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Abstract 

 
Application of bioactive compound on small-caliber vascular graft 

for prevention of intimal hyperplasia 
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(Directed by Professor Jong-Chul Park) 

 

Intimal hyperplasia is an excessive tissue ingrowths and a chronic structural 

lesion that is observed at a site of atherosclerotic lesion formation, arterial 

angioplasty, and vascular graft anastomoses etc. It is a result of the vessel wall‘s 

response to injury, and characterized by formation of a neointiml consisting of 

mainly attributable vascular smooth muscle cell (VSMC) migration and 

proliferation from the media to the intima and extracellular matrix remodeling. 

Dedifferented VSMCs of the media layers are phenotypically modulated from 

contractile state to the active synthetic state and induce proliferation and 

migration of VSMC from the media to the intima and extracellular matrix 

(ECM) protein deposition. Epigallocatechin 3-O-gallate (EGCG) and resveratrol 

have been exported to have antioxidant, anti-proliferative and anti-

thrombogenic effect.  
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In this study, we investigate the effects of natural polyphenol, such as EGCG 

and resveratrol, on dedifferentiation, and the intracellular signal transduction 

pathway of PDGF-bb in rat aortic vascular smooth muscle cell and demonstrate 

the prevention mechanism of VSMC on intimal hyperplasia. Additionally, we 

prepare the polyphenol eluting biodegradable PLGA sheet for local delivery of 

polyphenol and investigate the effect of external application of polyphenol 

eluting biodegradable sheet on intimal hyperplasia after balloon injury of 

abdominal aorta in an experimental rabbit model.  

10 ng/ml PDGF-bb induced a RAOSMC proliferation and cell vyvle 

progression. 10 ng/ml PDGF-bb treatments to serum starved RAOSMC induced 

phosphorylation of PDGFR-β after 10min incubation and maintained over 4h of 

stimulation on RAOSMC and led to a complete 42/44 MAPK phosphorylation 

which peaked within 30 min and returned to baseline levels at 120 min. 

Moreover, other intracellular signal pathways, phosphorylation of p38 MAPK 

and Akt, was activated by PDGF-bb stimulation. Treatment of EGCG with 

PDGF-bb significantly inhibited the proliferation of RAOSMC stimulated by 

dose dependently. Therefore, RAOSMC synchronized with EGCG inhibited 

proliferation stimulated by PDGF-bb stimulation. Treatment of 50 μM EGCG 

inhibited almost completely the growth of ROASMC. Also, cell cycle 

progression and MMP release in RAOSMC was inhibited by EGCG treatment 

whether stimulated with EGCG and PDGF-bb or stimulated with PDGF-bb 

after EGCG pretreatment. However, PDGF-bb stimulation on RAOSMC 
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starved with 50 μM EGCG was inhibited, as shown by decreased 

phosphorylation of PDGFR-β and intracellular signal cascade. Therefore, 

PDGF-bb stimulation with 50 μM EGCG on serum starved RAOSMC 

completely inactivated PDGFR-β phosphorylation. According to inactivation of 

PDGFR-β by EGCG, phosphorylation of 42/44 MAPK, p38 MAPK, and Akt 

was suppressed to baseline levels as in serum starved RAOSMC. In conclusion, 

EGCG inhibited RAOSMC dedifferentiation by interruption of PDGF-bb signal 

pathway, probably by directly binding with PDGF-bb and preventing PDGFR-b 

phosphorylation by incorporation into cell membrane.  

Treatment of RAOSMC with resveratrol were significantly inhibited the PDGF-

bb stimulated proliferation dose dependently. Also, treatment of 100 μM 

resveratrol inhibited almost completely the growth. In phenotype exchange in 

PDGF stimulation, serum starved RAOSMC maintained spindle morphology 

and aligned arrangement of actin filament, whereas PDGF-bb stimulated 

RAOSMC change form spindle to polygonal morphology and disassembled 

distribution of actin filaments. However, resveratrol treatment inhibited the 

phenotype change and disassembly of actin filament, and maintained the 

expression of contractile phenotype related protein such as calponin and smooth 

muscle actin–alpha. In addition, morphology of PDGF-bb stimulated RAOSMC 

exhibited greater circularity and area, compared with serum starved RAOSMC. 

Resveratrol inhibited the change of circularity and area stimulated by PDGF-bb. 

Phosphorylation of PDGFR-b decreased at 10min incubation with 10 ng/ml 
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PDGF-bb and 100 μM resveratrol, however it was similar with 10min 

incubation with only PDGF-bb stimulation. Similarly, resveratrol slightly 

inhibited phosphorylation of 42/44 MAPK and p38 MAPK. However, Akt and 

mTOR phosphorylation upon PDGF stimulation elicited a strong and detectable 

signal for several hours, while PDGF stimulation with resveratrol induced only 

weakly Akt phosphorylation. In conclusion, RAOSMC dedifferentiation, 

phenotype and proliferation rate were inhibited by resveratrol by interrupting 

the balance of the Akt and 42/44MAPK and p38MAPK pathway activation 

stimulated by PDGF-bb.  

The electrospun PLGA fibers had typical fiber mat and a bead-free fibrous 

structure with wide range of fiber diameters whether in the presence or absence 

of EGCG or resveratrol. EGCG and resveratrol was encapsulated in PLGA fiber. 

EGCG and resveratrol eluting PLGA sheet appeared a red and yellow color, 

respectively. From the FTIR spectra, distinctive peaks of EGCG and resveratrol 

were observed from spectra of their respective EGCG or resveratrol eluting 

PLGA sheet. This indicated that EGCG or resveratrol were well loaded and 

dispersed into PLGA sheets. The EGCG and resveratrol loading efficiencies on 

EGCG and resveratrol eluting PLGA sheet were found to be 80~90 % of input 

amount for sheet fabrication. Each polyphenol release profiles are shown to be 

different for EGCG and resveratrol. In case of EGCG there was burst diffusion 

at 1 day followed by sustained release up to 40 days from EGCG eluting PLGA 

sheets. Resveratrol was released in a logarithmic manner up to 20 days after 
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which the release rate decreased with time. We investigated the effect of 

externally wrap with EGCG and resveratrol eluting PLGA sheet in balloon 

injury aorta of rabbit. Morphometric analysis revealed significantly decreased 

intima/media (I/M) ratio in EGCG eluting electrospun PLGA fiber sheet. We 

found a significantly (p<0.05) 30% and 50% reduction of intimal area in 

wrapped aorta with EGCG and resveratrol. The medial area was not 

significantly by EGCG and resveratrol treatment in comparison with vehicle 

PLGA control.  

From the therapeutic point of view, these results suggest that EGCG and 

resveratrol can be a potential agent for the prevention of VSMC 

dedifferentiation and their local release from electrospun PLGA fiber sheet can 

be applicable as a method to prevent intimal hyperplasia in stent, catheter, and 

vascular bypass and graft. 
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Resveratrol, Platelet-derived growth factor-bb, Platelet-derived growth factor 
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I. INTRODUCTION 

 

1. Intimal hyperplasia  

Cardiovascular disease, including coronary artery and peripheral vascular 

disease, are increasing with the increase of aging population and dietary change. 

Cardiovascular disease is a major cause of mortality and morbidity.  Modern 

therapies are routine performed to treat of these diseases, such as percutaneous 

transluminla coronary angioplasty (PTCA)
1
 atheroctomy

2
, stent placement

3
, and 

implantation of vascular graft 
4,5

. However, recurrent resetnosis is the major 

complication of their long-term success with revascularization procedures and 

has remained a critical concern by aconstriction or renarrowing of the arteries at 

the site of the treatment. The primary mechanism of failure of these 

revascularization and interventional procedures is intimal hyperplasia (IH).  
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The artery walls consist of three layers distinct layers; the intima, the media and 

the adventitia. The intimal layer consists of a layer of endothelial cells (EC) 

lying on a connective tissue layer known as the internal elastic lamina (IEL). 

