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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.
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 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).
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] Figure 2. 6-MP inhibits proliferation of 
cultured SMCs: involvement of Nur77. 
A: DNA synthesis of SMCs, grown in 
medium with vehicle (control, white 
bar) or indicated concentrations 6-MP 
(grey bars). DNA synthesis was assayed 
by {3H}thymidine incorporation. At 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.



94 95

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.



94 95

5

6-
M

er
ca

pt
op

ur
in

e 
an

d 
N

ur
77

 in
 re

st
en

os
is

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.   
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