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Chapter 5 

Abstract 
Bypass material applied in coronary artery bypass surgery is derived either from internal 

mammary arteries or from saphenous veins. The patency of arterial grafts is usually better 

than that of venous grafts due to 'vein-graft disease', which involves excessive proliferation 

of venous smooth muscle cells (SMCs) and subsequent accelerated atherosclerosis. We aim 

to elucidate the underlying mechanism of vein-graft disease and focus on the initiation of 

this pathological process that is, most likely, caused by mechanical strain on the vessel wall. 

We assayed expression of the transcription factor TR3 orphan receptor (TR.3) and 

plasminogen activator inhibitor-1 (PAI-1), which is regulated by TR3, as candidate genes 

involved in the early response of SMCs to mechanical strain. TR3 and PAI-1 are induced in 

human saphenous vein segments exposed ex vivo to whole-blood perfusion under arterial 

pressure. In addition, we challenged in vitro cultured SMCs with evelic stretch, which induced 

proliferation in saphenous vein SMCs, whereas mammary artery-derived SMCs remained 

quiescent. Only in venous SMCs, TR3 and PAI-1 expression was induced in response to 

mechanical strain. We have shown that TR3 inhibits SMC hyperplasia. Consequently, we 

hypothesize thatTR3 is induced in venous SMCs upon mechanical strain to restrict excessive 

SMC proliferation. Indeed, adenovirus-mediated overexpression of TR3 in venous SMCs 

resulted in inhibition of stretch-induced proliferation. In addition, stretch-mediated 

proliferation was inhibited in a dose-dependent manner bv 6-mcrcaptopurine (6-MP), an 

agonist for TR3. In conclusion, enhancement of the activity of TR3 mav contribute to 

prevention of vein-graft disease. 
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TR3 prevents cyclic stretch-induced venous SMC proliferation 

Introduction 
Smooth muscle cells (SMCs) play a key role in vascular pathologies such as atherosclerosis, 

(in-stent) restenosis after angioplasty and vein-graft disease following coronary artery bypass 

surgery.' Even though the first two tvpes of vascular disease occur in the arterial vessel wall 

and the latter in the venous vessel wall, SMC hyperplasia is a critical factor in the onset and 

progression of these large vessel diseases. Various stimuli are involved in initiation of SMC 

proliferation, of which inflammatory pathways are well established.2 Here, we study the 

distinct effect of mechanical strain on proliferation of venous and arterial SMCs and we try 

to delineate the molecular mechanisms underlying the different responses to this stimulus. 

Bypass surgery is an established intervention to treat coronary artery disease. Both the 

saphenous vein and the internal mammary artery are applied as bypass material. The arterial 

bypass has a better patency than the venous bypass in which vein-graft disease may develop, 

resulting in vein graft failure in 10-30% per year.1,3 Vein-graft disease is the result of excessive 

SMC proliferation that may be caused by mechanical strain, however, limited information is 

available on the underlying mechanism of such mechanical activation.4-"^ The mammary 

artery is relatively short, limiting the amount of available bypass material. Therefore, it is 

vital to improve the function of venous bypasses in terms of enhancement of longevity, 

which is the ultimate goal of our studies. 

TR3, also known as nerve growth factor-induced protein B (NGFI-B) or NR4A1, is a 

member of the superfamily of nuclear receptors.6 Recently, analysis of the crystal structure 

of the ligand-binding domain of TR3-subfamily members has revealed that these nuclear 

orphan receptors contain bulky hydrophobic amino-acid residues in the cavity that is normally 

occupied by cognate ligands. Moreover, the ligand-binding domain resembles the 

conformation of agonist-bound, transcriptionally active nuclear receptors, which indicates 

that the members of this subfamily probably function independently of traditional ligands. 's 

However, it has been shown that the transcriptional activity of TR3-like factors is regulated 

via non-traditional (ant)agonists such as 6-MP, which increases the activity of TR3-like 

factors without directly interacting with these nuclear receptors.9-10 

Originally TR3 was found to induce T cell apoptosis." Yet, in vascular endothelial cells and 

SMCs TR3 acts as an anti-proliferative transcription factor, which involves induction of an 

inhibitor of cell-cycle progression p27K,r'1 and subsequent cell-cycle arrest.12'13 In the carotid 

artery ligation model, a murine model for restenosis, we have shown that TR3 overexpression 

inhibits formation of SMC-rich lesions.'° PAI-1 was incorporated in our studies, because at 

present it is the only known gene that has a functional transcriptional response element lor 

TR3 and is related to vascular biology as well as mechanical activation of SMCs.14"16 
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To define the relative contribution of mechanical strain in initiation of vein-graft disease and 

to delineate the underlying mechanism of this stimulus in venous SMC hyperplasia compared 

to SMCs derived from the internal mammary artery, we studied the expression of the early-

response gene TR3 in distinct stretch models. Finally, we assessed the function of TR3 in 

stretch by overexpressing the gene or by enhancing its activity with the agonist 6-MP. 

