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Abstract

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), the principal receptor for oxidized
low-density lipoprotein (ox-LDL) in vascular endothelial cells (ECs), has recently been suggested to
exert a pivotal role in atherogenesis, possibly by mediating ox-LDL-evoked endothelial dysfunction.
On the other hand, LOX-1 expression seemsto strongly correlate with the oxidative stress occurring in
the vascular wall of experimentally injured blood vessels. Here we investigated LOX-1 expression and
superoxide generation during neointima formation in a balloon injury rat carotid artery model. To test
this, we employed M40401 [a manganese(ll) complex with a bis(cyclo-hexylpyridine-substituted)
macrocyclic ligand], a synthetic superoxide dismutase mimetic that is a selective scavanger of
superoxide. The injury was performed inserting the balloon catheter through the rat common carotid
artery and after 14 days a histopatological analysis revedled a significant re-stenosis with smooth
muscle cell proliferation and neointima formation that was associated with an enhanced expression of
LOX-1, nitrotyrosine (the footprint of peroxynitrite) staining and lipid peroxidation as assessed by
malondialdehyde (MDA) formation. Pre-treatment of rats with M40401 (0.5-10 mg/Kg i.p. daily)
reduced neointima formation, MDA accumulation, nitrotyrosine staining and LOX-1 expression. Here
we show that removal of superoxide formation occurring in injured arteries reduces both neointima
formation and LOX-1 expression and this may represent a novel therapeutical approach in the
treatment of vascular disorders in which proliferation of vascular smooth muscle cells and ox-LDL-

related endothelial cell dysfunction occur.
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Introduction

Vascular injury is accompanied by proliferation of sub-endothelial vascular smooth muscle cells
(SMCs) and neointima formation leading to vascular occluson and restenosis (Carter et al., 1994,
Indolfi et al., 1995). Indeed, there is evidence that proliferation of SMCs is crucialy involved in
restenosis after procedures such as angioplasty (Holmes et al., 1984; McBride et al., 1988; Leimgruber
et al., 1986; Guiteras et al., 1987) and arterial stenting (Hoffmann et al., 1996; Roubin et al., 1992).

Many factors have been implicated in the proliferation of SMCs subsequent to vascular injury
including the disruption of the endothelial cell layer (Harker et al., 1974; Asahara et al., 1995), the
release of growth factors via activation of circulating leukocytes and macrophages (Serrano et a.,
1997; Kastrati et al., 2000; Danenberg et al., 2002; Ross, 1999) and the overproduction of reactive
oxygen species (ROS), which activate redox-sensitive signalling pathways (for a review see ref.
Griendling et al., 2000). All these steps lead to the remodelling of vascular architecture via induction
of both cell proliferation and apoptosis (Nishio et al., 1997; Brown et al., 1999). However, the
molecular and cellular mechanisms underlying these processes still remain to be elucidated.

ROS such as superoxide (O;), hydrogen peroxide (H>O,), and hydroxyl radicals (OH’) can
directly cause cell damage, induce the expression of proinflammatory genes, enhance the catabolism of
nitric oxide (NO) via the formation of peroxynitrite (ONOO’), and accelerate the oxidative
modification of low-density lipoprotein (LDL) (see ref. Griendling et al., 2000). In particular, evidence
exists that ox-LDL, induces endothelial expression of adhesion molecules, monocyte chemotactic
protein-1 (MCP-1), E and P-sdlectin, V-CAM, I-CAM and SMC growth factors, and impairs
endothelium-dependent vasorelaxation (Cushing et al., 1990; Li and Mehta, 2000). These events occur
via the activation of LOX-1, which is the most relevant receptor for ox-LDL in vascular endothelial
cells (ECs) (Sawamura et al., 1997), macrophages and activated SMCs (Yoshida et al., 1998; Chen et

a., 2002). LOX-1 isatype Il membrane protein with a C-type lectin-like structure at the C-terminus. It
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is not congtitutively expressed, but previous in vitro studies revealed that the expression of LOX-1 is
highly induced by stimuli relevant to atherosclerosis, such as cytokines, mechanical forces, angiotensin
(Ang) I, and ox-LDL itsdlf, hemodynamic stress and oxidative stress (Kume and Kita, 2001; Mehta
and Li, 2002). Furthermore, LOX-1 has been shown to be upregulated in animal and human
atheromatous lesions (Kume and Kita, 2001; Chen et al., 2002; Mehta and Li, 2002). These findings
suggest a pivotal role for LOX-1 in atherogenesis, possibly by mediating ox-LDL-evoked ROS-
generation and endothelial dysfunction, which in turn leads to uncontrolled proliferation of vascular
SMCs.

