 
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factor sterol regulatory element binding protein (SREBP)-1c. In line with this 
observation, the SREBP-1c target genes fatty acid synthase, mitochondrial glycerol-
3-phosphate acyltransferase, stearoyl-coA desaturase-1, and the LDL-receptor were 
shown to be downregulated, which is in agreement with the physiological changes 
observed in mice in response to hepatic expression of Nur77.

We subsequently report in Chapter 3 that the NR4A nuclear receptors are expressed 
in atherosclerotic lesion macrophages and demonstrate in cultured THP-1 derived 
macrophages, using lentiviral vectors, that the NR4A nuclear receptors inhibit the 
expression of a number of pro-inflammatory cytokines and chemokines upon activation 
with lipopolysacharide (LPS) or tumor necrosis factor (TNF)-α, notably, interleukin 
(IL)-1β, IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1), macrophage 
inflammatory protein (MIP)-1α, and MIP-1β. In addition, NR4A nuclear receptors 
were found to reduce oxidized-LDL uptake in macrophages, which may be explained 
by a decreased expression of the scavenger receptors CD-36 and SR-A in response to 
the NR4A nuclear receptors. Furthermore, we show that these nuclear receptors inhibit 
expression of CD11b, a gene representative for macrophage differentiation, suggesting 
that NR4A nuclear receptors modulate macrophage differentiation. In agreement with 
these data, silencing of Nur77 and NOR-1 using lentiviral short-hairpin RNA delivery 
resulted in increased expression of CD11b, SR-A and CD36, increased oxidized-LDL 
loading and augmented expression of cytokines.

We demonstrate in Chapter 4 that the three NR4A nuclear receptors are expressed 
in human in-stent restenosis lesions. Lentivrus-mediated overexpression of Nurr1 in 
human SMCs allowed us to study the function of this transcription factor and resulted in 
inhibition of SMC proliferation, consistent with upregulation of the cell-cycle inhibitor 
p27Kip1. In line with these observations, silencing of Nurr1 in SMCs, using lentiviral 
short-hairpin RNA delivery, increased cell proliferation. In addition to modulation 
of SMC proliferation, we report that overexpression of Nurr1 inhibits expression of 
the cytokines IL-1β, tumor necrosis factor (TNF)-α, and MCP-1 in these cells, while 
silencing of Nurr1 increased expression of TNF-α. We demonstrate in the carotid wire 
injury mouse model, combined with local, lentiviral overexpression, that Nurr1 inhibits 
SMC-rich lesion formation in vivo, which is consistent with the anti-proliferative and 
anti-inflammatory properties of Nurr1 observed in cultured SMCs.

 In Chapter 5, we challenged the hypothesis that enhancement of the activity of 
Nur77 with 6-MP is a promising approach to prevent (in-stent) restenosis. First, it 
was demonstrated that 6-MP indeed enhances the transcriptional activity of Nur77 
in primary human SMC. Subsequently we report that 6-MP inhibits proliferation 
of SMCs, at least partially involving Nur77, as shown in SMCs in which Nur77 is 
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silenced by small interfering RNA. To study the effect of 6-MP on vascular lesion 
formation, we applied a mouse model in which a so called cuff is placed around the 
femoral artery. In this model, Nur77 mRNA expression is induced already 6 hours 
after injury up to 7 days. Most significantly, it was demonstrated that 6-MP, applied 
from a drug-eluting cuff, inhibits SMC-rich neointima formation. This inhibition 
of neointima formation was accompanied by a decreased number of proliferating 
cell nuclear antigen (PCNA)-positive cells, indicating that 6-MP inhibited SMC 
proliferation in the lesion area. To substantiate functional involvement of Nur77 in 
the beneficial effects of 6-MP, it was demonstrated that lesion formation in transgenic 
mice that overexpress Nur77 in SMCs is inhibited to a greater extent as compared 
to lesions in wild-type mice, while overexpression of a dominant-negative variant of 
Nur77 in arterial SMCs blocks the effect of 6-MP. These experiments demonstrate 
that the inhibitory effect of 6-MP on SMC-rich lesion formation depends on the 
presence of Nur77.