Methods 
Human tissue specimens 

The ex vivo perfusion model in winch human saphenous vein segments were exposed to 

whole-blood under arterial pressure was used as described previously.' Briefly, vein segments 

were placed in a loop of the extracorporeal circulation during bypass surgery and were 

exposed to autologous blood under flow (non-pulsatile) and arterial pressure (60 mm Hg). 

To study the effect of overdistension on bypass veins, vein segments were perfused in the 

presence or absence of an external stent. After one and six hours of perfusion the vein 

segments were harvested, fixed in formalin and embedded in paraffin for histological 

examination. Patients included in this study gave their informed consent and the study was 

approved by the local medical ethical committee. Anesthesia and cardiopulmonary bypass 

surgery were performed according to routine protocols. 

In situ hybridisation 

In situ hybridizations were performed as described.18 TR3 and PAI-1 probes were synthesized: 

TR3, GenBank No. L13740, base pairs (bp) 1221 to 1905; PAI-1, GenBank No. X12701, 

bp 52 to 1308. The probes were labeled with [,:>S]-UTP (Amersham Biosciences, 

Buckinghamshire, U.K.). Paraffin sections (5 mm) of control and perfused saphenous vein 

segments were mounted on SupcrFrost Plus slides (Menzel-Glaser, Braunschweig, Germany). 

After hybridization and stringent washes, the in silu sections were covered with nuclear 

research emulsion (ILFORD Imaging UK Limited, Cheshire, U.K.), exposed for 2 to 9 

weeks, then developed and counterstained with hematoxylin and eosin. Ma telling sense 

riboprobes were assayed for each gene and were shown to give neither background nor 

aspecific signal. A s a control for the integrity of RNA, in situ hybridizations were performed 

with an antisense riboprobe for thrombin receptor PAR-1 (Gcnbank M62424 bp 3076-

3472). PAR-1 was abundantly expressed in SMCs of control and perfused vein segments, 

indicating that the integrity of the RNA was comparable in all specimens (data not shown). 

Immunohistochemistry 
Paraffin sections (5 mm) were deparaffinized, rehvdrated and incubated with 0.3% (v/v) 
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hvdrogen peroxide and blocked with 10% (v/v) prc-immune goat serum (DAKO, Glostrup, 

Denmark) in 1Ü mMTris-HCl (pH 8.0), 150 mM NaCl (TBS). Subsequendy, sections were 

incubated overnight at 4°C with biotinylated Ulex Europaeuns Agglutinin (Vector 

Laboratories, Inc. Burlingame, CA) (1:50 dilution) in 'IBS, followed bv detection with 

streptavidin-horseradish peroxidase conjugates (DAKO) and, subsequently, with amino-

ethylcarbazole and hydrogen peroxide. Cultured cells were fixed with methanol and stained 

for SM a-actin with monoclonal antibody 1A4 (1:200; DAKO), and biotinylated goat anti-

mouse secondary antibodies (DAKO). After counterstaining with hematoxylin, sections 

were embedded in glycergcl (Sigma, St. Louis, MO). Immunofluorescent nuclear staining 

was performed with Hoechst 33258 (Sigma). 

SMC culture 
Venous and arterial SMCs were cultured from explants of saphenous vein (SV) and internal 

mammary artery (IMA) in Medium 199 with HEPES containing 20% (v/v) fetal bovine 

serum (1'BS) with penicillin and streptomycin (GIBCO, Invitrogen Life Technology, Breda, 

The Netherlands) and were used at passages 4 to 6. SMCs were characterized with monoclonal 

antibody 1A4, directed against SM a-actin (DAKO) and demonstrated homogenous fibrillar 

staining. Overnight incubation with 10 LtM carbonyl cyanide chlorophenylhydrazone (CCCP) 

induced SMC apoptosis. 

To study stretch-induced responses, SMCs were seeded in 6-well plates containing collagen 

Icoated flexible membranes (Biol'lex® culture plates, Dunn Labortcchnik GmbI I, Asbach, 

Germany) and were stretched in the Flexercell FX3000 apparatus (Dunn Labortechnik) for 

1, 2, 4, 6, or 24 h at 10% stretch at 0.5 Hz or served as control (without stretch). Silicone-

based lubricant was applied to prevent friction between the membrane and loading post. 

[{Hj'-Thymidine incorporation and turns infection 

SMCs were seeded in 6-well stretch plates and when wells were confluent, SMCs were made 

quiescent for 16 h in medium containing 0.5% (v/v) FBS. The plates were transferred into the 

Loading Station'M and stretched for 24 h. Control plates, without stretch, were cultured 

under identical conditions. Thereafter, cells were labeled for 4 h with 0.5 (.iCi/mL [methyl-

'J I]-thymidine (Amersham Biosciences). Incorporated radioactivity was precipitated for 30 

min at 4°C with 10% (wt/v) trichloroacetic acid, washed twice with 5% (wt/v) tnchlorioacetic 

acid and dissolved in 0.5N NaOH. pH]-thymidinc was measured by liquid scintillation counting. 