Recent studies have demonstrated that gene expression of LOX-1 is upregulated by superoxide
anions, H,O,, Ang Il and homocysteine in in vitro and the in vivo settings (Nagase et a., 2001). The
enhanced expression of LOX-1 can be inhibited by antioxidants, indicating that restoring the
antioxidant defenses in vascular tissues may be relevant in endothelial dysfunction associated with
oxidative stress and enhanced LOX-1 expression (Nagase et al., 2001). However the clinical use of free
radical scavengers such as recombinant human superoxide dismutase (SOD) and catalyse enzyme has
shown limited effect, perhaps due to their short half life and to their very low penetration in vascular
tissues (Flaherty et al., 1994). Recently, a class of stable, non peptidyl low-molecular weight molecules
proven to possess selective catalytic rate towards superoxide comparable to the native SOD has been
reported (Riley et al., 1996; Salvemini et al., 1999; Muscoli et al., 2003). These new SOD mimetics
(SODm) represent a breakthrough in chemical design since they are stable in vivo, penetrate cells
readily, have wide tissue distribution in rats, is excreted intact with no detectable dissociation and is
recovered in urine and feces intact (Salvemini et al., 1999) and do not interact with other free radicals
such as peroxynitrite (Muscoli et al., 2003). The use of the SODm has been suggested for treatment of
diseases characterized by superoxide overproduction (Muscoli et al., 2003; Salvemini et al., 2002). In

particular, evidence has been presented that M40401, a SODm (Figure 1) exerts protective effect in
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many disease states, including ischemialreperfusion injury and neurodegenerative disorders such as
Parkinson and AIDS dementia complex (Mollace et al., 2002; Mollace et a., 2003a; Mollace et a.,
2003b). The present study was designated to evaluate 1) the relationship between carotid artery injury,
ROS formation, expression of LOX-1 receptor and SMC proliferation and 2) the effect of novel
selective SOD mimetic M40401 on both LOX-1 expression and neointina formation subsequent to

vascular injury.
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Methods

Male Wistar rats (350-400 g, Charles River, Italy) were used for these studies. All animals were
housed and cared for in accordance with the guidelines of the Institutional Animal Care and Use
Committee of the University of Catanzaro “Magna Graecia’ and in accordance with NIH guidelines on
laboratory animal welfare. All rats were maintained under identical conditions of temperature (21 +

1°C), humidity (60 = 5%) and light-dark cycle and chow and water were available ad libitum.

Vascular injury induced by balloon angioplasty

The rats were anaesthetized with intramuscular 100 mg/kg ketamine (Sigma Chimica, Milan,
Italy) and 5 mg/kg xylazine (Sigma Chimica). Carotid artery was injured using a balloon embolectomy
catheter, as previously described and validated (Indolfi et al., 1995). In brief, the balloon catheter (2F
Fogarty, Baxter Corporation, USA, Santa Ana, California) was introduced through the right external
carotid artery into the carotid artery and the balloon was inflated at 1.5 atmosphere pressure using a
calibration device (Indeflator Plus 20, Advanced Cardiovascular System, Inc., Temecula, California),
and pulled three times. To keep the duration of the injury that might influence the vascular SMC
proliferation constant, we maintained constant the time of balloon inflation to 18 s. In an additional
group of rats (Sham, n=10), the effects of the anaesthesia and the surgical procedure (without the

balloon injury) were also assessed.

Drug dosage and administration

The SOD mimetic M40401 used in this study was synthesized as previously described

(Salvemini et al., 1999) and was dissolved in buffered saline (pH 7.4). M40401 (0.5-10 mg/kg) or
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saline was given daily intraperitoneally (i.p.; 0.3 ml) for 14 days after balloon injury. The same drug

administration protocol was performed in sham animals.

