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ABSTRACT Diabetes is associated with an increase in circulating advanced 

glycosylation end-products (AGEs) and the increased expression of the receptor for 

AGEs (RAGE). Inhibition of AGE:RAGE binding through the administration of soluble 

RAGE (sRAGE) has been shown to decrease neointimal hyperplasia. Peroxisome 

proliferator-activated receptor γ (PPARγ), which inhibits neointimal hyperplasia, has 

been shown to decrease RAGE expression in cultured endothelial cells. We hypothesized 

that PPARγ agonists inhibit neointimal hyperplasia via down-regulation of RAGE in 

vivo. Methods and Results. Pretreatment of rat aortic smooth muscle cells (SMCs) with 

PPARγ agonist rosiglitazone significantly down-regulated RAGE expression and 

inhibited SMC proliferation in response to the RAGE agonist S100. In vivo studies 

showed that rosiglitazone decreased RAGE expression and SMC proliferation at 7 days 

following carotid arterial injury in both diabetic and non-diabetic rats. At 21 days 

following injury, neointimal formation was significantly decreased in both diabetic and 

non-diabetic animals that received rosiglitazone. To determine if inhibition of neointimal 

formation by PPARγ activation could fully be accounted for by its down-regulation of 

RAGE, we compared the results obtained in animals treated with sRAGE, PPARγ 

activator, and sRAGE+PPARγ activator. Consistent with PPARγ working through its 

effects on RAGE, we found that the addition of PPARγ activator to sRAGE did not result 

in any further decrease in neointimal formation. Conclusion. These data demonstrate for 

the first time that PPARγ agonists inhibit RAGE expression at sites of arterial injury, and 

suggest that down-regulation of RAGE by the PPARγ activation inhibits neointimal 

formation in response to arterial injury. 
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INTRODUCTION 

Studies on arterial injury in animal models and human patients have demonstrated 

a clear link between inflammation and neointimal hyperplasia that is exacerbated in the 

setting of diabetes (Zhou et al., 2002; Faries et al., 2001; Park et al., 2001; Zhou et al., 

2003). This link between inflammation, restenosis and diabetes highlights the potential 

therapeutic application of anti-inflammatory compounds to inhibit restenosis, especially 

in diabetic patients.  

Peroxisome proliferator-activated receptor γ (PPARγ) is a member of the nuclear 

receptor superfamily of ligand-dependent transcription factors. PPARγ is expressed in all 

vascular cells, including vascular SMCs (VSMC), endothelial cells (ECs), and 

monocyte/macrophage (Law et al., 2000; Marx et al., 1998; Ricote et al., 1998; Marx et 

al., 1998). Thiazolidinediones (TZDs), a class of drugs that are high-affinity ligands for 

PPARγ are currently being used clinically for their insulin-sensitizing activity.  PPARγ 

agonists have been shown to have anti-inflammatory properties (Jiang et al., 1998; Ricote 

et al., 1998) and to inhibit vascular remodeling late following arterial injury (Law et al., 

1996; Goetzs et al., 1999; Igarashi et al., 1997; Yoshimoto et al., 1999).  In particular, 

TZDs have been reported to inhibit cytokine-mediated endothelial cell proliferation 

(Gralinski et al., 1998), suppress endothelin-1 (ET-1) secretion from vascular endothelial 

cells (Delerive et al., 1999), and enhance cytokine-induced SMC apoptosis (Aizawa et 

al., 2001). It has also been shown that TZDs inhibit VSMCs proliferation and migration 

(Law et al., 2000; Marx et al., 1998; Marx et al., 1998; Law et al., 1996; Li et al., 2000). 

All of these properties suggest that PPARγ ligands may influence growth of vascular cells 

(Rosen and Spiegelman, 2000).  
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We have recently demonstrated (Zhou et al., 2003) that inhibiting binding of 

ligands for the receptor for advanced glycosylation end products (RAGE) by soluble 

RAGE (sRAGE), a soluble portion of the extracellular domain of RAGE, significantly 

attenuates neointimal formation following arterial injury in diabetic and non-diabetic rat 

models. TZDs have been recently shown to decrease human endothelial cell RAGE 

mRNA expression (Marx et al., 2004). However, the effect of PPARγ activation on 

RAGE expression in VSMC is still unknown. Based on our previous results with sRAGE, 

we wanted to test whether TZDs inhibited RAGE expression in SMC in vitro and in vivo 

and hypothesized that PPARγ agonists could lead to a decrease in neointimal formation 

following arterial injury through the down-regulation of RAGE.  

METHODS 

Cell Culture. Diabetic rat aortic VSMCs primary cultures were obtained as 

described previously (Zhou et al., 2003) and seeded into 12-well plates (1.2x104 

cells/well) in routine DMEM medium with 10% fetal bovine serum for 48 hours, and the 

culture medium was replaced by DMEM without fetal bovine serum for 24 hours. 

Rosiglitazone was added 2 hours before the addition of S100 protein (Calbiochem). In 

one group, both rosiglitazone (10 µm/L) and sRAGE (40 µg/ml) were added before the 

stimulation of VSMCs. For all data shown, each individual experiment represents an 

independent preparation of VSMCs 

Measurement of VSMCs Proliferation. VSMCs were incubated with 2 µmol/L 

S100 and simultaneously by incremental concentration of rosiglitazone (1, 5, and 10 
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µmol/L) for 24 hours. Cells were harvested, and cell number was determined using a 

Coulter cell counter.  