The IEL is composed of type IV collagen, laminin and heparin sulfate 

proteoglycans. The medial layer is composed of vascular smooth muscle cells 

(VSMC) and extracellular matrix (ECM), which contains types I and III 

collagen, fibronectin, and chondroitin/dermatan sulphate proteoglycans. The 

medial layer is supported by another layer of connective tissue, the external 

elastic lamina (EEL) contained hydrophobic protein elastin. The Outer 

adventitia layer contains fibroblasts and fat cells in a loose connective tissue. 

(Fig. 1-1)
 6,7

 

The maintenance of vascular wall homeostasis requires a complex interplay 

between the major cellular components of the vessel wall, EC and VSMC. 

Major initiation of renarrowing at the site of the vascular treatment is vascular 

injury induced by stent implantation and vascular surgery. Endothelium is 

important factor to prevent vascular disease and performs important functions, 

which is a diffusion barrier to prevent plasma macromolecules from penetrating 

the vascular wall and displays a spectrum of biologic activities, such as the 

provision of an antithrombogenic surface, the focal metabolism, and substances 

production and release for regulation of vascular tone 
8
. 

Intimal hyperplasia signifies an increase in the number of cells and the amount 

of ECM and these induce the more intimal thickening. Physiologically 
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mechanisms of intimal hyperplasia is broadly classified into (a) endothelium 

denude (b) platelet activation and events at the platelet surface (c) SMC 

migration and proliferation (d) remodeling of ECM (Fig. 1-2) 
9,10

. 

Endothelium denude is occurred at the earliest response to injury and 

determined to degree of intimal damage. Vascular injury disrupts vascular 

integrity and damage of endothelial layer. Therefore, vessels are exposed to a 

greater shear stress into the arterial circulation. 

Endothelium injury exposes the luminal surface of media and leads to platelet 

adhesion and aggregation at injury site and occasionally thrombus formation 

injury and occasionally thrombus formation. Activated platelets express many 

pro-inflammatory mediators, upregulate expression of cell adhesion molecules, 

release angiogenic growth factors, and promote leukocyte recruitment 

These molecules, P-selectin, alpha granule adhesion molecule, and glycoprotein 

Iba, bind to circulating leukocytes by the platelet receptors P-selectin 

glycoprotein ligand (PSGL) and leads to leukocytes activation. The activated 

platelets also release numerous bioactive substances. These include enzymes 

such as matrix metalloproteinases (MMPs) and thrombin, growth factors such 

as basic fibroblast growth factor (FGF-2), transforming growth factor-β (TGF-

β), platelet-derived growth factors (PDGFs), insulin growth factor-1 (IGF-1), 

and cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1), 

IL-6 and IL-8.
11,12

 These mediators participate in the activation and phenotypic 

switch of VSMC, which results in VSMC migration and proliferation from the 
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media to the intimal layers. Then, ECM amounts, proteoglycans and hyaluronan 

etc., are synthesized by SMCs increase and participate in regulation of vascular 

permeability, lipid metabolism and thrombosis. After all, intimal layer is 

thickness and narrowing and consists of VSMC, ECM and macrophages. 

Over the years, various experiments and efforts is performed to prevent or 

inhibit intimal hyperplasia. These include systemic pharmacological therapy, 

brachytherapy and stent, etc. Such therapeutic investigations have included 

antiplatelet agents (eg, aspirin), vasodilators (eg, calcium channel blockers), 

anticoagulants (eg, heparin), anti-inflammatory agents (eg, corticosteroids), 

agents to prevent vascular smooth muscle cell proliferation (eg, colchicine), and 

promoters of re-endothelization (eg, vascular endothelial growth factor). To 

overcome limitation of bare metal stent, a novel alternative strategy involves the 

use of a drug eluting stent with immunosuppressive or anti-proliferative drug. 

Although the outcomes have improved with refinements in surgical techniques 

and discovery of new pharmacological agents during the past two decades, 

long-term patency remains a significant concern for vascular surgeons. 

  



5 

 

 

 

 

 

 

Figure 1-1.  Schematic illustration of the structural characteristics of the 

normal arterial wall. 
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Figure 1-2. Mechanisms of intimal hyperplasia. (A) Endothelium denude, 

which triggers a cascade of events, including the recruitment of leukocytes. (B) 

Activation of vascular smooth muscle cells (VSMC) by cytokines and growth 

factors derived from platelets (C) Migration of VSMC from the media into 

neointima (D) Proliferation of VSMC and synthesis of extracellular matrix 

components on the luminal side of the vessel wall 
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2. Differentiation of vascular smooth muscle cell 

Alternations of VSMC in the differentiated state to the de-differentiated 

(activation) state are important event in the pathogenesis of a variety of 

cardiovascular disease. VSMC is very little migratory and proliferative and 

retain the ability to quiescent, contractile phenotype in media layer in normal 

and mature vessels. VSMC has the primary function of contraction and exhibit a 

contractile phenotype by the expression of contractile markers specific to 

smooth muscle, such as smooth muscle myosin heavy chain (SM-MHC), SM α-

actin (αSMA), h-caldesmon, and calponin
13~15

. 

Upon various stimuli as vascular injury and damage, VSMCs dedifferentiate 

and undergo rapid and quite phenotype modulation, which demonstrate 

increased rate of migration and proliferation to the intima, and synthesis of 

extracellular matrix, and at the same time, demonstrate a decrease in expression 

of SM-specific contractile markers
16~18

. Stimuli component released by vascular 

injury such as thrombin, PDGFs, FGG-2, TGF-β, and MMPs depend on the 

intracellular signaling operated by the mitogen-activated protein kinases 

(MAPK) for their biological functions
19,20

.
 

Thus understanding of downstream signaling pathways and regulation of 

VSMC differentiation may contribute to therapeutic strategies for prevention 

and reduction of the development of intimal hyperplasia. 
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3. Drug delivery system using electrospun method 

Local drug delivery systems have potential advantages, because they improve 

treatment and patient compliance, provide optimized drug concentration on site 

over prolong periods and reduce undesired side effects of the drug 
21-23

. 

Degradable polymers have been widely explored in drug delivery study. 

Polymer using drug delivery systems are able to control and prolong drug 

release by adjusting the degradation rate of the polymer 
24,25

. These polymers 

encapsulate different types of drug and have regulated to release pattern of drug 

26-29
. Therefore, these allows for the development of various systems such as 

implants, pastes, hydrogels, film, and/or micro/nanoparticles, and other specific 

devices to deliver a particular medicine. 

Aliphatic polyesters such as poly (D,L-lactide) (PLA) and its copolymers with 

glycolic acid (PLGA) are biodegradable and biocompatible polymers with 

remarkably broad applications in sustained drug delivery 
30-32

. Nanofibers for 

drug release systems mainly come from biodegradable polymers, such as PLA
33

, 

PCL
34-36

, poly(D-lactide)(PDLA)
37

, PLLA
38-40

, PLGA
41-42

, and hydrophilic 

polymers, such as PVA
43-45

, PEG
44,46

 and PEO
47

. Non-biodegradable polymers, 

such as PEU
48

, were also investigated. Model drugs that have been studied 

include water soluble
33,37,39

, poor-water soluble
46,48-52

 and water-insoluble drugs 

34,37,53,54
. The release of macromolecules, such as DNA

41
 and bioactive 

proteins
47,55-58

, from nanofibers was also investigated. 