Mor phological evaluation of the carotid artery

At the indicated time, animals were anesthetized with an intramuscular injection of 100 mg/kg
ketamine and 5 mg/kg xylazine, and the carotid arteries were fixed by transcardiacal perfusion at 120
mm Hg with 100 ml of phosphate-buffered saline (PBS, pH 7.2), followed by 150 ml 4%
paraformaldehyde (pH 7.2). The carotid arteries were removed and six cross sections were cut (each 6
micronm thick) from the approximate mid-portion of the artery. Three sections were stained with
hematoxylin-eosin to demarcate cell types; and the remaining three sections were stained with aldehyde
fuchsin and counterstained with Van Gieson’s solution to demarcate the internal elastic lamina. The
sections were photographed under low power, videodigitized and stored in the image analysis system
(Mipron, Kontron Electronics, Eching, Germany) in a512 3 512 matrix with an eight-bit gray scale and
a 12-field view. The media, neointima and vessel wall were traced carefully, and the ratios between the
neointima and media were calculated as previously shown (Indolfi et al., 1995). The intraobserver

variability was minimal (Indolfi et al., 1995).

M alondialdehyde Deter minations

Malondialdehyde (MDA ; used as a biochemical marker for lipid peroxidation) was measured by
a method previously described (Salvemini et al, 2002). MDA was measured 3,7 and 14 days after
induction of balloon injury in carotid artery of either untreated or M40401-treated rats. Briefly, injured
carotid artery of rat was surgically identified, removed and then frozen in liquid nitrogen, and

homogenized in potassium chloride (1.15%). Chloroform (2 ml) was then added to each homogenate

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

and then spun for 30 min. The organic layer of the sample was removed and dried under nitrogen gas
and re-constituted with 100 ul of saline. MDA generation was evaluated by the assay of thiobarbituric
acid (TBA)-reacting compounds. The addition of a solution of 20 ul of sodium dodecyl sulphate (SDS;
8.1%), 150 ul of 20% acetic acid solution (pH3.5), 150 ul of 0.8% TBA and 400 ul of distilled water,
produced a chromogenic product which was extracted in n-butanol and pyridine. Then, the organic

layer was removed and MDA levelsread at 532 nm and expressed as nmol MDA/g wet tissue.

I mmunohistochemistry

Immunohistochemistry for LOX-1 and nitrotyrosine was carried out as described previously
(Mehta et al, 2002). After transcardiacal perfusion, the carotid arteries were fixed in 4%
paraformaldehyde. Cryosections (8 um thick) were incubated with the primary anti-mouse LOX-1
(1:2000; gifted by Professor T. Sawamura, Osaka, Japan) and anti-nitrotyrosine antisera (1:2000;
Cayman Chemicals) overnight at 4°C, treated with the secondary biotinylated goat anti-mouse 1gG
antibody (Chemicon) 1h at RT, followed by peroxidase-conjugated avidin-biotin-complexes
(Vectastain Elite ABC-Peroxidase kit; Vector Laboratories). The reaction was visualized using a metal
enhanced DAB kit (Pierce). Quantitation of staining was then performed by densitometry using

ImageQuant 5.2 software by Molecular Dynamics (Molecular Dynamics, CA).

Western blot analysis

Carotid artery lysates from each experiment (30 ug per lane) were separated by 10% SDS-
PAGE and transferred to nitrocellulose membranes. After incubation in blocking solution (4% dry non-
fat milk, Sigma, St. Louis, MO), membranes were incubated with anti-LOX-1 (1:10.000, gifted by

Professor T. Sawamura, Osaka, Japan) overnight at 4°C. Membranes were rinsed and then incubated
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with anti-mouse IgG antibody (Amersham) for 1 h at RT, and the specific complex was detected by an
enhanced chemiluminescence detection system (ECL, Amersham) and relative intensities of protein

bands were analyzed by M SF-300G Scanner.
Statistical analysis

Results are shown as mean = s.e.m. for n animals. Unless specified, statistical analysis was done

using ANOV A followed by post hoc Tukey’stest. A P value <0.05 was considered significant