Surgical Procedures. The Zucker obese and lean rats (Gmi/Charles River 

Laboratories) aged 9 to 12 weeks were used in this study. All experiments conformed to 

the position of American Heart Association on research animal use and care and were 

conducted with the approval of Animal Research Committee of the Cleveland Clinic 

Foundation. Carotid artery injury was induced exactly as described previously (Zhou et 

al., 2002; Zhou et al., 2003). Briefly, carotid artery injury was induced by balloon 

deendothelialization. After induction of anesthesia, a midline cervical incision was made 

to expose the left external carotid artery. The external carotid artery was ligated, and the 

internal carotid artery was temporarily ligated. A 2F Fogarty balloon catheter (Baxter 

Healthcare Corp) was introduced. The catheter was passed into the aortic arch, and the 

balloon was distended with saline until a slight resistance was felt on slight traction. After 

withdrawal into the common carotid artery, the balloon was rotated while pulling back 

through the common carotid artery. This procedure was repeated 3 times.  

 Administration of PPARγ Activator and sRAGE. Rosiglitazone (8mg/kg/day), 

one of TZDs with high-affinity for PPARγ, was administered by gavage 7 days before 

injury and continued until day 4, 7, and 21 after injury according to different groups. 

Based on our previous study (Zhou et al., 2003), murine sRAGE (0.5mg/day) was 

administered intraperitoneally beginning one day before and continued until day 6 after 

injury. 

Tissue Harvest and Preparation. The animals were sacrificed at 4, 7 and 21 

days after injury. For animals sacrificed at day 7 and 21, the injured vessel segments were 
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either perfusion-fixed with 5% Histochoice (Amresco) at 120 mmHg and embedded in 

paraffin for later morphometric and immunohistochemistry assay or snap-frozen in liquid 

nitrogen for later PCR analysis.   

Morphometry. The fixed carotid arteries were cut in serial sections, at 5 mm 

apart and stained with hematoxylin-eosin (H-E) and Van Gieson Elastic. An observer 

blinded to the study groups performed morphometric analyses using computerized digital 

microscopic planimetry software (Image-Pro Plus). The section from 4 to 5 sections from 

each injured arterial segment exhibiting the most severe degree of luminal narrowing was 

assessed as the “lesion” point. The neointimal and medial boundaries were determined, 

and the luminal, internal elastic lamina (IEL), and the external elastic lamina (EEL) areas 

were measured, and the ratio of intimal and medial area (I/M) was calculated. 

Immunohistochemistry. For the vessel segments harvested 7 days after injury, 

immunohistochemistry was performed to determine if rosiglitazone treatment down-

regulates the RAGE expression. Briefly, RAGE was identified by a specific antibody 

against it (Santa Cruz). Peroxidase-conjugated goat-anti-rabbit IgG (Sigma) was used to 

visualize the sites of primary antibody binding to the antigen. The expression of RAGE 

was semi-quantified by determining the percent positive area in a blinded manner using 

the microscopic planimetry software described above. The inflammatory response after 

injury was assessed by immunostaining CD45, a specific marker for leukocytes. CD45-

positive cells were immunolocalized by incubation with a mouse monoclonal antibody 

against CD45 (Chemicon International) followed by application of a biotinylated rabbit 

anti-mouse secondary antibody. Detection of CD45 was completed with DAB chromogen 
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substrate that produces a brown cells surface stain on CD45 positive cells. Similar semi-

quantitative analysis was performed.  

RAGE mRNA Expression in Vitro and in Vivo. For in vitro study, VSMCs were 

incubated with incremental concentration of rosiglitazone as described above and 15-

deoxy-∆12,14-prostaglandin J2 (15d-PGJ2, 1 and 10 µmol/L, a non-TZD PPARγ activator) 

for 24 hours. Cells were harvested, and RNA was extracted using RNeasy mini kit. For in 

vivo study, the total RNA from the vessel segments harvested 7 days after injury was 

extracted using QIAGEN RNeasy Mini-Kit according to the manufacturer’s protocol 

(Qiagen GmbH) and was then treated with RNase free Rnase for 30-60 minutes (Perkin 

Elmer Applied Biosystems).  Target RNA (1–2 µg) was reverse transcribed using 

TaqMan Reverse Transcription Reagent (Perkin Elmer Applied Biosystems). The 

following primer specific for rat RAGE was used: sense (5’-

CAACCCAGACTCGAGGAGAG-3’) and antisense (5’-

AGAAAGTGGCTCGAGGTTGA-3’). Real-time PCR was performed by using the ABI 

prism 7700 sequence detector (TaqMan; Perkin Elmer Applied Biosystems) to quantify 

respective tissue mRNA levels.  For every reaction set, one RNA sample was performed 

without reverse transcription to provide a negative control in subsequent PCR reaction. 

Commercial reagents (TaqMan PCR Reagent Kit, Perkin Elmer Applied Biosystems) and 

conditions according to the manufacturer’s protocol were applied (2.5 µl of cDNA and 

oligonucleotides at a final concentration of 200 nmol/L). Each PCR amplification was 

performed in quadriplicate wells. For all data shown, each individual experiment 

represented in the n value was performed.  
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In a separate study, to determine if the effect of rosiglitazone on RAGE is nitric 

oxide (NO) dependent, VSMCs were first pretreated with either L-NAME (2mM) or L-

arginine (1mM) for 30 minutes and then incubated with incremental concentration of 

rosiglitazone as described above for 24 hours. Real-time PCR was performed to 

determine RAGE expression. 