In recent year, the formation of fibers by electrospining has increasingly 
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become important in biomedical applications including tissue engineering, 

wound healing, and drug release
59,60

. Electrospining have basically three 

components; a high voltage supplier, a capillary tube with a pipette or needle of 

small diameter, and a metal collecting screen. Electrospining produce nanoscale 

and microscale polymeric fibers with high surface area-to-volume ratio and 

porosity between a spinneret and a grounded collector by high voltage source. 

When the electrostatic charge exceeds the surface tension of the solution, the 

fiber jet travels from the syringe nozzle to the electrically charged ground 

collector and allows the solvent to evaporate, thus leading to the deposition of 

the non-woven solid polymer fiber on the surface of the metallic target collector 

59,61
. Electrospun fibers have exhibited many advantages as a potential drug 

delivery. The drug loading is very easy to implement in electrospinning process, 

and the high applied voltage had little influence on the drug activity. The high 

specific surface area and short diffusion passage length give the nanofiber drug 

system higher overall release rate than the bulk material (e.g. film). The release 

profile can be finely controlled by modulation of nanofiber morphology, 

porosity and composition into different shapes 
57,58

. Furthermore, the 

physical/chemical properties of the electrospun nanofibers can be readily 

modified by encapsulation and/or immobilization of bio-active species to elicit 

specific biological responses and fibers may be suitable carriers for drug 

delivery. 
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II. DEDIFFERENTIATION OF VASCULAR SMOOTH MUSCLE 

CELL STIMULATED BY PLATELET DERIVED GROWTH 

FACTOR-BB IS INHIBITED BY BLOCKING OF 

INTRACELLULAR SIGNALING BY EPIGALLOCATECHIN-3-O-

GALLATE 

 

1. Introduction  

Several vascular diseases involve vascular smooth muscle cell (VSMC) 

proliferation as their primary mechanism. De-differented VSMCs induce 

proliferation and migration of VSMC and extracellular matrix (ECM) protein 

deposition 
1-4

. Intimal hyperplasia is an excessive tissue ingrowth and chronic 

structural lesion that can be observes at the site of atherosclerotic lesion 

formation, arterial angioplasty, vascular graft anastomoses, etc. It is a result of 

the vessel wall‘s response to injury and is characterized by formation of a 

neointimal consisting of mainly attributable VSMC migration and proliferation 

from the media to the intima and extracellular matrix remodeling 
5-6

. Vascular 

proliferation is the most important factor in intimal hyperplasia and is linked to 

other cellular processes such as migration, inflammation and extracellular 

matrix production.  

Platelet-derived growth factor-bb (PDGF-bb) is one of the most potent mitogens 

and chemoattractants for VSMC and plays a central role via simultaneous 

interactions between them
7
. PDGF-bb induced dedifferentiation and the MMP-2 

upregulation
8,9

 and migration
10

 on VSMC. PDGF-bb binds to the PDGR 
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receptor (PDGFR)-β and subsequently activates several intracellular signaling 

cascades, including the extracellular signal–regulated kinase (ERK or p42/44 

MAPK), p38 mitogen–activated protein kinase (p38 MAPK) pathways, and 

phosphatidylinositol 3-kinase-Akt (PI3K-Akt), and stimulates VSMC 

dedifferentiation 
11

.  

Epigallocatechin gallate (EGCG) is most prevalent polyphenol contained in 

green tea. These have been reported to have antioxidant, anti-proliferative and 

anti-thrombogenic effect. Recent experiments have suggested that green tea 

cathechins reduce artherosclerotic lesions in various animal models and can 

prevent cardiovascular diseases 
12-14

. EGCG inhibits VSMC invasion by 

preventing matrix metalloproteinase (MMP) expression, and provides a 

protective effect against atherosclerosis and cancer via matrix degradation 
15

.  

In this study, we investigated the effects of EGCG on proliferation, cell cycle 

and the intracellular signal transduction pathway of PDGF-bb in rat aortic 

vascular smooth muscle cell (RAOSMC) and demonstrate the prevention 

mechanism of PDGF-bb stimulated RAOSMC dedifferentiation.   
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2. Materials and Methods 

 

A. Cell Culture  

RAOSMC were purchased from Biobud (Seoul, Korea) and used between 

passages 5 and 9. The cells were routinely maintained in Dulbecco's modified 

Eagles medium (Gibco, Carlsbad, CA, USA), supplemented with 10% fetal 

bovine serum (Sigma, St. Louis, MO, USA) and a 1% antibiotic-antimycotic 

solution containing 10,000 units penicillin, 10 mg streptomycin, and 25 μg 

amphotericin B per ml (Sigma) at 37°C in a humidified atmosphere of 5% CO2. 

 

B. Cell Stimulation by PDGF-bb  

For the experiment, RAOSMC were routinely seeded at a density of 5 × 10
4
 

cells/cm
2
 and incubated for 24 h. The cells were synchronized in serum free 

DMEM medium for 24 h prior to the experiments. EGCG, the major 

polyphenolic constituent of green tea, was purchased from DSM Nutritional 

Products Ltd. It was dissolved in 50% DMSO (Sigma) for a stock solution of 

100 mM and then diluted to the desired concentrations with media prior to cell 

treatment. The cells were preincubated with EGCG in starvation medium for 24 

h and stimulated with serum free media containing 10 ng/ml human 

recombinant PDGF-bb (Sigma) in RAOSMC preincubated with EGCG. On the 

other hand, cells were synchronized in serum free DMEM medium for 24h and 

simulated with 10 ng/ml PDGF-bb containing EGCG for the desired time to 
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assess directly effect of PDGF-bb by EGCG on RAOSMC. 

 

C. Cell Proliferation and DNA synthesis 

Cell proliferation was determined by MTT assay [reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a purple formazan 

product, Sigma] and a 5-bromo-2'-deoxyuridine (BrdU) incorporation assay 

(Roche applied science, Basel, Switzerland).   

For the MTT assay, the cells were incubated with 0.5 mg/ml of MTT in the last 

4 h of the culture period tested at 37 °C in the dark. The media were decanted 

and the produced formazan salts were dissolved with dimethylsulphoxide, and 

absorbance was determined at 570 nm by an automatic microplate reader 

(Spectra Max 340, Molecular Devices, Inc., Sunnyvale, CA, USA).  

For BrdU incorporation assay, BrdU-labeling solution was added to the cells, 

which were then reincubated the cell for 2 h at 37 °C. Labeling medium was 

then removed and the cells were incubated with fixation solution for 30 min at 

room temperature. After fixation of the cells, anti-BrdU-POD working solution 

was added and the cells were incubated for 90 min at room temperature. Then, 

the substrate solution was added and absorbance was measured at 370 nm with 

492 nm reference wavelength by an automatic microplate reader (Spectra Max 

340, Molecular Devices, Inc.). 
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D. Cell Cycle Analysis 

To analyze the cell cycle, RAOSMC were collected and washed with cold 

phosphate-buffered saline (PBS, pH 7.2). The cells were resuspended in 95% 

cold methanol for 1 h at 4oC and then centrifuged at 120 xg for 5 min. The 

resultant pellet was washed twice with cold PBS and incubated with RNase A 

(20 U/ml final concentration, Sigma) at 37°C for 30 min. Intracellular DNA was 

labeled with 100 μg/ml propidium iodide (PI, Sigma) for 1 h and then analyzed 

with a fluorescence-activated cell sorter (FACSCalibur, Becton Dickinson, San 

Jose, CA, USA). The cell cycle profile was gained by analyzing at least 20,000 

cells with the ModFit©  LT program written by Mac-App (Becton Dickinson). 