10
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Results

In rats undergoing balloon injury of left carotid artery, a significant proliferation of sub-
endothelial vascular SMCs occurred when compared to sham operated animals (Figure 2). Indeed, the
mechanical injury, was accompanied by disruption of EC layer of injured blood vessels with active
proliferation of SMCs and subsequent neointima formation (Figure 2). In particular, cross sectional
area of vessel wall increased significantly 7 days after injury, reaching its maximum 14 days after
balloon angioplasty (n= 20; Figure 3), an effect accompanied by similar changes occurring in the
intima/media ratio (Figure 2). Early phases of neointima formation were characterized by an intense
production of MDA and nitrotyrosine staining in vascular tissues of injured rats (Figure 4 and 5; n=20),
indicating overproduction of ROS in carotid arteries with balloon injury. In particular, both MDA
accumulation and nitrotyrosine staining in proliferating tissue occurred early in the post-injury period
(day 3) and remained at high levels during development of neo-intima (day 7 and 14 ; Fig. 4 and 5). A
similar effect was found when LOX-1 expression in neointima of injured carotid artery was examined.
Indeed, both immunohistochemical staining of LOX-1 and Western blot analysis revealed significant
expression of LOX-1 receptor in proliferating SMCs by day 3 after injury (Figure 6; n=20). This effect
was also found on days 7 and 14 after injury, suggesting that an active expression of LOX-1 receptor
accompanied the process of restenosis (Figure 6).

Treatment of rats with M40401 (0.5-10 mg/Kg given i.p. daily after balloon injury) significantly
antagonized balloon-induced neointima formation (n= 10 for each dose; Figure 2 and 3). Indeed, both
cross sectional area of injured carotid artery and intima/media ratio (data not shown) were reduced
dose-dependently by daily administration of the M40401 SOD mimic. In addition, treating rats over
the post-injury period with M40401 (0.5-10 mg/Kg given i.p. daily after angioplasty; n = 10 for each
dose) significantly reduced MDA formation, nitrotyrosine staining and LOX-1 expression in vascular

tissue (Figure 4, 5 and 6; Table 1). Treatments with M40401 (10 mg/kg given i.p. daily after
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angioplasty, n = 10) did not modified the serum cholesterol and triglyceride levels or the serum
lipoproteins such as HDL, LDL, IDL and VLDL (data not shown). All these effects occurred by day 3,
indicating that oxidative stress and LOX-1 expression are early events in the biochemical changes
which can be found in vascular tissue after induction of injury, and that restoring antioxidant status by
treating rats with M40401 antagonized both free radical formation and LOX-1 expression and, finally,

neointima formation.

12
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Discussion

The present data show that balloon injury of the rat carotid artery is accompanied by
proliferation of sub-endothelial SMCs and that this effect is associated with oxidative stress and
overexpression of ox-LDL receptor LOX-1. Furthermore, balloon-induced vascular injury, SMC
proliferation and expression of LOX-1 and nitrotyrosine are all inhibited by M40401, a novel non
peptidyl SOD mimic, suggesting that removal of superoxide generated in the injured vascular tissues
leads to potent protective effect against SM C proliferation following angioplasty.

This in vivo study indicates that superoxide anion generation is a crucial step in activating
proliferation of sub-intimal SMCs, which follows vascular injury and that LOX-1 appears to be
involved in this process, which leads to the reactive neointima formation.

It is known that intracellular and extracellular production of ROS and the consequent activation
of specific signaling pathways and induction of redox-sensitive genes coordinate several integrated
physiological responses in vascular tissues, including growth of SMCs, induction of an inflammatory
response, and impairment of endothelium-dependent relaxation (Griendling et al, 2000). In particular,
production of superoxide is up-regulated by hormone-sensitive enzymes such as the vascular NAD(P)H
oxidases, and its metabolism is kept under tight control by the endogenous antioxidant system such as
SOD, catalase, and glutathione peroxidase. ROS serve as second messengers to activate multiple
intracellular proteins and enzymes, including the epidermal growth factor receptor, c-Src, p38 mitogen-
activated protein kinase, Ras, and Akt/protein kinase B (Griendling et al, 2000). Activation of these
signaling cascades and redox-sensitive transcription factors leads to induction of many genes with
important functional rolesin the pathophysiology of vascular cells (Griendling et al, 2000). Thus, ROS
participate in vascular SMC growth and migration, modulation of EC function, expression of a

proinflammatory phenotype, and modification of the extracellular matrix. All these events play

13
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important roles in vascular diseases, such as hypertension and atherosclerosis, suggesting that ROS and
the associated signaling pathways may represent important therapeutic targets.