DNA Synthesis. For the animals sacrificed 4 days after injury, the effect of 

rosiglitazone on VSMC proliferation was evaluated. The rats received intraperitoneal 

injection of bromodeoxyuridine (BrdU) 50 mg/kg (Sigma Chemical Co) at 18, 12, and 2 

hours before euthanasia. The assessment of DNA synthesis in vivo was performed using 

BrdU In Situ Detection kit (BD Biosciences). The numbers of BrdU-positive nuclei per 

section were counted by two observers blinded to the treatment regimens, and the labeling 

index (positive nuclei/total nuclei) was calculated.  

Serum Insulin, Lipids and Glucose Level Assay. Blood samples were collected 

before administration of rosiglitazone and at 21 days after injury when animals sacrificed. 

Serum cholesterol, HDL-cholesterol, and LDL-cholesterol were determined by the 

cholesterol oxidase enzyme assay, triglycerides by the glycerol triphosphate oxidase 

enzyme assay. Serum glucose level was measured by enzymatic method. Serum insulin 

level was determined as recommended by manufacturer using ELISA kit (Crystalchem 

Inc.). 

Statistical Analysis. All data were expressed as mean ± SD. Statistical analysis 

was performed with use of SPSS software (SPSS Inc.). When only two groups were 

compared, unpaired t tests was applied. When comparing the percentage of reduction of 

neointimal formation between diabetic and non-diabetic rats cohort, two ways ANOVA 
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with interaction was performed. A value of p≤0.05 is considered to be statistically 

significant.  

RESULTS 

Effects of Rosiglitazone on VSMC Growth. Quiescent VSMCs were stimulated 

by S100 without and with rosiglitazone. S100 increased VSMC proliferation as measured 

by cell number at 24 hours (Figure 1). It was found that rosiglitazone treatment 

significantly inhibited S100–stimulated VSMC growth in a dose-dependent manner. The 

addition of sRAGE at the maximal dose of rosiglitazone tested did not further inhibit 

VSMC proliferation. 

Effects of Rosiglitazone on Neointimal Formation.  A total of 60 animals were 

used in the final data analysis (diabetic rats cohort: 12 rats from the rosiglitazone group, 

12 rats from the placebo group, 6 rats from the sRAGE alone group, 7 from the 

rosiglitazone plus sRAGE group; non-diabetic rats cohort: 11 rats from the rosiglitazone 

group, 12 rats from the placebo group). Representative sections from control, 

rosiglitazone and sRAGE treated non-diabetic and diabetic animals are shown in Figure 

2.  The neointimal area in the rosiglitazone-treated groups, either in diabetic or non-

diabetic rats, was significantly less at 21 days after injury, compared to that observed in 

placebo groups (Table 1). In concert with a decrease in neointimal hyperplasia, greater 

luminal area in the rosiglitazone-treated groups was found. Notably, a greater reduction 

of neointimal formation was observed in diabetic rats compared to non-diabetic rats 

(percentage of reduction: 47.6% from diabetic rats vs 20.0% from non-diabetic rats, 

P<0.05). Furthermore, the combination treatment of PPARγ activation and RAGE 
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inhibition didn’t display additional, synergistic inhibitory effect on neointimal formation 

when compared to either sRAGE or rosiglitazone treatment alone. 

Immunohistochemical Assay of RAGE Expression and Inflammatory 

Marker CD45. A total 16 animals were used in the final data analysis (diabetic rats 

cohort: 4 rats from the rosiglitazone group, 4 rats from the placebo group; non-diabetic 

rats cohort: 4 rats from the rosiglitazone group, 4 rats from the placebo group). 

Immunohistochemical analysis showed that when compared to the control group, 

rosiglitazone treatment significantly reduced the RAGE expression by 66% in diabetic 

rats and by 69% in non-diabetic rats, as assessed by percent positive area for RAGE 

positive cells (diabetic rats: 6.22%±3.25 vs 18.54%±4.62, P=0.005; non-diabetic rats: 

4.59%±1.55 vs 15.09%±2.20, P<0.001, Figure 3). The treatment with rosiglitazone also 

significantly decreased the inflammatory response after injury as evidenced by CD45 

staining, with a greater extent in diabetic rats. In diabetic rats, a 51% relative reduction 

was observed with rosiglitazone treatment (9.26%±2.37 vs 18.99%±4.00, P=0.006), and a 

37% reduction was seen in non-diabetic rats (9.09%±2.05 vs 14.46%±2.24, P=0.012). 

Real-time PCR for RAGE mRNA Expression.  For the in vivo study, a total of 

12 animals were used in the final data analysis (diabetic rats cohort: 3 rats from the 

rosiglitazone group, 3 rats from the placebo group; non-diabetic rats cohort: 3 rats from 

the rosiglitazone group, 3 rats from the placebo group). Real-time PCR showed that 

RAGE expression was up-regulated after injury in diabetic and non-diabetic rats.  The 

treatment with rosiglitazone significantly reduced RAGE mRNA expression in both 

diabetic and non-diabetic rats (Figure 4). For the in vitro study, RAGE mRNA level was 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 12

much higher in the control group and was significantly decreased by both rosiglitazone 

and 15d-PGJ2 treatment, a non-TZD PPARγ activator (Figure 5).  

Furthermore, the effect of rosiglitazone on RAGE expression was found to be NO-

dependent, L-NAME, an inhibitor of NO synthesis, blocked the inhibitory effect of 

rosiglitazone on RAGE expression, whereas a synergistic inhibitory effect on RAGE 

expression was found in the group treated with both rosiglitazone and L-arginine (Figure 

6). 