When cells were infected with mock- or TR3-containing adenovirus (3x1 08 plaque-forming 

units) for 2 h, the cells were allowed to recover for 24 h in complete medium before they 
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were made quiescent. 6-MP-treatment (Sigma) was initiated 1 h prior to stretch with 0, 1, 

10, 25 u \ I 6-MP (stock at 50 mM in DMSO). 

Western b'lol'ting analysis 

Sodium dodccyl sulfate-polyacrylamide gel electrophoresis was performed with cell lysates 

(30 mg per lane) and concentrated culture media (equivalent of 200 ml per lane). Proteins 

were transferred to nitrocellulosc-Protran (Schleicher and Schuell, 's I lertogenbosch, The 

Netherlands). Expression of p27K 'pl (BD Biosciences, Alphen a/d Rijn, The Netherlands), 

p2lCiP1 (BD), SM a-actin (DAKO), PAI-1 (MAI-12; Biopool, Umea, Sweden), TR3 (M-

210; Santa Cruz Biotechnology, Santa Cruz, CA), calponin (clone hCP; Sigma) and a-tubulin 

(Cedar Lane, Hornby, Ontario, Canada) was studied, using the indicated antibodies directed 

against these proteins. Primary antibodies were incubated overnight at 4°C in 5°'o Protifar 

plus (Nutricia, Cuijk, The Netherlands) in TBS. As secondary antibodies, horseradish 

peroxidasc-conjugated goat anti-rabbit (forp2~K ' , , ' and TR3 detection) or goat anti-mouse 

(for all others) (BioRad Laboratories Inc., Hercules, CA) in a dilution of 1:5000 in TBS 

were used. Proteins were visualized by enhanced chemiluminescence detection (Lumi-

Lightp ; Roche Diagnostics GmbH, Mannheim, Germany). Quantitative analysis was 

performed by the Lumi-Tmager (Boehringer Mannheim, Mannheim, Germany). a-Tubulin 

staining served as a control for loading. 

Real-time RT-PCR 

Total RNA was isolated using Trizol reagent (GIBCO). cDNA was synthesized by reverse 

transcription (RT) from 1 fig of total RNA with Superscript IT (GIBCO) and 0.5 \Xg (dT) 

. , . . primer. Real-lime polymerase chain reaction (PCR) was performed with the use of 

the FastStart DNA Master SYBR green 1 kit (Roche) in the LightCycler System (Roche). 

Primers for TR3 were as follows: (forward) 5 '-GTrCTCTGGAGGTCATCCGCAAG-3' 

and (reverse) 5'-GCAGGGACCTTGAGAAGGCCA-3'. As a control for equal amount 

of first strand cDNA in different samples we determined hypoxanthine phosphoribosvl 

transferase (IIPRT) mRNA levels with primers (forward) 5'-TAATTATGGACAGGAC 

TGAACG-3' and (reverse) 5'-CACAATCAAGACATTCTTTCCAG-3'. 

Results 
TRJ and PAI-I expression in perfused saphenous vein segments 

To study the molecular processes causing vein-graft disease, we applied an ex vivo perfusion 

model in which segments or saphenous veins were placed in the extracorporeal circulation 
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during coronary artery bypass surgery During perfusion significant distension was observed 

in the non-stented saphenous veins which resulted in an almost complete loss of the 

endothelial cell layer after already 1 h of perfusion under arterial pressure.17 Veins protected 

against excessive mechanical strain due to placement of an external stent contained intact 

endothelium after perfusion (as illustrated by endothelium-specific immunohistochemistry, 

Figure 1 A). In the non-stented vein segments endothelial cell-specific staining revealed the 

presence of endothelial cells in capillaries at the adventitia, whereas the luminal endothelium 

had disappeared (Figure IB). 

The structure of saphenous veins differs in SMC organization from the arterial wall, as 

veins contain two SMC layers that are oriented in opposite directions. A layer of longitudinally 

oriented SMCs is situated close to the lumen of the vessel and a circular SMC layer (like in 

arterial vessels) is present adjacent to the adventitia (Figure 1, schematic drawing). 

In search for genes involved in vein-graft disease we assayed mRNA expression of early 

response gene TR3 in ex vivo perfused vein segments by radioactive in situ hybridization. 

After 1 h of perfusion, TR3 expression was detected in occasional endothelial cells and 

SMCs in the stented vein segments (Figure 1C, E). I lowevcr, extensive TR3 expression was 

detected predominantly in the circular SMC layer of the non-stented vein segments (Figure 

ID, F). TR3 expression was virtually absent in the control vein segment (Figure 2A). Yet, 

after 6 h of perfusion TR3 was abundantly expressed throughout the entire vessel, in both 

the longitudinal and circular SMC layers, in the non-stented perfused vein (Figure 2B). In 

addition, PAI-1 mRNA expression was analyzed since at present PAI-1 is the only known 

gene that is both related to vascular biology and has a functional TR3 response clement.14 

PAI-1 was present in occasional endothelial cells and SMCs in control veins (Figure 2C) and 

after 1 h of perfusion (data not shown). However, PAI-1 expression was strongly increased 

in SMCs after 6 h of perfusion (Figure 2D). In conclusion, TR3- and PAI-1 mRNA are 

expressed in SMCs in saphenous vein grafts subjected to perfusion under arterial pressure. 