 

E. Gelatin zymography 

Gelatinase activity was detected in the conditioned medium of cultured 

RAOSMC. The conditioned media mixed with laemmli-buffer under non-

reducing conditions were loaded onto 10% SDS-polyacrylamide gel containing 

0.1% gelatin. After electrophoresis, the gels were washed for 20 min at room 

temperature in 2.5 % Triton X-100 and incubated for 18 h at 37℃ with reaction 

buffer 50mM Tris base (pH 7.6), 0.2M NaCl, 5mM CaCl2, 0.02% Brij 35). The 

gels were stained with Coomassie Brillant Blue R-2500 (0.1%) and destained. 

Densitometric analyses were performed with imageJ software (National 

Institutes of Health, Bethesda, MD, USA) 
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F. Western Blot analysis 

After simulated with PDGF-bb, the cells were washed twice with cold PBS (10 

mM, pH 7.4).  Ice-cold RIPA lysis buffer (Santa Cruz Biotechnology Inc., 

Santa Cruz, CA, USA) was added to the cells for 5 min. The cells were scraped, 

and the lysate was cleared by centrifugation at 14,000 × g for 20 min at 4 °C. 

The resultant supernatant (total cell lysate) was collected. Protein concentration 

was determined using a DC Bio-Rad assay kit (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA). For immunoblot analysis, the protein was run on SDS-

PAGE and then electrotransferrred onto a PVDF membrane. The membrane was 

blocked with blocking buffer (5% nonfat dry milk and 1% Tween-20 in 20 mM 

TBS, pH 7.6) for 1 h at room temperature and then probed overnight with 

phosphor PDGFR- β (pPDGFR-β), PDGFR-β, phosphor MEK1/2 (pMEK1/2), 

phosphor p42/44MAPK(pp42/44MAPK), phosphor Akt (pAkt), and phosphor 

p38MAPK (pp38MAPK) used at 1:1,000 dilution from Cell Signaling 

Technology (Danvers, MA, USA). Detection of horseradish peroxidase-

conjugated secondary Ab (e.g., anti-rabbit IgG (1:5,000), anti-mouse IgG 

(1:2,000) from Santa Cruz Biotechnology Inc.) was accomplished using 

enhanced chemiluminescence using the ECL Plus detection kit (Amersham 

Biosciences, Buckinghamshire, England). Densitometric analyses were 

performed with imageJ (NIH) 
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G. Statistical Analysis 

All variables were tested in three independent cultures for each experiment. The 

results are reported as a mean ± SD and compared to non-treated controls. 

Statistical analysis was performed using a one-way (ANOVA), followed by a 

Tukey HSD test for multiple comparisons using SPSS software. A p value of < 

0.05 was considered statistically significant.  
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3. Results 

  

A. Inhibitory effect of proliferation by PDGF-bb on EGCG preincubated 

RAOSMC 

To investigate proliferation by PDGF-bb stimulation on RAOSMC preincubated 

with EGCG, increasing EGCG concentration was treated with serum free 

DMEM for 24 h at 70~80 % confluence RAOSMC. Cells were then washed 

twice with PBS and incubated with 10 ng/ml PDGF-bb for 24 h. 10 ng/ml 

PDGF-bb induced significant (p < 0.05) RAOSMC proliferations as compared 

with to the non-stimulated group as assessed by increased DNA synthesis and 

increased formazen absorbance. When cells were preincubated with increasing 

concentrations of EGCG, cell proliferation by 10 ng/ml PDGF-bb decreased in a 

significant (p < 0.05) dose-dependent manner of EGCG. Therefore, cell 

viability (Fig. 2-1A) and DNA synthesis (Fig. 2-1B) were not significantly 

induced in concentrations up to 50 μM. To investigate the effects of EGCG 

pretreatment on cell cycle distribution, DNA cell cycle analysis was performed 

on RAOSMC stimulated with PDGF-bb. As shown in Fig. 2-1C, EGCG 

pretreatment resulted in an appreciable increase in cells in the G0/G1-phase, 

with a decrease in S-phase cells in up to 20 μM EGCG pretreatment. These 

results indicate that EGCG pretreatment can suppress cell cycle progression and 

cell growth on RAOSMC with distributed PDGF-bb stimulation. 



27 

 

Figure 2-1. Anti-proliferative activity and cell cycle arrest activity by PDGF-bb 

on EGCG preincubated RAOSMC. After 24 h of starvation with DMEM 

containing increasing concentrations (10 – 80 μM) of EGCG, cells at 80% 

confluence were washed and treated with 10ng/ml PDGF-b. (A) The effects of 

growth inhibition on PDGF-bb stimulation in EGCG pre-incubated RAOSMC.  

Cell viability was detected using the MTT assay. * P < 0.05, compared with 

non-stimulation control; # P < 0.05 compared with the 10 ng/ml PDGF-bb 

stimulated control. (B) The effect of EGCG preincubation on PDGF-bb induced 

DNA synthesis in RAOSMC. DNA synthesis was detected using the BrdU 

incorporation assay. * P < 0.05, compared with non-stimulation control; # P < 

0.05 compared with10 ng/ml PDGF-bb stimulated control.  
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Figure 2-1. (continued) (C) EGCG preincubation with PDGF-bb stimulated cell 

cycle distribution in RAOSMC. Cell cycle distribution was determined by 

propidium iodide (PI) labeling followed by flow cytometry. The percentages of 

cells in the G0/G1, S, and G2/M phases were calculated using Modifit computer 

software and represented within the histograms. 
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B. Inhibitory effect of proliferation by PDGF-bb stimulation with EGCG 

on RAOSMC 

To investigate proliferation by PDGF-bb stimulation with EGCG on RAOSMC, 

synchronized cells were for 24 h incubated with increasing EGCG and 10ng/ml 

PDGF-bb. Treatment with EGCG and PDGF-bb were significantly inhibited the 

proliferation of RAOSMC by PDGF-bb stimulation (Fig. 2-2A). Therefore 

DNA synthesis was observed to have similar inhibition with cell viability (Fig. 

2-2B). Treatment with EGCG and PGDF-bb resulted in a reduction in BrdU 

incorporation into RAOSMC at concentrations of 10 μM and more inhibitory 

effects were observed than RAOSMC preincubated with EGCG. Complete 

inhibition of proliferation was observed at a concentration of 50 μM. Cells were 

initially synchronized with serum-free medium for 24 h and incubated with 

PDGF-bb and increased concentration of EGCG for 24 h. EGCG induced a 

significant accumulation of cells in the G0/G1 phase of the cell cycle at up 10 

μM. These results suggest that the observed cell growth inhibitory effects of 

EGCG in RAOSMC were due to G0/G1 arrest by EGCG interruption of PDGF-

bb stimulation in cell cycle progression. 
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Figure 2-2. Anti-proliferative activity and cell cycle arrest activity by PDGF-bb 

with EGCG on RAOSMC. After 24 h of starvation with serum free DMEM, 

cells were treated with 10ng/ml PDGF-bb and increasing concentrations (10 – 

80 M ) of EGCG for 24 h (A) The effect of EGCG growth inhibition on 

PDGF-bb stimulation in RAOSMC. Cell viability was detected using the MTT 

assay. (B) The effect of EGCG on PDGF-bb induced DNA synthesis in 

RAOSMC. DNA synthesis was detected using the BrdU incorporation assay. *P 

< 0.05, compared with non-stimulation control; # P < 0.05 compared with10 

ng/ml PDGF-bb stimulated control.  
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Figure 2-2. (continued) (C) The effect of EGCG on PDGF-bb stimulated cell 

cycle distribution in RAOSMC. Cell cycle distribution was determined by 

propidium iodide (PI) labeling followed by flow cytometry. The percentages of 

cells in the G0/G1, S, and G2/M phases were calculated using Modifit computer 

software and represented within the histograms. 