Effect of Rosiglitazone on DNA Synthesis. The number of BrdU-labeled 

positive cells in the intima and media was greatly diminished by rosiglitazone (25.0 ± 4 

vs 63.0 ±17 cells per cross section; P=0.02), as was the BrdU labeling index (7±2% vs 

18±3%; P=0.006) (Figure 7), indicating rosiglitazone significantly suppressed the VSMC 

proliferation when compared with vehicle treatment.  

Serum Insulin, Lipids and Glucose Level Assay. The serum total cholesterol, 

HDL-cholesterol, LDL-cholesterol, and triglyceride levels as well as fasting glucose 

levels before and after rosiglitazone treatment were depicted in Table 2. There were no 

differences in serum LDL and VLDL levels or blood glucose levels before and after 

rosiglitazone treatment. There was a trend toward decreased triglycerides (diabetic rats: 

371.2±72.4 mg/dL [before treatment] vs 309.8±71.6 mg/dL [after treatment], P=0.073; 

non-diabetic rats: 63.3±34.4 mg/dL [before treatment] vs 39.7±15.7 mg/dL  [after 

treatment], P=0.080) and cholesterol levels (diabetic rats: 232.8±15.1 mg/dL [before 

treatment] vs 212.3±27.6 mg/dL [after treatment], P=0.054; non-diabetic rats: 92.8±10.2 

mg/dL [before treatment] vs 82.9±11.8 mg/dL  [after treatment], P=0.075). However, 

rosiglitazone treatment significantly decreased HDL levels in both diabetic and non-
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diabetic rats. This finding is in consistent with the finding by previous study (Li et al., 

2000), in which a decrease in HDLc levels was observed in the mice treated with 

rosiglitazone, although it is in contrast to other findings (Lebovitz et al., 2001; Fonseca et 

al., 2000), which showed that rosiglitazone increased HDLc and reduced triglycerides. 

Insulin levels in diabetic rats were significantly decreased by 42% with 

rosiglitazone treatment. There was no difference found in insulin level in non-diabetic 

rats before and after rosiglitazone treatment.  

DISCUSSION 

This study demonstrates that activation of PPARγ significantly decreases 

neointimal formation after vascular injury in the rat carotid injury model. This reduction 

was greater in the diabetic rats compared to non-diabetic rats.  The findings of this study 

highlight this receptor’s potential role in the prevention of restenosis, especially in the 

diabetic patients. 

PPARγ is expressed in all vascular cells, including VSMCs, ECs, and 

monocytes/macrophages. It has been shown that its ligands such as TZDs inhibit VSMCs 

proliferation and migration (Law et al., 2000; Marx et al., 1998; Marx et al., 1998; Law et 

al., 1996; Li et al., 2000), which are important to the process of neointimal formation 

after injury. Their antiproliferative effects are believed to be via cell cycle arrest in the 

G1. In VSMCs, proliferation and apoptosis may be competing processes during the 

formation of restenotic lesions. The study from Aizawa et al (Aizawa et al., 2001) 

showed that pioglitazone, one member of TZDs and a PPARγ ligand, enhanced cytokine-

induced apoptosis, an important mechanism of formation of vascular lesions, in VSMCs 
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and decreased the neointimal hyperplasia. This finding was confirmed by Bruemmer et 

al. (Bruemmer et al., 2003), who found that the TZDs induce caspase-mediated apoptosis 

of human coronary VSMCs. Induction of VSMC apoptosis correlated closely with an 

upregulation of growth arrest and DNA damage-inducible gene 45 (GADD45) mRNA 

expression and transcription, a well-recognized modulator of cell cycle arrest and 

apoptosis.  

In the past decade, the role of inflammation in the repair process after vascular 

injury has been increasingly appreciated. PPARγ is expressed in human and rodent 

monocyte/macrophages (Law et al., 2000; Marx et al., 1998; Ricote et al., 1998; Marx et 

al., 1998) and has been shown to have several potential anti-inflammatory effects that 

could modulate neointimal hyperplasia, including macrophage activation and cytokines 

production (Jiang et al., 1998; Ricote et al., 1998), down-regulation of endothelial cell 

vascular cell adhesion molecule (VCAM) expression, inhibition of monocyte migration 

(Marx et al., 1998; Kinstcher et al., 2000; Jackson et al., 1999), and down-regulation of 

CCR2 (Han et al., 2000), the receptor for MCP-1, which is involved in the process of 

neointimal hyperplasia after vascular injury (Furukawa et al., 1999; Mori et al., 2002). 

Our study demonstrates that PPARγ activation leads to a decrease in the expression of 

CD45, a specific marker for leukocytes, and inhibits neointimal formation.  