Cyclic stretch-induced proliferation in venous SMCs 

To investigate why mammary artery bypass material has a better patency than bypass material 

derived from saphenous vein, the intrinsic difference between SMCs derived from these 

different vessels was studied in response to mechanical strain. For our in vitro stretch 

experiments we applied an experimental stretch-device (Flexercell FX-3000 apparatus) in 

which all cells are exposed to the same extent of stretch. Standardization of this stretch 

model involved analysis of DNA synthesis. We subjected SMCs, derived from mammary 

artery or saphenous vein origin, to 10% cyclic stretch (0.5 Hz) for 24 h and measured pi I|-

thymidine incorporation. In line with previous data,4 we observed that stretch induced 
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Figure 1. Endothelial cell specific immunohistochemistry and TR3 m R \ A expression in perfused 

vein segments. Vein segments were placed in an extracorporeal bypass loop during bypass surgery 

and exposed ro autologous whole blood flow under arterial pressure for I h. Upon perfusion, 

non stented vein grafts (B,D,F) displayed overdistension. In vein grafts with an external stenl 

(A,C,E) biomechanical activation was prevented. Win segments exposed ro perfusion at high 

pressure showed loss of endothelium,whereas capillary endothelial cells -red; were observed near 
the adventitia as a control for the procedure (B). Stent placement preserved endothelium integrity 

(A; red monolayer). TR3 mRN \ expression was observed by radioactive in situ hybridization 

(black dots) in the circular (Ci) SMC layer in non-stented vein grafts (D 21II lx; F 4i II 'x . Scarce 1 R.3 

expression was seen in the stented vein grafts 'C 2' 'Ox; E 400x) or longitudinal (Lo) SMC la) cr (< 

!•'). The schematic drawing ol the venous vessel wall structure shows two distinct SMC layers; the 

1 ,o and Ci SMC layer. The dotted line indicates the border between I ,o and Ci SMC layer. Nuclei 

were counterstainecl in purple (C-F). 
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Figure 2. TR3 and PAI-1 

expression in perfused vein 

segments. Vein segments were 

exposed for 6 h to autologous 

whole blood under arterial pressure 

(B,D) or instantly fixed to serve as 

controls (A,C). TR3 m R \ A and 

PAI 1 mRNA expression was 

delected by radioactive in situ 

hybridization (black dors) 

throughout the vein gratis alter 6 h 

of perfusion (B,D), whereas TR3 

and I'M 1 expression was only 

scarcely present in control vein 

segments \,< i. 
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Figure 3. Cyclic stretch-induced proliferation in venous SMCs. D N A synthesis was increased in 

response to 24 h of cyclic stretch in venous SMCs derived from two different donors, whereas 

arterial SMCs of the same donors were indifferent to stretch (A). |M I]-Thymidine incorporation 

after stretch was expressed as percentage of control value. p27 p l was down regulated after 24 h 

ol stretch in venous SMCs, while p21 lpl expression levels remained the same as demonstrated by 

Western Blotting (15). In addition, SM a-actin was down-regulated in response to stretch in venous 
SMCs. In arterial cell lysates the expression of these proteins was unchanged. Note the high SM 

a-actin expression in arterial SMCs, compared to venous SMCs. a Tubulin expression served as 

control for equal loading. SV indicates saphenous vein SMCs; IMA, internal mammary artery 

SMCs; c, control; s, stretch. 

D N A svnthesis in venous SMCs (2 to 3.5 fold, dependen t on d o n o r A or B), whereas 

arterial SMCs derived trom the same individuals remained quiescent (Figure 3A). To further 

substantiate changes in cell-cycle progression, the expression level of cell-cycle prote ins 

was analyzed in cell lysates of stretched SM( Is of venous and arterial origin. ( \ elm dependent 

kinase inhibitor p2 - K ' 1 ' 1 was found to be decreased upon stretch in venous SMCs (Figure 

3B). In contrast , stretch did not alter the expression of p 2 - K , p l in arterial SMCs. The 

expression of another cell-cvcle inhibitor, p 2 1 c , p l , was not affected by stretch in both venous 

and arterial SMCs. SM a-act in expression was assayed as a marker for quiescent SMCs and 

war- moderately decreased in venous SMCs after stretch (Figure 3B). In conclusion, cyclic 

mechanical stretching induced the proliferative phenotype in saphenous vein SM< Is, while 

mammary artery SMCs remained quiescent. 