Our data indicate that LOX-1 may be a crucial link between ROS generation and activation of
redox-sensitive genes involved in SMC proliferation. Previous in vitro studies have indicated that
LOX-1 expression is upregulated by a host of stimuli including inflammatory cytokines, mechanical
forces and ox-LDL (Kume et al., 1998; Aoyama et al., 1999; Kunsch and Medford, 1999). All these
result in production of ROS, which have been shown to upregulate LOX-1 in the reperfused tissues (Li
et al., 2003). In addition, evidence exists that ROS can activate redox-sensitive transcription factors
such as NF-kB and AP-1 (Kunsch and Medford, 1999) and that the ROS-related activation of NF-kB
and AP-1 leads to activation of the promoter region of the LOX-1 gene (Cominacini et al., 2000).
Finally, it has recently been reported that ROS are generated upon stimulation of LOX-1 by ox-LDL,
which subsequently activate the transcription factor NF-kB, which in turn upregulated Ang Il type 1
receptor with subsequent overexpression of LOX-1 receptor in a positive feedback fashion (Li et al.,
2000). Thus, it can be suggested that the resultant ROS would further upregulate LOX-1 expression,
leading to the formation of afeedback loop (Fig. 7).

This concept is in accordance with our data. Indeed, both generation of ROS, as shown by the
nitrotyrosine staining, the footprint of the highly reactive peroxynitrite, in vascular tissues and LOX-1
expression occurred earlier than the neo-intima formation, which reached its peak at two weeks after
balloon injury. On the other hand, M40401, which selectively inhibits superoxide formation, reduced
ROS generation (as shown by the decrease in MDA formation and nitrotyrosine staining in injured
vessels), LOX-1 expression and, finally, neo-intima formation suggesting that oxidative stress triggers
the cascade of events which generates, via inflammation of vascular wall and LOX-1 expression, the

proliferation of SMC which accompanied balloon injury.

14
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In conclusion, our studies suggest that oxidative stress occurring in injured arteries triggers both
LOX-1 expression and neointima formation, and this may be relevant in the treatment of vascular
disordersin which proliferation of vascular smooth muscle cellsand ox-LDL-related EC dysfunction

Ooccur.

15

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

Acknowledgments
The authors thank Mr. Giovanni Politi (University “Magna Graecia’, Catanzaro, Italy) for excellent

technical support.

16

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

References

Aoyama T, Fujiwara H, Masaki T and Sawamura T (1999). Induction of lectin-like oxidized LDL
receptor by oxidized LDL and lysophosphatidylcholine in cultured endothelial cells. J. Mal. Cell

Cardiol. 31: 2101-2114.

Asahara T, Bauters C, Pastore C, Kearney M, Rossow S, Bunting S, Ferrara N, Symes JF and Isner IM
(1995) Local delivery of vascular endothelial growth factor accelerates reendothelialization and

attenuates intimal hyperplasiain balloon-injured rat carotid artery. Circulation. 91:2793-2801.

Brown MR, Miller F3 Jr, Li WG, Ellingson AN, Mozena JD, Chatterjee P, Engelhardt JF, Zwacka RM,
Oberley LW, Fang X, Spector AA and Weintraub NL (1999) Overexpression of human catalase

inhibits proliferation and promotes apoptosis in vascular smooth muscle cells. Circ Res. 85: 524-533.

Carter AJ, Laird JR, Farb A, Kufs W, Wortham DC and Virmani R (1994) Morphologic characteristics
of lesion formation and time course of smooth muscle cell proliferation in a porcine proliferative

restenosis model. J Am Coll Cardiol 24: 1398 —1405.

Chen M, Masaki T and Sawamura T (2002) LOX-1, the receptor for oxidized low-density lipoprotein
identified from endothelial cells: implications in endothelial dysfunction and atherosclerosis.

Pharmacol. Ther. 95: 89-100.

Cominacini L, Pasini AF, Garbin U, Davoli A, Tosetti ML, Campagnola M, Rigoni A, Pastorino AM,

Lo Cascio V and Sawamura T (2000). Oxidized low density lipoprotein (ox-LDL) binding to ox-LDL

17

202 ‘0T |11dV uo speuinor 134SY e Bio'sfeuinofledse ed[ wol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

receptor-1 in endothelial cells induces the activation of NF-kappaB through an increased production of

intracellular reactive oxygen species. J. Biol. Chem. 275: 12633-12638.