An important finding from the current study is the demonstration for the first time 

in vivo that activation of PPARγ down-regulates the expression of RAGE, a multiligand 

member of the immunoglobulin superfamily. Our finding is consistent with the previous 

in vitro study, in which it has been shown that TZDs decreased human endothelial cell 

RAGE mRNA expression (Marx et al., 2004). It has been shown that RAGE and its 
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ligands, AGEs and S100/calgranulins, are highly up regulated at the sites of vascular 

injury (Sakaguchi et al., 2003; Park et al., 1998; Bucciarelli et al., 2002; Wendt et al., 

2002), and we have previously demonstrated that blocking RAGE activation following 

arterial injury leads to a decrease in neointimal formation. Ligand-triggered RAGE-

dependent cellular activation augments inflammatory responses after vascular injury and 

enhances cellular migration and proliferation (Schmidt et al., 1993; Hofmann et al., 1999; 

Schmidt et al., 1994). In addition, binding of RAGE to its ligand leads to activation of 

key cell signaling pathways, such as p44/p42 (erk1/erk2), p21ras, MAP kinases, NF- B, 

cdc42/rac, and JAK/Stat, thereby reprogramming cellular properties (Lander et al., 1997; 

Huttunen et al., 1999). Furthermore, blockade of AGE/RAGE interaction decreases 

MAPK activity in cultured VSMCs and neointimal formation in vivo (Zhou et al., 2003; 

Park et al., 1998; Lander et al., 1997). 

To determine if PPARγ works through RAGE and/or through another anti-

inflammatory pathway, we studied the combined effects of PPARγ and sRAGE. We 

hypothesized that if the effects of PPARγ was through RAGE alone, then the 

combination of PPARγ agonist and sRAGE would not have additional effects compared 

to either alone. sRAGE functionally works as a sink for RAGE agonists and, thus, does 

not bind to cells.  Therefore, the administration of sRAGE would not block the ability of 

PPARγ to inhibit neointimal hyperplasia by a non-RAGE mechanism. We did not 

observe an additive effect of sRAGE and PPARγ.  The lack of an additive effect suggests 

and is consistent with our hypothesis that PPARγ mediates its effects on neointimal 

hyperplasia through the down-regulation of RAGE. However, the mechanism of down-

regulation of RAGE expression by PPARγ is not investigated. Previous studies have 
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shown that PPARγ activation suppresses induction of Egr-1 and its inflammatory gene 

target (Okada et al., 2002; Cheng et al., 2004). It is unreasonable to speculate that down-

regulation of RAGE expression by PPARγ is mediated by inhibition of the Egr-1 

signaling pathway. While it has also been reported that PPARγ ligands enhance cytokine-

induced apoptosis in a NO dependent manner (Aizawa et al., 2001), and our initial data 

showed that NO production was required for the down-regulation of RAGE by PPARγ 

activation. The further study on these pathways or others will elucidate the mechanism of 

down-regulation of RAGE expression by PPARγ, and provide a direct link between 

PPARγ and treatment strategies for restenosis and atherosclerosis, since RAGE directly 

influences vascular cell proliferation and inflammation, a key event in development of 

atherosclerotic and restenotic lesions, especially in the diabetic setting.  

The present study implicates PPARγ as a target for limiting the development and 

progression of neointimal hyperplasia after vascular injury. Our data suggest a crucial 

role of PPARγ in regulating VSMCs proliferation and migration through the down-

regulation of RAGE expression and inflammatory response. Activation of PPARγ 

resulted in 47% reduction of neointimal formation in diabetic rats and 20% in non-

diabetic rats. Specifically, the present study has important implications for diabetic 

patients. In type 2 diabetes, the development of both atherosclerosis and restenosis is 

substantially accelerated. TZDs, therefore, may provide a dual benefit for type 2 diabetes 

by ameliorating insulin resistance and its metabolic sequelae including the generation of 

AGEs, as well as through the down-regulation of the inflammatory response following 

arterial injury via the down-regulation of RAGE.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 17

References

Aizawa Y, Kawabe JI, Hasebe N, Takehara N, and Kikuchi K (2001)  Pioglitazone 

enhances cytokine-induced apoptosis in vascular smooth muscle cells and reduces 

intimal hyperplasia. Circulation 104: 455-460. 

Bruemmer D, Yin F, Liu J, Berger JP, Sakai T, Blaschke F, Fleck E, Van Herle AJ, 

Forman BM, and Law RE (2003) Regulation of the growth arrest and DNA damage-

inducible gene 45 (GADD45) by peroxisome proliferator-activated receptor {gamma} 

in vascular smooth muscle cells. Circ Res  93: e38-47.  

Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Mouza T. Goova MT, Moser 

B, Kislinger T, Lee DC, Kashyap Y, Stern D, and Schmidt AM. (2002) RAGE 

blockade stabilizes established atherosclerosis in diabetic apolipoprotein E null mice. 

Circulation 106: 2827-2835. 

Cheng S, Afif H, Martel-Pelletier J, Pelletier JP, Li X, Farrajota K, Lavigne M, Fahmi H. 

Activation of peroxisome proliferator-activated receptor gamma inhibits interleukin-

1beta-induced membrane-associated prostaglandin E2 synthase-1 expression in human 

synovial fibroblasts by interfering with Egr-1. J Biol Chem. 2004;279:22057-22065. 

Delerive P, Martin-Nizard F, Chinetti G, Trottein F, Fruchart JC, Najib J, Duriez P, and 

Staels B (1999) Peroxisome proliferator-activated receptor activators inhibit thrombin-

induced endothelin-1 production in human vascular endothelial cells by inhibiting the 

activator protein-1 signaling pathway. Circ Res 85: 394–402.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 18

Faries PL, Rohan DI, Takahara H, Wyers MC, Contreras MA, Quist WC, King GL, and 

Logerfo FW (2001) Human vascular smooth muscle cells of diabetic origin exhibit 

increased proliferation, adhesion, and migration. J Vasc Surg  33: 601–607. 

Fonseca V, Foyt HL, Shen K, and Whitcomb R (2000) Long-term effects of troglitazone: 

open-label extension studies in type 2 diabetic patients. Diabetes Care 23: 354–359. 