Cyclic stretch-induced I R ? and P \l-l expression in venous SMC s 

To establish whe the rTR3 m R N A was also expressed in SMCs upon mechanical strain in vitro, 

analogous to what we observed in our ex viva experiments. T R3 m R N A expression was 

determined by real-time R 1 PCR. Saphenous vein .md mammary artery SMCs were stretched 
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Figure 4. Stretch-induced TR3 and PAI-1 expression in venous SMCs. TR3 mRXA expression 
(A), as measured by real time RT-PCR, was increased 1-2 h after stretch. The expression was 
higher in venous SMCs in response to stretch than in arterial SMCs. TR3 mRXA expression was 
corrected for equal mRXA content by the expression of HPRT. PAI-1 protein expression (B) was 
induced by stretch (24 h) in venous SMCs, whereas it was highly expressed and not stretch-regulated 
in arterial SMCs. The induction in PAI-1 protein in venous SMCs was observed in cell lysates 
(CL) and culture medium (CM). a-Tubulin served as control for equal loading. SV indicates 
saphenous vein SMCs; IMA, internal mammary artery SMCs; c, control; s, stretch. 

for 1, 2, 4 and 6 h, while non-stretched cells served as a control. TR3 was up-regulated in 

arterial SMCs (Figure 4A). However, in venous SMCs, TR3 mRXA expression was 4.6-fold 

higher than in arterial cells, reaching an optimum at 1 to 2 h after initiation of stretch. 

PAI-1 protein levels were alrcadv relatively high in arterial SMCs and did not alter notably in 

response to stretch, whereas in venous SMCs induction in PAI-1 protein level was observed 

in cell-lysatcs as well as in culture media after stretch (Figure 4B). Analogous to the data of 

Gruber and colleagues using endothelial cells,'4 TR3 may also be involved in enhanced 

transcriptional activation of PAI-1 in SMCs. 

Adenoviral expression of TR3 decreased proliferation in venous SMCs 

To evaluate functional involvement of TR3 in the response of venous SMCs to mechanical 

strain, TR3 was ovcrcxprcsscd applying adenoviral infection. TR3 protein expression in 

stretched SMCs, was confirmed by Western blotting analysis (Figure 5A). Even after stretch, 

TR3 virus-infected SMCs showed a more differentiated (contractile) SMC phenotvpc 

reflected by increased synthesis of SM A-actin, calponin and p27|s•'',1 protein when compared 

to mock virus-infected cells (Figure 5A). 

After 24 h of stretch, the virus-infected cells were assayed for DXA synthesis by pH]-

thvmidine incorporation. Mock vitus-infectcd cells showed a similar response as the non-
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infected venous SM( .s compare with Figure 3A) | 'I I\-thymidine incorporat ion was induced 

2.7-fold u p o n stretch Figure 5B). TR3-infected SMCs did not proliferate under condi t ions 

of cyclic stretch as revealed by an equal amount of pi I]-thvmicline incorporat ion in contro l 

and s t re tched T R 3 infected SMCs. T h e fact tha t T R 3 overexpress ion p reven t s the 

differentiation to a proliferative phenotype corresponds with our previous findings, showing 

that T R 3 inhibits SMC hyperplasia.13 

Decreased proliferation in venous SMCs by 6-MP treatment 

To provide additional evidence that endogenous T R 3 directly affects stretch-induced SMC 

proliferation, we assayed the effect of a T R 3 agonist. 6-MP is the active metaboli te of the 

immunosuppress ive drug azathioprine Imuran) that induces apoptosis of 1 cells and is an 
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Figure 5. Decreased proliferation in venous SMCs with TR3 adenovirus. The expression of TR3 

protein after infection of venous SMCs with TR3 encoding adenovirus was demonstrated by 

Western Blotting (A). TR3 was expressed in TR.Vinfecied stretched SMCs, whereas mock infected 

cells did nor express measurable endogenous TR3 protein. In the TR3-infected cells SM « actin, 

calponin and p27Klp l synthesis was more pronounced than in mock-infected cells. ot-Tubulin served 

as control for equal loading. [3H]-Thymidine incorporation was increased after 24 h ot cyclic 

stretch in mock virus infected SMCs, whereas TR3 virus-infected SMCs were indifferent to stretch 

(B). pi I] Thymidine incorporation was expressed as percentage of the mock control value. 

agonist of T R 3 like f ac to r s . ' ! ' To de termine whether 6-MP influences stretch-induced 

proliferation, venous SMCs were treated with 6-MP at various concentrat ions. To exclude 

that 6-MP induces apoptosis in SMCs at the applied concentrat ions, venous SMCs were 

cultured with 25 U.M 6-MP or In u M CCCP, which is known to induce apoptosis . The 

CCCP-treated cells demonst ra ted less cell-spreading (data not shown) and shrunken nuclei 
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'a mild apoptotic phenotype . while cells treated with 6-MP and control cells spread weU 

morphology as revealed by SM a-actin staining) and had large round nuclei, indicating thai 

these cells were riot apoptotic Figure 6A). Untreated venous SMCs, subjected to 24 h of 

stretch, showed a 2.5 told induction in proliferation, whereas the effect on DNA synthesis 

was reduced in a dose-dependent manner with 6-MP treatment Figure 6B . At 25 uM 6-

MP, stretch-induced DNA synthesis was completely inhibited. In conclusion, the 6-MP 

response is in line with the assumption that TR3 is further activated by 6-MP to prevent 

excessive SM(. proliferation. 