  



32 

C. Prevent effect of active MMP-2/9 production by EGCG on PDGF-bb 

stimulated RAOSMC 

MMP-2 and MMP-9 were detected in the conditioned media from cultured 

RAOSMC for 24 h with EGCG and PDGF-bb by gelatin zymography assay. 

After stimulation with PDGF-bb, RAOSMC showed more pro-MMP conversion 

into the intermediated and active form of MMP-2 and increased the MMP-9 

release. As shown in Fig. 2-3, EGCG pretreated RAOSMC significantly 

reduced the PDGF-bb-induced release of MMP-2 activation and MMP-9. 

Therefore, the stimulatory effect of PDGF-bb also caused a reduction in MMP-

2/9 release in a concentration–dependent manner by treatment of RAOSMC 

with EGCG. The inhibitory effect of MMP release was dose-dependent on 

EGCG. The active form of MMP-2 was not detected at up 20 μM of EGCG.   
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Figure 2-3. (A) Inhibitory effect of EGCG on PDGF-bb induced MMP 

secretion in RAOSMC. Gelatin catalytic activity was analyzed by gelatin 

zymography using conditioned medium.  

  



34 

 

 

 

 

 

 

Figure 2-3. (Continued) (B) Band intensity was normalized by densitometry. 

PDGF-bb induced the secretion of MMP-9 and activity MMP-2. However, both 

pre-incubated and co-incubated EGCG inhibited secretion of PDGF-bb-induced 

MMP-9 and activity MMP-2. 
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D. Inhibitory effect of PDGF-bb stimulated signal transduction pathway in 

EGCG preincubated RAOSMC 

To define to the effects of EGCG pretreatment on signaling pathways of PDGF-

stimulated mitogenesis, EGCG was incubated with serum free media for 24 h 

on RAOSMC. For PDGF-bb stimulation, cells were washed using PBS to 

removed EGCG, incubated for the desired time, and examined for levels of 

various proteins by Western blot analysis. Addition of 10 ng/ml PDGF-bb to 

serum-starved RAOSMCs led to complete PDGFR-β phosphorylation which 

peaked within 10 min and then decreased to nearly baseline levels at 240 min. 

However, pre-treated EGCG suppressed PDGFR-β phosphorylation by PDGF-

bb and sustained only baseline level. (Fig. 2-4A) The phosphorylation of 

MEK1/2 and p42-44MAPK, a downstream protein of PDGF-induced signaling, 

were significantly increased between 10 and 30 min, and declined over the 

following 240 min. However, pretreated EGCG inhibited MEK1/2 and p42-

44MAPK phosphorylation in a time-dependent manner, similarly to PDGFR-β 

phosphorylation. (Fig. 2-4B) Therefore, other intracellular signal pathways, 

phosphorylation of Akt and p38 MAPK, was activated by PDGF-bb stimulation. 

(Fig. 2-4C) These results suggest that EGCG can indirectly inhibit the binding 

of PDGF-bb with PDGFR-β.   
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Figure 2-4. Modulation of PDGF-bb stimulatory signal pathways on EGCG 

preincubated RAOSMC. RAOSMC preincubated with EGCG were stimulated 

with 10 ng/ml PDGF-bb for the desired time (10 m, 30 m, 1 h, 2 h, and 4 h, 

respectively), lysed, and lysates were immunoblotted with antibodies. After 

densitometric quantification, data were each expressed as the mean ± SD from 

three independent experiments. The black bars indicate expression by PDGF-bb 

stimulation. The white bars indicate expression by PDGF-bb stimulation on 

EGCG-pretreated RAOSMC. (A) The expression of phosphor PDGFR-β in a 

time-dependent manner. The band intensity was normalized to PDGFR-β 

expression.   
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Figure 2-4. (continued) (B) The expression of phosphor MEK1/2 and phosphor-

p42/44MAPK in a time-dependent manner. The band intensity was normalized 

to GAPDH expression.   
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Figure 2-4. (continued) (C) The expression of phosphor Akt and phosphor p38 

MAPK on time dependent manner. The band intensity was normalized to 

GAPDH expression.  
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E. Inhibitory effect of signal transduction pathway on RAOSMC by PDGF-

bb stimulation with EGCG 

To characterize the signaling pathways by direct interaction between EGCG and 

PDGF-bb, serum-starved RAOSMC was incubated with EGCG and PDGF-bb 

in a time-dependent manner. PDGFR-β phosphorylation was completely 

suppressed and inactivated on PDGF-bb induced RAOSMC by EGCG as 

compared with the PDGF-stimulated samples that were processed on the same 

blot (Fig. 2-5A). Therefore, MEK1/2 and p42/44 MAPK phosphorylation was 

suppressed and sustained at baseline levels by soluble EGCG (Fig. 2-5B). The 

phosphorylation of Akt and p38MAPK was also suppressed by inhibition of 

PDGF-bb signaling by EGCG. These results reveal that EGCG can direct 

interrupt PDGF-bb stimulation by PDGFR-β phosphorylation. 
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Figure 2-5. The effect of EGCG on modulation of PDGF-bb stimulatory signal 

pathways in RAOSMC. Serum-starved RAOSMC were stimulated with 10 

ng/ml PDGF-bb and 50 μM EGCG for the desired time (10 m, 30 m, 1 h, 2 h, 

and 4 h, respectively), lysed, and lysates were immunoblotted with antibodies. 

After densitometric quantification using the imageJ program, data were each 

expressed as the mean ± SD from three independent experiments. The black bar 

indicates expression by PDGF-bb stimulation. The white bar indicates 

expression by PDGF-bb stimulation with EGCG. (A) The expression of 

phosphor PDGFR-β in a time-dependent manner. The band intensity was 

normalized to PDGFR-β expression.   
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Figure 2-5. (continued) (B) The expression of phosphor MEK1/2 and phosphor 

p42/44MAPK in a time-dependent manner. The band intensity was normalized 

to GAPDH expression.   
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Figure 2-5. (continued) (C) The expression of phosphor Akt and phosphor p38 

MAPK in a time-dependent manner. The band intensity was normalized to 

GAPDH expression.  
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4. Discussion 

PDGF-bb is major stimulator of VSMC dedifferentiation and is known to play a 

central role in the pathogenesis of various vascular disorders. Signal 

transduction pathways involve the activation of mitogen-activated protein 

kinases (MAPKs) on PDGF-induced responses. MAPK is a family of 

serine/threonine protein kinases with 3 subfamilies named c-jun-N-terminal 

kinase 1/2 (JNK 1/2), ERK 1/2, and p38 MAPK. PDGF stimulated rapid and 

significant activation of Akt, ERK 1/2, and p38 MAPK in cultured VSMC. 

MAPKs are proposed to play a major role in the activation of various 

transcription factors 
16,17

. PDGF-bb binds with PDGFR-β and triggers receptor 

dimerization and autophosphorylation at tyrosine residues that activate the 

kinase and serve as recruitment sites for SH2 domain-containing proteins. 

Within minutes, many signaling modules are engaged, including Ras, Src, 

phosphoinositide 3'-kinase (PI3K), SHP2 and phospholipase Cγ(PLCγ) 
18-20

. 