Furukawa Y, Matsumori A, Ohashi N, Shioi T, Ono K, Harada A, Matsushima K, and 

Sasayama S (1999) Anti-monocyte chemoattractant protein-1/monocyte chemotactic 

and activating factor antibody inhibits neointimal hyperplasia in injured rat carotid 

arteries. Circ Res  84: 306-314. 

Goetze S, Xi XP, Kawano H, Gotlibowski T, Fleck E, Hsueh WA, and Law RE (1999) 

PPARγ-ligands inhibit migration mediated by multiple chemoattractants in vascular 

smooth muscle cells. J Cardiovasc Pharmacol 33: 798–806. 

Gralinski MR, Rowse PE, and Breider MA (1998) Effects of troglitazone and 

pioglitazone on cytokine-mediated endothelial cell proliferation in vitro. J Cardiovasc 

Pharmacol 31: 909–913. 

Han KH, Chang MK, Boullier A, Green SR, Li A, Glass CK, and Quehenberger O (2000) 

Oxidized LDL reduces monocyte CCR2 expression through pathways involving 

peroxisome proliferator-activated receptor gamma. J Clin Invest 106: 793–802. 

Hofmann MA, Drury S, Fu C, Qu W, Taguchi A, Lu Y, Avila C, Kambham N, Bierhaus 

A, Nawroth P, Neurath MF, Slattery T, Beach D, McClary J, Nagashima M, Morser J, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 19

Stern D, and Schmidt AM (1999) RAGE mediates a novel proinflammatory axis: a 

central cell surface receptor for S100/calgranulin polypeptides. Cell  97: 889-901. 

Huttunen HL, Fages C, and Rauvala H (1999) Receptor for advanced glycation 

endproducts (RAGE)-mediated neurite outgrowth and activation of NF- B require the 

cytoplasmic domain of the receptor of but different downstream signaling pathways. J 

Biol Chem 274: 19919–19924. 

Igarashi M, Takeda Y, Ishibashi N, Takahashi K, Mori S, Tominaga M, and Saito Y 

(1997) Pioglitazone reduces smooth muscle cell density of rat carotid arterial intima 

induced by balloon catheterization. Horm Metab Res 29: 444–449. 

Jackson SM, Parhami F, Xi XP, Berliner JA, Hsueh WA, Law RE, and Demer LL (1999) 

Peroxisome proliferator-activated receptor activators target human endothelial cells to 

inhibit leukocyte-endothelial cell interaction. Arteroscler Tromb Vasc Biol 19: 2094–

2104.  

Jiang C, Ting AT, and Seed B (1998) PPAR-gamma agonists inhibit production of 

monocyte inflammatory cytokines. Nature 391: 82–86. 

Kinstcher U, Goetze S, Wakino S, Kim S, Nagpal S, Chandraratna RA, Graf K, Fleck E, 

Hsueh WA, and Law RE (2000) Peroxisome proliferator-activated receptor and retinoid 

X receptor ligands inhibit monocyte chemotactic protein-1-directed migration of 

monocytes. Eur J Pharmacol 401: 259–270. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 20

Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA, and Schmidt AM (1997) 

Activation of the receptor for advanced glycation endproducts triggers a MAP kinase 

pathway regulated by oxidant stress. J Biol Chem 272: 17810–17814. 

Law RE, Meehan WP, Xi XP, Graf K, Wuthrich DA, Coats W, Faxon D, and Hsueh WA 

(1996) Troglitazone inhibits vascular smooth muscle cell growth and intimal 

hyperplasia. J Clin Invest 98: 1897–1905. 

Law RE, Goetz S, Xi XP, Jackson S, Kawano Y, Demer L, Fishbein MC, Meehan WP, 

and Hsueh WA (2000) Expression and function of PPAR-  in rat and human vascular 

smooth muscle cells. Circulation 101: 1311–1318.  

Lebovitz HE, Dole JF, Patwardhan R, Rappaport EB, and Freed MI, The Rosiglitazone 

Clinical Studies Trials Group (2001) Rosiglitazone monotherapy is effective in patients 

with type 2 diabetes. J Clin Endocrinol Metab. 86: 280–288. 

Li AC, Brown KK, Silvestre MJ, Willson TM, Palinski W, and Glass CK (2000) 

Peroxisome proliferation-activated receptor γ ligands inhibit development of 

atherosclerosis in LDL receptor-deficient mice. J Clin Invet 106: 523-531. 

Marx N, Schonbeck U, Lazar MA, Libby P, and Plutzky J (1998) Peroxisome 

proliferator-activated receptor gamma activators inhibit gene expression and migration 

in human vascular smooth muscle cells. Circ Res  83: 1097–1103.  

Marx N, Sukhova G, Murphy C, Libby P, and Plutzky J (1998) Macrophages in human 

atheroma contain PPAR-γ: differentiation-dependent peroxisomal proliferator-activated 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 21

receptor gamma (PPAR-γ) expression and reduction of MMP-9 activity through PPAR-

γ activation in mononuclear phagocytes in vitro. Am J Pathol 153: 17–23. 

Marx N, Walcher D, Ivanova N, Rautzenberg K, Jung A, Friedl R,Hombach V, de 

Caterina R, Basta G, Wautier MP, and Wautiers JL (2004) Thiazolidinediones reduce 

endothelial expression of receptors for advanced glycation end products. Diabetes. 53: 

2662-2668. 