In Chapter 6, the anti-atherogenic effects of 6-MP on monocytes/macrophages 
are described. In THP-1 monocytes, 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 consistent with a strong suppression 
of 6-MP on 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 monocytes, and reduces monocyte adhesion. In LPS-
stimulated THP-1-derived macrophages, screening of the expression levels of a 
wide panel of atherosclerosis-related cytokines 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 apoptosis and MCP-1 expression were 
shown to be independent of NR4A transcriptional activity, which is in contrast to 
our observations on SMCs. Significantly, local delivery of 6-MP to the vessel wall, 
using the drug-eluting mouse femoral artery 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 
obtained results on cultured monocytes/macrophages. 

In Chapter 7, the data presented in the previous chapters, and issues that were 
not appointed in the previous chapters, are discussed. We place our research in a 
broader, clinical perspective and propose directions for future research to gain better 
understanding of the NR4A nuclear receptors in vascular pathologies. Finally, we 
aim to define the potential clinical implications of this research supporting NR4A 
nuclear receptors as novel targets for intervention in vascular pathologies.
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Nederlandse samenvatting

Atherosclerose is een chronische aandoening, die zich afspeelt in de slagaders, en 
resulteert in een verdikking van de vaatwand, waardoor het lumen van een bloedvat 
steeds kleiner wordt. Een acuut hart- of herseninfarct onstaat wanneer een dergelijke 
verdikking –ook wel atherosclerotische lesie genoemd- scheurt en het bloed 
vervolgens lokaal stolt, zodat de bloedstroom naar vitale organen wordt afgesloten. 
Risicofactoren voor het ontstaan van atherosclerose zijn onder andere obesitas, 
hoge bloeddruk, roken en diabetes. Vernauwde kransslagaders van het hart kunnen 
behandeld worden middels een zogenaamde dotter behandeling met mogelijk het 
gelijktijdig plaatsen van een stent. Een belangrijke complicatie van deze behandeling 
is (in-stent) restenose, een hernieuwde vernauwing van het bloedvat die veroorzaakt 
wordt door versnelde groei van gladde spiercellen. Het doel van het onderzoek, dat is 
beschreven in mijn proefschrift, was om de rol te bestuderen van de ‘NR4A nuclear 
receptors; Nur77, Nurr1, en NOR-1’ in atherosclerose en in processen die hiermee in 
verband staan, zoals (in-stent) restenose en de vetstofwisseling. 6-Mercaptopurine (6-
MP) is een metaboliet afkomstig van het immuno-suppressieve medicijn Azathioprine 
en recentelijk is aangetoond dat 6-MP de transcriptionele activiteit van de NR4A 
nuclear receptors verhoogt. Het is om die reden, dat in het onderzoek beschreven 
in dit proefschrift ook de effecten van 6-MP op atherosclerose en gerelateerde 
vaataandoeningen zijn bestudeerd, evenals de therapeutische mogelijkheden van dit 
medicijn bij deze ziekten.

In Hoofdstuk 1 wordt een korte introductie gegeven over atherosclerose en 
gerelateerde aandoeningen en worden tevens karakeristieken van de NR4A nuclear 
receptors geintroduceerd. We beschrijven de kennis die beschikbaar is in het 
‘onderzoeksveld’ van de NR4A nuclear receptors met betrekking tot de regulatie van 
de expressie en de activiteit van deze transcriptiefactoren, evenals de mechanismen 
waarvan de NR4A nuclear receptors gebruik maken om genregulatie te beïnvloeden. 
Tevens worden de huidige inzichten over de NR4A nuclear receptors met betrekking 
tot vaatziekten beschreven en formuleren we het doel van het onderzoek waarop dit 
proefschrift is gebaseerd.