Downstream signals then activate PI3-K/PKB (Akt) and two MAPK pathways 

21
. VSMC dedifferentiation is determined by activation of Akt pathway, p42/44 

MAPK, and p38MAPK pathways. Ultimately, this results in VSMC 

dedifferentiation in the recruitment and activation of specific signaling pathway 

that may mediate the migration and proliferation of VSMCs in response to 

injury such as the development of atherosclerosis and hypertension. Several 

studies have revealed that PDGFR targeting using synthetic tyrosine kinase 

inhibitors and antisense treatment have been described to reduce neointima 
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formation in injured arteries 
22,23

. 

EGCG has been shown to have protective effects on the cardiovascular system, 

including anti-atherosclerotic, anti-hypercholesterolemic, and anti-restenosis 

effects 
24-26

. Also, several studies have stated that EGCG inhibited proliferation, 

migration, and invasion of barrier by inhibition via intracellular signaling 

transduction pathway signals on VSMC stimulated with growth factor, such as 

angiotensin II 
27,28

 and basic fibroblast growth factor (bFGF)
29

. A previous study 

showed that EGCG induced apoptosis of VSMCs in a p53 and NF-κB-

dependent manner 
30,31

. 

Our results observed that RAOSMC stimulation by PDGF-bb induced 

proliferation and cell cycle progression through intracellular pathways; p42/44 

MAPK, p38MAPK and Akt cascade, in addition to the activation of PDGFR-β. 

However, PDGF-bb was not induced to proliferation and mitogenesis on 

RAOSMC pre-incubated with EGCG (Fig. 2-1). Also, preincubated EGCG 

inhibited the secretion of MMP-9 and conversion from pro MMP-2 to active 

MMP-2. (Fig. 2-3) These results suggest that EGCG may mediate the inhibition 

of PDGF-bb directly binding with PDGFR-β on the ROAMS membrane and 

thus deactivate the PDGF signal pathway related to mitogenesis (Fig 2-4). Some 

studies reported that EGCG is hijacked by the laminin receptor (LamR), a lipid 

raft protein, and alters membrane domain composition, also preventing 

epidermal growth factor (EGF) from binding to its receptor (EGFR), as well as 

the dimerization of EGFR and the relocation of phosphorylated EGFR to lipid 
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rafts 
32,33

. Also, EGCG has been shown to incorporate itself to the plasma 

membrane and to lead to reversible binding of PDGF-bb to a non-receptor target 

site, reducing PDGF binding to its receptors 
34

. Thus, EGCG distributes action 

through a surface-membrane linked mechanism 
35

. 

In this study, we could also demonstrate experiments on the direct interaction 

between soluble EGCG and PDGF-bb. As shown in Fig. 2, low concentration of 

EGCG (10 μM) induces anti-proliferation and cell cycle arrest, and cell 

stimulation occrred in the presence of EGCG. This effect is accompanied by the 

fact that EGCG inhibits PDGF-induced mitogenesis by disturbing PDGFR-β 

phosphorylation (Fig. 2-5). Also, the inhibitory effect of EGCG was mediated 

by the blockagage of PDGFR-β phsophorylation early on in the experiment. 

Thus, EGCG may already have interacted with PDGF-bb in media and inhibited 

VSMC dedifferentiation by blocking the early signal transduction pathway. 

Another group showed that EGCG is able to interact with various biomolecules, 

especially proliferation-related proteins by various cell line experiments 
36-41

. 

Therefore, recent studies have revealed that EGCG binds with high affinity to 

residues located in the serum albumin under physiological conditions by 

physical analysis 
42,43

. Based on our findings, we suggest that EGCG inhibited 

RAOSMC dedifferentiation by interrupting the PDGF-bb signal, probably by 

blocking PDGF-bb binding and PDGFR-β phosphorylation, and an important 

downstream event PDGFR-β, the activation of p42/44 MAPK, p38MAPK, and 

Akt. 



46 

5. Conclusion 

In this study we investigated the effect of EGCG on signal transduction 

pathways induced by PDGF-bb. Both soluble and preincubated EGCG 

significantly inhibited PDGF-bb-induced proliferation, cell cycle progression of 

G0/G1 phase, and MMP-2/9 secretion on RAOSMC. Also, EGCG also blocked 

PDGF receptor-β (PDGFR-β) phosphorylation on PDGF-bb stimulated 

ROAMSC under pre-treatment with cell as well as soluble co-treatment with 

PDGF-bb. The downstream signal transduction pathways of PDGF-Rβ, 

including p42/44 MAPK, p38, and Akt phosphorylation, were also inhibited by 

EGCG in the similar pattern compared with PDGF-Rβ phosphorylation. Based 

on our findings, we suggest that EGCG inhibited RAOSMC dedifferentiation by 

interruption of PDGF-bb signal, probably by blocking of PDGF-bb bind and 

PDGFR-β phosphorylation, and of an important downstream event PDGFR-β, 

the activation of p42/44 MAPK, p38MAPK, and Akt. Therefore, EGCG may 

the potential inhibitors of targeting the PDGFR and be used for the prevention 

and treatment of vascular diseases. 
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III. RESVERATROL REGULATES PHENOTYPE MODULATION 

BY REGULATION OF AKT AND mTOR PHOSPHORYLATION 

ON PLATELET DERIVED GROWTH FACTOR –BB INDUCED 

RAT AORTA SMOOTH MUSCLE CELLS  

 

1. Introduction 

Dedifferented VSMCs of the media layers are phenotypicall modulated from 

contractile state to the active synthetic state and induce proliferation and 

migration of VSMC from the media to the intima and extracellular matrix 

(ECM) protein deposition 
1~3

. Differentiated VSMC in normal vessel have 

contractile phenotype and spindle elongated morphology, and decrease cell size, 

while dedifferentiated VSMC in injured vessel have synthetic phenotype, 

hypertrophic appearance, hill and valley growth, and increased cell size. In 

addition to these morphological and functional alterations, change of VSMC 

from contractile to synthetic phenotype is controlled by SMC-specific 

molecular markers such as caldesmon, calponin, a-trypomyosin, smooth muscle 

myosin heavy chain, SM22α, smooth muscle alpha actin (αSMA) etc 
4~6

. 

Platelet-derived growth factor-bb (PDGF-bb) is one of the most potent mitogens 

and chemoattractants for VSMC. PDGF-bb binds to the PDGR receptor 

(PDGFR)-β and subsequently activates several intracellular signaling cascades, 

including the extracellular signal–regulated kinase (ERK), p38 mitogen–

activated protein kinase (p38 MAPK) pathways, and phosphatidylinositol 3-

kinase-Akt (PI3K-Akt), and stimulates VSMC dedifferentiation 
7,8

. Akt is the 
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major signal in growth factor-mediated transcription and promotes cell survival 

by inhibiting apoptosis. Beside, Akt pathway is the key trigger of mTOR 

signaling and Akt-mediaed phosphorylation is directly related to mTOR 

activation. The mTOR is implicated in cardiovascular diseases and more 

particularly in cardiac hypertrophy 
9,10

.  

Resveratrol (3,4',5 trihydroxystilbene), a naturally-occurring molecule known as 

a phytoalexin, is polyphonic compound found in grape and red wine. Also, 

resveratrol is known to possess antioxidant, anti-inflammatory, anti-thrombotic 

and anti-proliferative effect. Additionally, various studies have shown that 

resveratrol inhibits the oxidation of low-density lipoprotein, early progression of 

atherosclerotic lesions and protects cardiomyocytes against ischaemia–

reperfusion injury 
11~13

.
 