Mori E, Komori K, Yamaoka T, Tanii M, Kataoka C, Takeshita A, Usui M, Egashira K, 

and Sugimachi K (2002) Essential role of monocyte chemoattractant protein-1 in 

development of restenotic changes (neointimal hyperplasia and contrictive remodeling) 

after balloon angioplasty in hypercholesterolemic rabbits. Circulation 105: 2905-2910. 

Okada M, Fang SF, Pinsky D. Peroxisome proliferator-activated receptor-γ (PPAR-γ) 

activation suppresses ischemic induction of Erg-1 and its inflammatory gene targets. 

FASEB. 2002; 16: 1861-1868. 

Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ Jr, Chow WS, Stern D, and Schmidt AM 

(1998) Suppression of accelerated diabetic atherosclerosis by the soluble receptor for 

advanced glycation endproducts. Nat Med 4: 1025-1031. 

Park S, Marso SP, Zhou Z, Forudi F, Topol EJ, and Lincoff AM (2001) Neointimal 

hyperplasia following arterial injury is increased in a rat model of non-insulin-

dependent diabetes mellitus. Circulation 104: 815–819. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 22

Ricote M, Li AC, Willson TM, Kelly CJ, and Glass CK  (1998) The peroxisome 

proliferator-activated receptor-gamma is a negative regulator of macrophage activation. 

Nature 391: 79–82.  

Ricote M, Huang J, Fajas L, Li A, Welch J, Najib J, Witzum JL, Auwerx J, Palinski W, 

and Glass CK (1998) Expression of the peroxisome proliferator-activated receptor 

gamma (PPAR-γ) in human atherosclerosis and regulation in macrophages by colony 

stimulating factors and oxidized low-density lipoprotein. Proc Natl Acad Sci U S A 23: 

7614–7619.  

Rosen ED, and Spiegelman BM (2000) Peroxisome proliferator-activated receptor γ 

ligands and atherosclerosis: ending the heartache. J Clin Invest 106: 629–631. 

Sakaguchi T, Yan SF, Yan SD, Belov D, Rong LL, Sousa M, Andrassy M, Marso SP, 

Duda S, Arnold B, Liliensiek B, Nawroth PP, Stern DM, Schmidt AM, and Naka Y 

(2003) Central role of RAGE-dependent neointimal expansion in arterial restenosis. J 

Clin Invest 111: 959–972. 

Schmidt AM, Yan SD, Brett J, Mora R, Nowygrod R, and Stern D (1993) Regulation of 

human mononuclear phagocyte migration by cell surface-binding proteins for advanced 

glycation end products. J Clin Invest 91: 2155-2168.  

Schmidt AM, Hasu M, Popov D, Zhang JH, Chen J, Yan SD, Brett J, Cao R, Kuwabara 

K, Costache G, Simionescu N, and Stern D (1994) RAGE has a central role in vessel 

wall interactions and gene activation in response to AGEs. Proc. Natl. Acad. Sci. U. S. 

A. 91: 8807-8811.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 23

Wakino S, Kintscher U, Kim S, Yin F, Hsueh WA, and Law RE (2000) Peroxisome 

proliferator-activated receptor-γ ligands inhibit Rb phosphorylation and G1 S 

transition in vascular smooth muscle cells. J Biol Chem 275: 22435–22441. 

Wendt T, Bucciarelli L, Qu W, Lu Y, Yan SF, Stern DM, and Schmidt AM (2002) 

Receptor for advanced glycation endproducts (RAGE) and vascular inflammation: 

insights into the pathogenesis of macrovascular complications in diabetes. Curr 

Atheroscler Rep 4: 228-237. 

Yoshimoto T, Naruse M, Shizume H, Naruse K, Tanabe A, Tanaka M, Tago K, Irie K, 

Muraki T, Demura H, and Zardi L (1999) Vascular protective effects of insulin 

sensitizing agent pioglitazone in neointimal thickening and hypertensive vascular 

hypertrophy. Atherosclerosis 145: 333–340.  

Zhou ZM, Penn MS, Forudi F, Zhou XR, Tarakji K, Forudi F, Topol EJ, Lincoff AM, 

and Wang K (2002) Administration of Recombinant Soluble P-selectin Glycoprotein 

Ligand Fc Fusion Protein Suppresses Inflammation and Neointimal Formation in 

Zucker Diabetic Rat Model. Arterioscler Thromb Vasc Biol 22: 1598-1603. 

Zhou ZM, Wang K, Penn MS, Marso SP, Lauer MA, Forudi F, Zhou XR Qu W, Lu Y, 

David M. Stern DM, Schmidt AM, Lincoff AM, and Topol EJ (2003) Receptor for 

AGE (RAGE) Mediates Neointimal Formation in Response to Arterial Injury in 

Diabetic Rat. Circulation 107: 2238-2243.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 20, 2005 as DOI: 10.1124/jpet.105.095125

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #95125 

 24

Footnotes  

This study was sponsored by a grant from Diabetes Association of Greater Cleveland. 
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Figure Legends 

Figure 1 

Effect of rosiglitazone on S100-stimulated rat VSMC proliferation. Approximately 

12,000 cells were plated per well. Cells were rendered quiescent in serum-free media for 

24 hours, and then stimulated with S100 (2µmol/L) in the presence of rosiglitazone (1 to 

10 µmol/L). Cell number was determined 24 hours later. Data represent mean ± SD (n=4, 

*P<0.05 vs S100 alone).  