Om een mogelijke rol van Nur77 in de vetstofwisseling van de lever te bepalen 
werd Nur77 middels een adenovirus tot overexpressie gebracht in de lever van de 
muis. De resultaten van deze studie zijn beschreven in Hoofdstuk 2. We tonen 
aan dat Nur77 de hoeveelheid triglyceriden in de lever verlaagt en de verdeling 
van cholesterol en triglyceriden in het plasma verandert. De totale hoeveelheden 
cholesterol en triglyceriden in plasma blijven gelijk, maar er is een verhoging 
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van zowel LDL-triglyceriden als LDL-cholesterol waarneembaar. Analyse van 
de expressie van een selectie van >25 genen, die cruciale functies vervullen in de 
vetstofwiseling van de lever, bracht aan het licht dat Nur77 de expressie van sterol 
regulatory element binding protein (SREBP)-1c sterk remt. In overeenstemming 
hiermee vonden we verminderde expressie van de genen die gereguleerd worden 
door SREBP-1c, zoals fatty acid synthase, mitochondrial glycerol-3-phosphate 
acyltransferase, stearoyl-coA desaturase-1, en de LDL receptor. De fysiologische 
veranderingen, die waarneembaar zijn in de muizen waarbij Nur77 verhoogd tot 
expressie is gebracht in de lever, zijn hiermee volledig in overeenstemming.

Vervolgens wordt in Hoofdstuk 3 beschreven dat de NR4A nuclear receptors 
tot expressie komen in macrofagen die aanwezig zijn in humane atherosclerotische 
lesies, en dat NR4A nuclear receptors in gekweekte macrofagen de expressie van een 
aantal ontstekings factoren remt na activatie van deze cellen met lipopolysacharide 
(LPS) of tumor necrosis factor (TNF)-α. Het betreft remming van de expressie 
van interleukine (IL)-1β, IL-6, IL-8, monocyte chemoattractant protein (MCP)-
1, macrophage inflammatory protein (MIP)-1α, en MIP-1β door NR4A nuclear 
receptors. In aanvulling hierop werd aangetoond dat NR4A nuclear receptors 
de opname van geoxideerd-LDL verminderen, wat verklaard kan worden door 
verlaagde genexpressie van de zogenaamde scavenger receptoren CD36 en SR-A. 
Aangezien NR4A nuclear receptors ook de expressie van CD11b remmen, een factor 
die representatief is voor de mate van macrofaag differentiatie, is het zeer goed 
mogelijk dat NR4A nuclear receptors de differentiatie van monocyt naar macrofaag 
beïnvloeden. Geheel in overeenstemming met deze resultaten heeft het uitschakelen 
van Nur77 of NOR-1 met behulp van lentiviraal “short-hairpin” RNA toediening tot 
gevolg dat de expressie van CD11b, SR-A en CD36 is verhoogd, er meer geoxideerd-
LDL wordt opgenomen door de cellen en er sprake is van een versterkte expressie 
van ontstekingsfactoren.

In Hoofdstuk 4 laten we zien dat de drie NR4A nuclear receptors tot expressie 
komen in humaan in-stent restenose weefsel. Om de exacte functie van Nurr1 in 
gladde spiercellen te bepalen werd deze transcriptiefactor tot overexpressie gebracht 
in gladde spiercellen, met als gevolg dat de deling van deze cellen werd geremd. 
Dit kwam overeen met verhoogde eiwit spiegels van de celcyclus-remmer p27Kip1. 
In verdere overeenstemming hiermee heeft het verminderen van Nurr1 expressie in 
gladde spiercellen, door lentivirale “short hairpin” RNA toediening, meer celdeling tot 
gevolg. In aanvulling op de effecten van Nurr1 op de celdeling van gladde spiercellen 
rapporteren we ook dat Nurr1 de expressie remt van de ontstekingsfactoren IL-1β, 
TNF-α en MCP-1, terwijl het verminderen van Nurr1 expressie een verhoging van 
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TNF-α expressie tot gevolg heeft. Zoals was te verwachten naar aanleiding van 
de resultaten die in gekweekte cellen werden verkregen bleek Nurr1 in vivo een 
beschermende functie te hebben en de vorming van gladde spiercel-rijke lesies in 
een muizenmodel te remmen.