In this study, we investigate the effects of EGCG on proliferation, cell cycle and 

the intracellular signal transduction pathway on PDGF-bb induced rat aortic 

vascular smooth muscle cell (RAOSMC) and demonstrate the inhibitory 

mechanism on phenotype modulation of PDGF-bb stimulated RAOSMC. 
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2. Materials & Methods 

 

A. Cell Culture  

Primary cultured rat aortic smooth muscle cells (RAOSMC, biobud, Seoul, 

Korea) were routinely maintained in Dulbecco's modified Eagles medium 

(Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum 

(Sigma, St. Louis, MO, USA) and a 1% antibiotic-antimycotic solution 

containing 10,000 units penicillin, 10 mg streptomycin, and 25 μg/ml 

amphotericin B (Sigma) at 37°C in a humidified atmosphere of 5% CO2. For 

experiment, cells were used between passage 5 and 9.  

 

B. Cell Stimulation by PDGF-bb 

RAOSMC were grown to 80~90% confluence and synchronized in serum free 

DMEM medium for 48 h before experiments. Trans-resveratrol (Sigma) was 

dissolved in 50% DMSO (Sigma) for a stock solution of 100 mM and then 

diluted to desired concentrations with media prior to cell treatment. Quiescent 

cells were incubated with or without PDGF-bb (10 ng/ml) and resveratrol for 

designed time.  

 

C. Cell Proliferation and DNA synthesis.  

Cell proliferation was determined by MTT assay [reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a purple formazan 
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product, Sigma] and a 5-bromo-2'-deoxyuridine (BrdU) incorporation assay 

(Roche applied science, Basel, Switzerland).   

For the MTT assay, the cells were incubated with 0.5 mg/ml of MTT in the last 

4 h of the culture period tested at 37 °C in the dark. The media were decanted 

and the produced formazan salts were dissolved with dimethylsulphoxide, and 

absorbance was determined at 570 nm by an automatic microplate reader 

(Spectra Max 340, Molecular Devices, Inc., Sunnyvale, CA, USA). 

For BrdU incorporation assay, BrdU-labeling solution was added to the cells, 

which were then reincubated the cell for 2 h at 37 °C. Labeling medium was 

then removed and the cells were incubated with fixation solution for 30 min at 

room temperature. After fixation of the cells, anti-BrdU-POD working solution 

was added and the cells were incubated for 90 min at room temperature. Then, 

the substrate solution was added and absorbance was measured at 370 nm with 

492 nm reference wavelength by an automatic microplate reader (Spectra Max 

340, Molecular Devices, Inc.). 

 

D. Gelatin zymography 

MMP secretion was detected in the conditioned medium of cultured RAOSMC 

with various concentration of resveratrol. The conditioned media mixed with 

laemmli-buffer under non-reducing conditions were loaded onto 10% SDS-

polyacrylamide gel containing 0.1% gelatin. After electrophoresis, the gels were 

washed for 20min at room temperature in 2.5 % Triton X-100 and incubated for 
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overnight at 37℃ with reaction buffer 50 mM Tris base (pH 7.6), 0.2M NaCl, 

5mM CaCl2, 0.02% Brij 35). Gels were stained with Coomassie Brillant Blue 

R-2500(0.1%) and destained in 5% methanol and 7% acetic acid. Gelatinolytic 

activity was detected as clear band on a blue background. Band density were 

calculated with imageJ image (National Institutes of Health, Bethesda, MD, 

USA). 

 

E. Immunofluorescence assay  

Cells were grown onto coverslips at 50% confluence, were serum starved for 48 

h and then stimulated with or without 10ng/ml PDGF-bb and resveratrol. 

Stimulated cells were fixed in 10% formalin solution and permeabilized with 

0.5% Triton X-100 in phosphate buffer saline (PBS, pH 7.6). Then, cells were 

blocked with 5% bovine serum albumin (BSA, Sigma) and incubated with anti-

smooth muscle actin-α (αSMA, Dako Faramount, Dako North America Inc., CA, 

USA) and anti-calponin (Santacruz Biotechnology, Santa Cruz, CA, USA). 

Then cells were incubated with secondary antibody, goat-anti-mouse IgG-

conjugated Texas Red (Santacruz). Alexa 488-conjugated rhodamine phalloidin 

(5 U/ml, Invitrogen) was used to visualize F-actin stress fibers and nucleus was 

stained by Hoechst 33528. Coverslips were mounted with aqueous mounting 

medium (Dako Faramount) and images were evaluated using Olympus 

fluorescence microscope (Melville, NY, USA) with DP-71 digital camera 

(Olympus).  
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F. Morphology analysis  

For morphology analysis, cell was visualized by staining with Alexa 488-

conjugated rhodamine phalloidin (5 U/ml, Invitrogen) and Hoechst 33258 (1 

μg/ml in PBS, Sigma). Images were captured on Olympus fluorescence 

microscope (Melville, NY) with DP-71 digital camera (Olympus, Japan). Cell 

circularity and area of 100 cells for each group was analyzed by imageJ 

software (NIH).
15,16

 The circularity was measured to determine the 

morphological distribution between the contractile phenotype and synthetic 

phenotype of RAOSMC. Circularity represented from 0 to 1, closer to 0 

indicated spindles morphology, and closer to 1 indicated circular phenotype. 

 

G. Western blotting 

After time-course simulation with PDGF-bb, the cells were washed twice with 

cold PBS (10 mM, pH 7.4).  Ice-cold RIPA lysis buffer (Santa Cruz 

Biotechnology) was added to the cells for 5 min. The cells were scraped, and 

the lysate was cleared by centrifugation at 14,000 × g for 20 min at 4°C. The 

resultant supernatant (total cell lysate) was collected.  The protein 

concentration was determined using a DC Bio-Rad assay kit (Bio-Rad 

Laboratories).  For immunoblot analysis, protein was run on 10~15 % SDS-

PAGE and then electrotransfered onto a PVDF membrane. The membrane was 

blocked with blocking buffer (5% bovine serum albumin and 1% Tween-20 in 
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20 mM TBS, pH 7.6) for 1 h at room temperature and then probed overnight 

with phosphor PDGFR-β (pPDGFR-β), PDGFR-β, phosphor MEK1/2 

(pMEK1/2), phospho p42/44MAPK (pp42/44MAPK), phosphor Akt (pAkt), 

phosphor mTOR, and phosphor p38MAPK (pp38MAPK) used in a 1:1,000 

dilution from Cell Signaling Technology, respectively. Detection of horseradish 

peroxidase-conjugated secondary Ab (e.g., anti-rabbit IgG (1:2,000), anti-mouse 

IgG (1:2,000) from Santacruz Biotechnology Inc.) was accomplished using 

enhanced chemiluminescence using the ECL Plus detection kit (Amersham 

Biosciences, Buckinghamshire, England). 

 

H. Statistical Analysis.   

All variables were tested in three independent cultures for each experiment. The 

results are reported as a mean ± SD compared to non-treated controls.  

Statistical analysis was performed using a one-way (ANOVA), followed by a 

Tukey HSD test for the multiple comparisons used SPSS software. A P value < 

0.05 was considered statistically significant. 
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3. Results 

 

A. Inhibitory effect of resveratrol on PDGF-bb-induced proliferation in 

RAOSMC 

To assessed the effect of resveratrol on PDGF-bb induced RAOSMC 

proliferation, serum starved RAOSMC was incubated with 10 ng/ml PDGF-bb 

and increasing concentration of resveratrol for 48 h. MTT and BrdU assays 

revealed that incubation of serum-starved RAOSMC with 10 ng/ml PDGF-bb 

for 48 h increased both DNA synthesis and cell number, compared with the 

untreated control group. The presence of resveratrol results in significant (p < 

0.05) dose-dependent decreases in cell growth (Fig. 3-1A). When cells were 

treated with increasing concentrations of resveratrol, a significant (p < 0.05) 

dose-dependent reduction in cell growth was observed starting at 50 μM. The 

level of DNA synthesis was also measured as cell proliferation assay. 