B 

control ,s\l o _ 300 -

e- 200 • 

n o 1 K) 25 uM 6-MP 

Figure 6. Decreased SMC proliferation in response to mechanical strain after 6-MP treatment. 6-

Ml' did nol induce apoptosis as determined by healthy nuclear morphology in control and 6-MP 

treated SMCs using Hoechst staining (A). < )nly the < CCP treated cells showed small apoptotic 

nuclei. SM a-actin staining demonstrated actin fibers in control venous SMCs. [3H]-Thymidine 

incorporation was increased in response to 24 h oi cyclic stretch, whereas 6-MP reduced stretch-

mediated proliferation in a dose dependen! manner (13). [3H]-Thymidine incorporation was 

expressed as percentage of the control value. 

Discussion 
Coronary bypass surgerv relieves atherosclerosis patients trom angina and mav prevent 

myocardial infarction. However, when saphenous veins are applied as bypass material 

excessive SMC hyperplasia causes vein-graft disease, an important disadvantage for a 

significant number of patients. In com rast, mammary artery bypass grafts display a better 

patency than saphenous vein grafts, a difference which we believe needs to be unraveled to 

identify the targets to eventually enhance the performance ot bvpasses trom venous origin. 
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TR3 prevents cyclic stretch-induced venous SMC proliferation 

In the ex vivo perfusion model applied in this study, the early-response gene TR3 was not 

expressed in control veins, whereas TR3 mRNA was up-regulated in the circular SMC layer 

after 1 h of perfusion and throughout the vessel wall after 6 h. The circular SMC layer is the 

outer part of the venous vessel wall indicating that TR3 mRNA expression was presumably 

not induced by a circulating factor or in response to endothelial cell damage, but rather that 

the key stimulus was mechanical strain. Anatomical differences between the internal 

mammary artery and saphenous vein, i.e. the lack of elastic laminae in veins, may in pari 

explain the observed graft damage by overdistension of vein segments under arterial 

pressure' . Indeed, vein segments that were protected for overdistension by an external 

stent displayed normal morphology, as illustrated by preserved luminal endothelium and no 

induction of TR3 mRNA expression. 

In addition, intrinsic differences between mammary artery and saphenous vein SMCs play 

a crucial role in the response of SMCs to external stimuli. It has been established that 

saphenous vein SMCs are more responsive to mitogenic stimuli such as platelet derived 

growth factor, thrombin or mechanical strain than internal mammary artery SMCs.4-2"-21 In 

the present study, we have investigated intrinsic differences in stretch-related responses of 

these two types of SMCs in an in vitro stretch model, with regard to the role of transcription 

factor TR3 and its downstream gene PAI-1.14 Both for TR3 mRNA and PAI-1 protein 

expression, we observed robust up-rcgulation in venous SMCs in contrast to internal 

mammary artery SMCs. The abundant stretch-mediated expression of TR3 and PAI-1 

mRNA in vein grafts in the ex vivo model confirmed the relevance of the data found in vitro. 

In addition, stretch-induced PAI-1 mRNA expression has also been described in cultured 

aortic SMCs.'1,16 These data demonstrate that mammary artery-derived SMCs arc intrinsically 

different from aortic SMCs and that the latter type of arterial SMCs show a stretch response 

that relates more to venous SMCs. The role of PAI-1 in SMC hyperplasia remains 

controversial 22, however in our hands, in the carotid artery ligation model that induces 

SMC-rich lesions in mice, both TR3 and PAI-1 protect against intima formation.13'2' 

Recently, a molecular pathway to explain mcchano-sensitive cell-cycle progression in SMCs 

has been revealed.3 Stretch-induced integrin-dependent activation of phosphoinositide 3-

kinasc/protein kinase B leads to inactivation of a forkhead transcription factor, which results 

in transcriptional down-regulation of p27Kl''1. To further delineate the processes involved 

in initiation of proliferation and de-differentiation of venous SMC in response to cyclic 

stretch, we also analyzed the expression of p27Kipl. We demonstrated decreased p27K,pl 

protein expression levels in venous SMCs in contrast to unchanged levels in mammary 

artery SMCs in response to stretch. Similar as for PAI-1, p27Kip1 was stretch-regulated in 

87 



Chapter 5 

aortic SMCs \ again indicating the resemblance between venous and aortic SMCs in response 

to stretch, which is dissimilar to internal mammary artery SMCs. 