 

Figure 2 

Photomicrographs of representative light microscopy cross section of carotid arteries 21 

days after injury (Movat, X 10). A, Zucker diabetic rat placebo group, showing extensive 

neointimal hyperplasia; B. Zucker non-diabetic rat placebo group, showing extensive 

neointimal hyperplasia; C. Zucker diabetic rat sRAGE-treated group, showing reduced 

neointimal hyperplasia; D. Zucker diabetic rat rosiglitazone-treated group, showing 

reduced neointimal hyperplasia; E. Zucker non-diabetic rat rosiglitazone-treated group, 

showing reduced neointimal hyperplasia; F. Zucker diabetic rat sRAGE and 

rosiglitazone-treated group, showing similar neointimal hyperplasia as shown from either 

only sRAGE-treated or only rosiglitazone-treated groups.  

 

Figure 3 

Representative pictures of immunohistochemistry assay of RAGE expression in injured 

carotid arteries from Zucker diabetic and non-diabetic rats at day 7 after injury (40x). A. 

Zucker diabetic rat placebo group, showing extensive RAGE expression; B. Zucker non-

diabetic rat placebo group, showing extensive RAGE expression; C. Zucker diabetic rat 

rosiglitazone-treated group, showing reduced RAGE expression; D. Zucker non-diabetic 

rat rosiglitazone-treated group, showing reduced RAGE expression. 

 

Figure 4 

The RAGE mRNA expression from injured and uninjured vessel segments were 

measured by real-time PCR. RAGE mRNA expression was up-regulated after injury in 
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both diabetic and non-diabetic rats. The treatment with rosiglitazone down-regulated the 

RAGE mRNA expression at 1 week after injury. *P < 0.05 compared with treated and 

non-injured arteries. 

 

Figure 5 

The effects of PPARγ activators on RAGE expression determined by real-time PCR. a: 

RAGE mRNA level was much higher in the control group and was significantly 

decreased by rosiglitazone (P<0.01); b: RAGE mRNA level was much higher in the 

control group and was significantly decreased by 15d-PGJ2 treatment at higher 

concentration (10 umol/L, P<0.01). P < 0.05 compared with rosiglitazone-treated groups 

(1 and 10 um/L) and 15d-PGJ2-treated group (10 umol/L). 

 

Figure 6 

The role of nitric oxide in regulating the effect of rosiglitazone on RAGE expression in 

either presence of L-NAME or L-arginine. L-NAME, an inhibitor of NO synthesis, 

blocked the inhibitory effect of rosiglitazone on RAGE expression, whereas the 

synergistic effect on RAGE expression was found in the group treated with both 

rosiglitazone and L-arginine. P < 0.05 compared with L-arginine group 

 

Figure 7 

Representative pictures of BrdU-positive cells in carotid arteries from Zucker diabetic 

rats at day 4 after injury (40x). A, placebo group. B. rosiglitazone-treated group. C, BrdU 

labeling index. D, BrdU-positive cell counting. BrdU immunoreactivity was much less in 

rosiglitazone-treated group compared with placebo group. *P<0.05. 
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Table 1. Morphometric Data at 21 days after Injury 

 Zucker lean rats 
 (non- diabetic) 

Zucker fat rats 
 (diabetic) 

 

 

 Placebo 
(n=12) 

Rosiglitazone 
(n=11) 

Placebo 
(n=12) 

Rosiglitazone 
(n=12) 

sRAGE 
(n=6) 

sRAGE+ 
Rosiglitazone 

(n=7) 

Luminal area 
(mm2) 0.20±0.01 0.23±0.03* 0.15±0.04 0.24±0.03* 0.23±0.0*3 0.22±0.08* 

Neointimal 
Area (IA, 
mm2) 

0.15±0.04 0.12±0.02* 0.21±0.04 0.11±0.05* 0.13±0.0*2 0.12±0.03* 

Medial Area 
(MA, mm2) 0.10±0.02 0.10±0.01 0.11±0.02 0.11±0.02 0.13±0.03 0.12±0.05 

External 
Elastic 
Lamina (mm2) 

0.44±0.05 0.44±0.04 0.46±0.04 0.47±0.05 0.49±0.01 0.45±0.04 

IA/MA 1.59±0.52 1.21±0.30* 1.86±0.38 1.01±0.40* 1.08±0.40 1.10±0.54 
 
* P< 0.05 compared to strain matched Placebo. 
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Table 2. The Effect of rosiglitazone on serum glucose and lipids levels 

 Diabetic Rats (n=10) Non-diabetic Rats (n=9) 

 Before Treatment After Treatment Before Treatment After Treatment 

Fasting glucose 
level (mg/dL)          421.8±91.4 357.7±96.6 183.6±80.0 188.4±41.9 

Insulin (µU/ml) 148.8±37.4  84.8±31.8* 8.69±1.16 8.49±1.21 
LDL  
(mg/dL) 24.0±12.2 18.6±9.8 12.3±3.8 13.8±1.9 

VLDL  
(mg/dL) 66.0±8.3 76.5±20.3 12.7±7.7       8.2±2.8 

Triglyceride 
(mg/dL) 371.2±72.4 309.8±71.6 63.3±34.4 39.7±15.7 

Cholesterol 
(mg/dL) 232.8±15.1 212.3±27.6 92.8±10.2 82.9±11.8 

HDL 
 (mg/dL) 150.2±21.3 119.8±20.2* 70.4±13.5 54.2.2±17.0* 

* P<0.05 when compared to before treatment 
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