In Hoofdstuk 5 wordt de hypothese getoetst dat verhoging van de transcriptionele 
activiteit van Nur77 door 6-MP een veelbelovende benadering is om (in-stent) 
restenose te voorkomen. Allereerst werd aangetoond dat 6-MP de transcriptionele 
activiteit van Nur77 in gladde spiercellen verhoogt. 6-MP remt de celdeling van deze 
cellen en Nur77 is daarbij betrokken, zoals blijkt uit experimenten waarin Nur77 
uitgeschakeld werd met behulp van small-interfering RNA. Om het effect van 6-MP 
op de vorming van vasculaire, gladde spiercel-rijke lesies te bepalen wordt gebruik 
gemaakt van een muizenmodel, waarbij een zogenaamde “cuff” om een slagader 
wordt geplaatst. In dit model is de expressie van Nur77 mRNA verhoogd vanaf 6 
uur tot minstens 7 dagen na het plaatsen van de cuff. Vervolgens werd aangetoond 
dat de lesies kleiner zijn indien er 6-MP in de cuffs werd aangebracht, waardoor er 
lokaal 6-MP in de vaatwand aanwezig was tijdens lesie-vorming. Deze remming van 
vaatlesievorming ging gepaard met een vermindering van het aantal proliferative 
cell nuclear antigen (PCNA)-positieve cellen wat duidt op een vermindering van 
celdeling in het vaatlesiegebied onder invloed van 6-MP. Verder werd een sterkere 
vaatlesieremming waargenomen in reactie op 6-MP in transgene muizen die Nur77 
tot overexpressie brengen in gladde spiercellen in vergelijking met ‘wild type’ 
muizen, terwijl de aanwezigheid van een dominant-negatieve variant van Nur77 in 
de vaatwand het remmende effect van 6-MP volledig blokkeert. Deze experimenten 
tonen duidelijk aan dat de remmende werking van 6-MP op de vorming van gladde 
spiercel-rijke lesies afhankelijk is van Nur77.

In Hoofdstuk 6 wordt de beschermende werking van 6-MP op monocyten en 
macrofagen in atherosclerose beschreven. In THP-1 monocyten verlaagt 6-MP de 
intracellulaire purine spiegels, terwijl de caspase activiteit verhoogd blijkt te zijn, 
resulterend in apoptose van monocyten en een lager aantal monocyten. De inductie 
van apoptose komt overeen met een sterke onderdrukking van de expressie van de 
intrinsieke anti-apoptotische factoren Bcl-xL en Bcl-2 door 6-MP. Onder invloed van 
6-MP is ook expressie van de integrines VLA-4 en platelet endothelial cell adhesion 
molecule-1 (PECAM-1) in monocyten verlaagd, en monocyt adhesie vermindert. 
In LPS-gestimuleerde THP-1-afkomstige macrofagen vonden we door middel 
van screening van de expressie van een groot aantal atherosclerose-gerelateerde 
ontstekingsfactoren dat 6-MP de expressie en secretie van MCP-1 sterk remt, 
terwijl de overleving van deze cellen slechts in geringe mate beïnvloed wordt door 
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6-MP. De effecten van 6-MP op monocyt apoptose en op MCP-1 secretie zijn, in 
tegenstelling tot onze observaties in gladde spiercellen, onafhankelijk van de NR4A 
nuclear receptors. Tot slot demonstreren we dat lokaal toegediende 6-MP aan de 
vaatwand, gebruikmakend van een 6-MP eluerende cuff, atherosclerose remt in 
ApoE*3-Leiden transgene muizen die gevoed worden met een Westers dieëet. Deze 
remming van lesievorming gaat vergezeld met verminderde macrofaag aantallen 
in het atherosclerosegebied, wat consistent is met onze bevindingen in gekweekte 
monocyten/macrofagen.

Tot slot worden in Hoofdstuk 7 de belangrijke resultaten en andere onderwerpen, 
die nog niet zijn besproken in de voorgaande hoofdstukken, bediscussiëerd. We 
plaatsen het onderzoek in breder, klinisch perspectief en doen suggesties voor 
toekomstig onderzoek om de functie van NR4A nuclear receptors in vaatziekten 
verder te specificeren. Uiteindelijk hebben we als doel om de potentiële klinische 
relevantie van de NR4A nuclear receptors vast te stellen voor de interventie van 
vaataandoeningen.
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