Cushing SD, Berliner JA, Vaente AJ, Territo MC, Navab M, Parhami F, Gerrity R, Schwartz CJ and
Fogelman AM (1990) Minimally modified low density lipoprotein induces monocyte chemotactic
protein 1 in human endothelial cells and smooth muscle cells. Proc Natl Acad Sci U S A. 87: 5134-

5138.

Danenberg HD, Welt FGP, Walker M |11, Seifert P, Greg S, Toegel BA, Elazer R and Edelman MD
(2002) Systemic Inflammation Induced by Lipopolysaccharide Increases Neointimal Formation After

Balloon and Stent Injury in Rabbits Circulation 105:2917

Flaherty JT, Fitt B, Gruber JW, Heuser RR, Rothbaum DA, Burwell LR, George BS, Kereiakes DJ,
Deitchman D and Gustafson N (1994) SOD and Catalase Recombinant human superoxide dismutase
(h-SOD) fails to improve recovery of ventricular function in patients undergoing coronary angioplasty

for acute myocardial infarction. Circulation 89: 1982-1991.

Griendling K.K., Sorescu D., Lassegue B and Ushio-Fukai M (2000) Arterioscl. Thromb, Vasc. Biol.

20: 2175-2183.

Guiteras Va P, Bourassa MG, David PR, Bonan R, Crepeau J, Dyrda | and Lesperance J (1987)

Restenosis after successful percutaneous transluminal coronary angioplasty: the Montreal Heart

Institute experience. AmJ Cardiol 60 Suppl:50B-55B.

18

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

Harker LA, Slichter SJ, Scott CR and Ross R (1974) Homocystinemia: Vascular injury and arterial

thrombosis. N Engl J Med. 291: 537-543

Hoffmann R, Mintz GS, Dussaillant GR, Popma JJ, Pichard AD, Satler LF, Kent KM, Griffin J and
Leon MB (1996) Patterns and mechanisms of in-stent restenosis. a serial intravascular ultrasound

study. Circulation 94: 1247-1254.

Holmes DR Jr, Vliestra RE, Smith HC, Vetrovec GW, Kent KM, Cowley MJ, Faxon DP, Gruentzig
AR, Kelsey SF and Detre KM (1984) Restenosis after percutaneous transluminal coronary angioplasty:
a report from the PTCA registry of the National Heart, Lung and Blood Institute. Am J Cardiol

53:77C-81C.

Indolfi C, Esposito G, Di Lorenzo E, Rapacciuolo A, Feliciello A, Porcellini A, Avvedimento VE,
Condorelli M and Chiariello M (1995) Smooth muscle cell proliferation is proportional to the degree of

balloon injury in arat model of angioplasty. Circulation 92: 1230-1235.

Indolfi C, Stabile E, Perrino C and Chiariello M (1998) Mechanisms of restenosis after angioplasty and

approach to therapy. Int J Mol Med. 2: 143-148.

Kastrati A, Koch W, Berger PB, Mehilli J, Stephenson K, Neumann FJ, von Beckerath N, Bottiger C,
Duff GW and Schomig A (2000) Protective role against restenosis from an interleukin-1 receptor
antagonist gene polymorphism in patients treated with coronary stenting. J Am Coll Cardiol. 36: 2168—

2173;

19

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205
Kume N and Kita T (2001) Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) in

atherogenesis. Trends Cardiovasc Med 11: 22-25.

Kume N, Murase T, Moriwaki H, Aoyama T, Sawamura T, Masaki T and Kita T (1998). Inducible

expression of lectin-like oxidized LDL receptor-1 in vascular endothelial cells. Circ. Res. 83: 322-327.

Kunsch C and Medford RM (1999). Oxidative stress as a regulator of gene expression in the

vasculature. Circ. Res. 85:; 753-766.

Leimgruber PP, Roubin GS, Hollman J, Cotsonis GA, Meier B, Douglas JS, King SB Jr and Gruentzig
AR (1986) Restenosis after successful coronary angioplasty in patients with single-vessel disease.

Circulation 73: 710-717.