We reported previously that TR3 increases p27K,P1 expression levels and decreases DNA 

synthesis.13 Therefore we studied the functional involvement of TR3 in stretched-induced 

proliferation. Adenovirus-mediated TR3 overexpression in venous SMCs resulted in full 

inhibition of stretch-induced DNA synthesis. Consequently, we propose that TR3 protects 

venous SMCs from excessive proliferation by maintaining high p27K,i>1 levels. In addition, 

SM a-actin and calponin, SMC-spccific differentiation markers, were up-regulated in TR3-

infected stretched SMCs. These data implicate that TR3 not only prevents excessive 

proliferation of venous SMCs, but also enhances the differentiated, contractile phenotype 

of these cells. Our data support a concept that TR3 may act as a target for intervention in 

vein-graft disease. 6-MP, the bioactive metabolite of the commonly used immunosuppressive 

drug A/athioprine (also named Imuran), is a recently identified agonist for TR3 that 

modulates TR3 activity.9 Here, we show that 6-MP decreased stretch-induced SMC 

proliferation in a dose-dependent way. 

In conclusion, vein-graft disease is the result of excessive SMC proliferation in response to 

biomechanical stimulation of venous bypass grafts. Application of the mammary artery as 

graft material is preferred due to its high degree of patency. However, there is only limited 

material available. Consequently, vein grafts will remain an essential, alternative source of 

bypass material, which necessitates improvement. Venous SMCs respond to mechanical strain 

by initiation of proliferation, while at the same time also cell-cycle inhibitor) feedback systems 

are activated, such as the recently described IEX-1 pathway 24 and the TR3 transcription 

factor pathway as identified in this study. The activity of TR3 is enhanced by 6-MP and we 

hypothesize that 6-MP modulates biomechanical intimal thickening after bypass surgery as a 

means to prevent excessive SMC proliferation and subsequent vein-graft disease. 

Acknowlegdements 
This work is supported by the Netherlands Heart Foundation (grant 99-167), the NUTS-

OI IRA Foundation (grant SNO-T-04-16) and the Bekales Foundation. 

88 



TR3 prevents cyclic stretch-induced venous SMC proliferation 

References 
1. Dzau \ j , Braun-Dullaeus RC, Sedding DG. 

Vascular proliferation and atherosclerosis: 

new perspectives and therapeutic strategies. 

Nat -\ led. 2002;8:1249 -1256. 

2. Lusis AJ. Atherosclerosis. 'Sat/ire. 

2000;407:233-241. 

3. Leavitt BJ, O'Connor GT, Olmstead EM, 

Morton J R, Maloney CT, Dacey LJ, 

I lernandez F, Lahey SJ. Use of the internal 

mammary artery graft and in-hospital 

mortality and other adverse outcomes 

associated with coronary artery bypass 

surgery. Gradation 2001;103:507-512. 

4. Predel H-G, Yang Z, von Segesser L, 

Turina M, Bühler FR, Lüscher TE 

Implications of pulsatile stretch on growth 

of saphenous vein and mammary artery 

smooth muscle. Latmt 1992;340:878-879. 

5. Sedding DG, Seay U, Fink L, Heil M, 

Rummer Wj Tillmanns 11, Braun-Dullaeus 

RC. Mechanosensitive p27Kipl regulation 

and cell cycle entry in vascular smooth 

muscle cells. Circulation. 2003;108:616-622. 

6. Ryseck RP, Macdonald-Bravo IT, Mattei 

MG, Ruppert S, Bravo R. Structure. 

Mapping and expression of a growth factor 

inducible gene encoding a putative nuclear 

hormonal binding receptor. EMBO /. 

1989;8:3327-3335. 

7. Baker KD, Shewchuk LM, Kozlova T, 

Makishima M, Hassell A, Wisely B, 

CaravelkJA, Lambert MH, Reinking JL, 

Krause H, Thummel CS, Willson TM, 

Mangelsdorf DJ. The Drosophila orphan 

nuclear receptor DIIR38 mediates an 

atypical ecdysteroid signaling pathway. Cell 

2003;113:731-742. 

8. Wang Z, Benoit G, Liu J, Prasad S, 

Aamisalo P, Liu X, Xu H, Walker NP, 

Perlmann T. Structure and function of 

Nurrl identifies a class of ligand-

independent nuclear receptors. Nature. 

2003;423:555-560. 

9. Wansa KD, Hams JM, Van G, Ordentlich P, 

Muscat GE. The AF-1 domain of the 

orphan nuclear receptor XOR-1 mediates 

trans-activation, coactivator recruitment, 

and activation by the purine anti-metabolite 

6-mercapt< (purine. J Biol Chem. 

2003;278:24776-24790. 

10. Ordentlich P, Van Y, Zhou S, Herman RA. 

Identification of the antineoplastic agent 6-

mercaptopurine as an activator of the 

orphan nuclear hormone receptor Nurr l . ƒ 

Biol Chew. 2003;278:24791-24799. 