Li D and Mehta JL (2000) Antisense to LOX-1 inhibits oxidized LDL-mediated upregulation of
monocyte chemoattractant protein-1 and monocyte adhesion to human coronary artery endothelial

cells. Circulation 101: 2889-2895.

Li D, Saldeen T Romeo F and Mehta JL (2000). Oxidized LDL upregulates angiotensin 1l type 1
receptor expression in cultured human coronary artery endothelial cells. the potential role of

transcription factor NF-kappaB. Circulation 102: 1970-1976.

Li D, Williams V, Chen H, Sawamura T, Romeo F and Mehta JL (2003). Expression of lectin-like
oxidized low-density lipoprotein receptors during ischemia-reperfusion and its role in determination of

apoptosis and left ventricular dysfunction. J. Am. Coll. Cardiol. 41: 1048-1055.

20

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

McBride W, Lange RA and Hillis LD (1988) Restenosis after successful coronary angioplasty. N Engl

J Med 318: 1734 —1737.

Mehta JL and Li D (2002) Identification, regulation and function of a novel lectin-like oxidized low-

density lipoprotein receptor. J Am Coll Cardiol. 39:1429-1435.

Mollace V, Salvemini D, Riley DP, Muscoli C, lannone M, Granato T, Masuelli L, Modesti A, Rotiroti
D, Nistico R, Bertoli A, Perno CF and Aquaro S (2002). The contribution of oxidative stress in
apoptosis of human-cultured astroglia cells induced by supernatants of HIV-1-infected macrophages. J

Leukoc Biol. 71(1): 65-72.

Mollace V, lannone M, Muscoli C, PAlmaE, Granato T, Rispoli V, Nistico R, Rotiroti D and Salvemini
D (2003a). The role of oxidative stress in paraguat-induced neurctoxicity in rats. protection by non

peptidyl superoxide dismutase mimetic. Neurosci Lett. 335(3): 163-166.

Mollace V, lannone M, Muscoli C, Pama E, Granato T, Modesti A, Nistico R, Rotiroti D and
Salvemini D (2003b). The protective effect of M40401, a superoxide dismutase mimetic, on post-

ischemic brain damage in Mongolian gerbils. BMC Pharmacol. 3(1): 8-11.

Muscoli C, Cuzzocrea S, Riley DP, Zweler JL, Thiemermann C, Wang ZQ and Salvemini D (2003) On

the selectivity of superoxide dismutase mimetics and its importance in pharmacological studies. Br J

Pharmacol 140(3): 445-460.

21

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

Nagase M, Ando K, Nagase T, Kaname S, Sawamura T and Fujita T (2001) Redox-sensitive regulation

of lox-1 gene expression in vascular endothelium. Biochem. Biophys. Res. Commun. 281: 720-725.

Nishio E and Watanabe Y (1997) The involvement of reactive oxygen species and arachidonic acid in
o.1-adrenoceptor-induced smooth muscle cell proliferation and migration. Br J Pharmacol.; 121: 665—

670.

Riley DP,. Henke SL, Lennon PL, Weiss RH, Neumann WL, Rivers WJ Jr, Aston KW, Sample KR,
Rahman H, Ling CS, Shieh J, Busch DH and Szulbinski W (1996) Synthesis, characterization and
stability of manganese of manganese (II) C-substituted 1,4,7,10,13-pentaazacyclopentadecane

complexes exhibiting superoxide dismutase activity. Inorg. Chem 35: 5213-5219.

Ross R (1999) Atherosclerosis—An inflammatory disease. N. Engl. J. Med. 340: 115-126.

Roubin GS, Cannon AD, Agrawal SK, Macander PJ, Dean LS, Baxley WA and Breland J (1992)
Intracoronary stenting for acute or threatened closure complicating percutaneous transluminal coronary

angioplasty. Circulation 85: 916-927.

Salvemini D, Wang ZQ, Zweier JL, Samouilov A, Macarthur H, Misko TP, Currie MG, Cuzzocrea S,
Sikorski JA and Riley DP (1999) A nonpeptidyl mimic of superoxide dismutase with therapeutic

activity in rats. Science 286: 304-306.

Salvemini D, Riley DP and Cuzzocrea S (2002). SOD mimetics are coming of age. Nature Reviews.

Drug Discovery 1. 367-374.

22

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

Sawamura, T, Kume, N, Aoyama, T, Moriwaki H, Hoshikawa H, AibaY, Tanaka T, Miwa S, Katsura
Y, Kita T and Masaki T (1997) An endothelial receptor for oxidized low density lipoprotein. Nature

386: 73-77.

Serrano C, Ramires J, Venturindlli M, Arie S, D'Amico E, Zweier JL, Pileggi F and da Luz PL (1997)
Coronary angioplasty results in leukocyte and platelet activation with adhesion molecules expression:

evidence of inflammatory responses in coronary angioplasty. J Am Coll Cardiol. 29: 1276-1283.

Yoshida H, Kondratenko N, Green S Steinberg D and Quehenberger O (1998) Identification of the

lectin-like receptor for oxidized low-density lipoprotein in human macrophages and its potential role as

a scavenger receptor. Biochem.J 334 (Pt 1): 9-13.

23

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 25, 2004 as DOI: 10.1124/jpet.104.068205
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#68205

Figure 1- Chemical structure of M40401

Figure 2. Balloon injury is accompanied by neointima formation of carotid artery, compared to sham
operated rats. Cross sectional area (A) and neointima/media ratio (N/M ratio; C) are increased in
injured vessel as shown by representative histological examination (B). M40401 (10 mg/Kg given i.p.
dally in the post-angioplasty period (14 days), reversed this effect. * P<0.05 untreated vs M40401

treated rats.

Figure 3. The time-dependent (3, 7 and 14 days; A) effect of balloon injury (Bl) in cross sectional area
of carotid artery is reversed by M40401 (0.5-10 mg/Kg given i.p. daily for 14 days), dose-dependently
reversed the restenosis of the injured vessel (B). T P<0.001 when compared to sham; * P<0.05, **

P<0.001 treated vs M40401-untreated rats.

Figure 4. Balloon injury (BI) is accompanied by malondialdehyde (MDA nmol/g ~‘wet tissue)
accumulation in carotid artery 3, 7 and 14 days after injury, compared to sham operated rats. M40401
(10 mg/Kg) was given given i.p. daily in the post-angioplasty period (A). M40401 (0.5-10 mg/Kg
given i.p. daily in the post-angioplasty period (14 days), reversed this effect (B). * P<0.05, ** P<0.001

untreated vs M40401 treated rats.

Figure 5. Balloon injury (BI) is accompanied by time-dependent nitrotyrosine staining in carotid artery
3, 7 and 14 days after injury, compared to sham operated rats. M40401 (10 mg/Kg given i.p. dally

during the post-angioplasty period) reversed this effect. * P<0.05 untreated vs M40401 treated rats.

Figure 6. Neo-intima formation in carotid artery 3, 7 and 14 days after balloon injury is accompanied

by intense expression of LOX-1 receptor as shown by both immunohistochemical examination and
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western blotting analysis. M40401 (10 mg/Kg given i.p. daily during the post-angioplasty period)

reversed this effect. * P<0.05 untreated vs M40401 treated rats.

Figure 7. LOX-1 expression, triggered by ROS after balloon injury, leads to furter generation of free
radical species which, in turn, activate redox-sensotive genes which contribute in restenosis. M40401,
via inhibition of superoxide anions selectively, blocks these LOX-1 mediated events which follow

balloon injury in rats.
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Table 1. The effects of M40401 on LOX-1 expression and nitrotyrosine staining after ballon injury.

LOX-1 Nitrotyrosine staining
Sham 0.130+ 0.015 0.142 + 0.012
Bl 14dd 0.503 +0.011' 0.638 + 0.023'
Bl 14dd +M40401 0.5 mg/kg 0.424+ 0.025 0.416+0.17
Bl 14dd +M40401 1 mg/kg 0.331+0.018" 0.270 £ 0.014
Bl 14dd +M40401 5 mg/kg 0.180+ 0.021" 0.168+ 0.018™
Bl 14dd +M40401 10 mg/kg 0.150 + 0.022™ 0.125+0.020"

Data are expressed as densitometry units and represent the mean + sem of 6 independent experiments.
T P<0.001 when compared to sham; * P<0.01, ** P<0.001 treated vs M40401-untrested rats.
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