11. Wbronicz JD, Calnan B, Ngo V, Winoto A. 

Requirement for the orphan steroid 

receptor Nur77 in apoptosis of T-cell 

hybridomas. Nature. 1994;367:277-281. 

12. Arkenbout EK, Van Bragt M, Eldering E, 

Van Bree C, Grimbergen JM, Quax PIT, 

Pannekoek II, De Vries CJ. TR3 Orphan 

Receptor Is Expressed in Vascular 

Endothelial Cells and Mediates Cell Cycle 

Arrest. Arteriosc/er Tbromb 1 asc Biol. 

2003;23:1535-1540. 

13. Arkenbout EK, de Waard V, van Bragt M, 

van Achterberg TA, Grimbergen JM, 

Pichon B, Pannekoek H, 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. 

14. Gruber F, I Iufnagl P, Hofcr-Warbinek R, 

SchmidJA, Breuss JM, ITuber-Beckmann 

R, Lucerna M, Papac N, Ilarant H, Lindlev 

I, de Martin R, Binder BR. Direct binding 

of Nur77/NAK-1 to the plasminogen 

activator inhibitor 1 (PAI-1) promoter 

regulates T X F alpha -induced PALI 

expression. Blood. 2003;101:3042-3048. 

13. Feng Y, Yang J H, Huang II, Kennedy SP, 

Turi TG, Thompson J F, Lib by P, Lee RT 

Transcriptional profile of mechanically 

induced genes in human vascular smooth 

muscle cells. Ore Res. 1999;85:1118-1123. 

89 



hapter 5 

16. Grote K, Flach I, Luchtefeld M, Akin E, 

Holland SM, Drexler 11, Schieffei B. 

Mechanical stretch enhances mRXA 

expression and proenzyme release of 

matrix metalloproteinase-2 (MMP-2) via 

NAD(P)H oxidase-derived reactive oxygen 

species. Circ Res. 2()()3;92:e80-86. 

17. Stooker \ \ ; Niessen H\ \ ; Baidoshvili A, 

Wilde vuur \\"R, Van Hinsbergh V\\; Fritz J, 

Wildevuur CR, Eijsman L. Perivenous 

suppi )it reduces early changes in human 

vein grafts: studies in whole blood perfused 

human vein segments. J Thorac Cardiovasc 

Surg. 2001;121:290-297. 

18. Boot RG, van Achterberg TA, van Aken 

BE, Renkema GI I, Jacobs MJ, AertsJM, de 

\'ries CJ. Strong induction of members of 

the chitinase family of proteins in 

atherosclerosis: chitotriosidase and human 

cartilage gp-39 expressed in lesion 

macrophages. Arteriosc/er Tbrowb I 'useBiol. 

1999;19:687-94. 

19. Tiede I, Fritz G, Strand S, Poppe D, 

Dvorsky R, Strand D, Lehr HA, WirtZ S, 

Becker C, Atreya R, Mudter J, Ilildner K, 

Bartsch B, Holtmann M, Blumberg R, 

Walczak H, Iven II, Galle PR, Ahmadian 

MR, Neurath MF. CD28-dependenl Racl 

activation is the molecular target of 

azathioprine in primary human CD4+ T 

lymphocytes. 7 Clin Invest. 2003;111:1133-45. 

20. Yang Z, Oemar BS, Carrel T, Kipfer B, 

|ulmv F, Lüscher T F Different proliferative 

properties of smooth muscle cells of 

human arterial and venous bypass vessels: 

role of PD G F receptors, mitogen-activated 

protein kinase, and cvclin-dependent kinase 

inhibitors. Gradation. 1998;97:181-187. 

21. Vang Z, Ruschitzka F, Rabelink TJ, Noll G, 

Julmv F [och H, Gafner V, Aleksic 1, 

Althaus U, Lüscher TF. Different effects of 

thrombin receptor activation on 

endothelium and smooth muscle cells of 

human bypass vessels. Implications for 

venous bypass graft failure. Circulation. 

1997;95:1870-1876.coronary 

22. Peng L, Bhatia N, Parker AC, Zhu Y, Fay 

\ \P . Endogenous vitronectin and 

plasminogen activator inhibitor-1 promote 

neointima formation in murine carotid 

arteries. Arkriosckr '1'hromb I 'asc Biol. 

2002;22:934-939. 

23. de Waard V, Arkenbout EK, Carmeliei P, 

Lindner V, Pannekoek II. Plasminogen 

activator inhibitor 1 and vitronectin protect 

against stenosis in a murine carotid artery 

ligation model. 

ArteriosclerThrombl k<rr3/o/.2002;22:1978-1983. 

24. Schulze PC, de Keulenaer GW, Kassik FLA, 

Takahashi '1', Chen Z, Simon DI, Lee RT. 

Bi< >mechanicallv induced gene lex-1 inhibits 

vascular smooth muscle cell proliferation and 

neoinfunaformadon. C//rRv.2003;93:121() 

1217. 

90 