Stimulation of RAOSMC with 10 ng/ml PDGF-bb caused a significant increase 

in the DNA amount, while resveratrol inhibited significantly the PDGF-bb 

stimulated DNA synthesis in a concentration-dependent manner (Fig. 3-1B). 

Also, cell viability and DNA synthesis induced by PDGF-bb stimulation was 

completely suppressed in more than 100 μM of resveratrol. These results 

suggest that resveratrol expert potent anti-proliferative activity.  
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Figure 3-1. Anti-proliferative activity by PDGF-bb with resveratrol on 

RAOSMC. After 24 h of starvation with serum free DMEM, cells were treated 

with 10ng/ml PDGF-bb and increasing concentrations (10 – 200 M ) of 

resveratrol for 48 h (A) The effect of resveratrol growth inhibition on PDGF-bb 

stimulation in RAOSMC. Cell viability was detected using the MTT assay. (B) 

The effect of resveratrol on PDGF-bb induced DNA synthesis in resveratrol. 

DNA synthesis was detected using the BrdU incorporation assay. *P < 0.05, 

compared with non-stimulation control; # P < 0.05 compared with 10 ng/ml 

PDGF-bb stimulated control.  
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B. Inhibitory effect of gelatinolytic activity MMP secretion by resveratrol in 

RAOSMC  

To access of extracellular matrix (ECM) degradation, production of MMP was 

performed by gelatin zymography assay with the conditioned media from 

RAOSMC. As shown Fig. 3-2, serum starved RAOSMC was incubated with or 

without resveratrol and 10 ng/ml PDGF-bb. Presence of resveratrol decreased 

secretion of MMP-9 and MMP-2 in dose-dependent manner. Therefore, PDGF-

bb induced MMP-2 and MMP-9 secretion, while resveratrol reduced 

concentration dependently the MMP-9 secretion and conversion from pro 

MMP-2 to active MMP-2. However, the inhibitory effect of gelatinolytic 

activity was significantly observed in over 150 μM resveratrol. 
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Figure 3-2. The inhibitory effect of resveratrol on PDGF-bb induced MMP 

secretion in RAOSMC. (A) Gelatin catalytic activity was analyzed by gelatin 

zymography using conditioned medium. (B) Band intensity was normalized by 

densitometry. PDGF-bb was induced the secretion of MMP-9 and activity 

MMP-2. However, both resveratrol inhibited the secretion of PDGF-bb induced 

MMP-9 and activity MMP-2. 
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C. Inhibitory effect of resveratrol on PDGF-bb stimulated RAOSMC 

morphology and phenotype  

To define phenotype exchange in PDGF stimulation, we assessed phenotype 

and morphology using the immunofluorescence and immunocytochemical 

staining with antibodies against αSMA and calponin on RAOSMC. RAOSMC 

were grown on glass cover slips, starved serum for 48 h, and stimulated in the 

presence and absence of PDGF-bb and resveratrol for 24 h, respectively.  

RAOSMC exhibited elongation and spindly morphology during prolonged 

serum deprivation. As shown Fig. 3-3, serum starved RAOSMC revealed 

aligned arrangement of actin filament with an organized cytoskeleton network, 

whereas PDGF-bb stimulated RAOSMC modulated disassembled distribution 

and aggregated around the peri-nuclear region of actin filaments without clear 

filamentous organization. However, resveratrol treatment maintained spindle- 

like shape and reorganization of the actin filament by inhibition of PDGF-bb 

stimulation on RAOSMC as compared with serum starved RAOSMC.  

Therefore, cells were present accumulation of contractile related protein, αSMA 

(Fig. 3-4A) and calponin (Fig. 3-4D) in clear actin filament organization. When 

cells were stimulated with PDGF-bb, cells were observed morphological 

changes from spindle to polygonal and revealed of the relatively low level of 

αSMA (Fig. 3-4B) and calponin (Fig. 3-4E) with disassembled distribution of 

actin filament in cytosol. However, resveratrol treatment inhibited the 

morphological change. The actin cytoskeleton maintained into parallel actin 
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filaments by complex of contractile phenotype related protein, including αSMA 

(Fig. 3-4C) and calponin (Fig. 3-4F). To determine the morphological 

distribution, the circularity was measured by imageJ analysis. Compared to 

serum starved cells, PDGF-bb stimulated cells distributed in greater circularity 

whereas cell morphology with resveratrol exhibited lower circularity (Fig. 3-

5A). The average circularity of PDGF-bb stimulated cell was significantly 

higher than non-treated cells. However, resveratrol treated cells with PDG-bb 

were not significantly difference with non-treated cells (Fig. 3-5B). Therefore, 

PDGF-bb stimulated RAOSMC exhibited greater area, compared with serum 

starved RAOSMC. Resveratrol inhibited the change of area stimulated by 

PDGF-bb (Fig. 3-5C). 
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Figure 3-3. Arrange of F-actin filament on RAOSMC with or without 10 ng/ml 

PDGF-bb and 20 μM resveratrol. (A) Cells in serum free media (B) Cells in 10 

ng/ml PDGF-bb (C) Cells in 20 μM resveratrol with 10 ng/ml PDGF-bb. Nuclei 

stained in blue with Hoechst 33528, F-actin in green with alexa(388)-rhodamine 

phalloidin. The micrographs (magnification, ×400) shown in this figure are 

representative of three independent experiments with similar results. 
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Figure 3-4. Characterization of morphology modulation by resveratrol on 

PDGF-bb stimulated RAOSMC. Cells were incubated in serum free media (A, 

D), 10 ng/ml PDGF-bb (B, E), and 20 μM resveratrol with 10 ng/ml PDGF-bb 

(C, F). Nuclei stained in blue with Hoechst 33528, αSMA(A~C)  and calponin 

(D~F) in red, F-actin in green with alexa(388)-rhodamine phalloidin. The 

micrographs (magnification, ×100) shown in this figure are representative of 

three independent experiments with similar results. 
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Figure 3-5. Morphology modulation of resveratrol on PDGF-bb stimulated 

RAOSMC. (A) The distribution of circularity ranged from 0 to 1, linear to 

circular, respectively. (— in serum free, ―•― in 10 ng/ml PDGF-bb, and ••••• 

in 10 ng/ml PDGF-bb with 20 μM resveratrol) (B) The average circularity ± SD 

was obtained from 100 single cells per each type. * P < 0.05, compared with 

non-stimulation control; # P < 0.05 compared with 10 ng/ml PDGF-bb 

stimulated control. 
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Figure 3-5. (continue) (C) The average area (μm
2
/cells) ± SD was obtained 

from 100 single cells per each type. *P < 0.05, compared with non-stimulation 

control; # P < 0.05 compared with 10 ng/ml PDGF-bb stimulated control.  
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D. Inhibitory effect of resveratrol against PDGF-bb stimulated signal 

transduction pathways on RAOSMC  

To define effect of resveratrol on signaling pathways involved in PDGF-bb 

stimulated dedifferentiation, serum starved cell were stimulated with 10 ng/ml 

PDGF-bb in the absence or presence of resveratrol for the indicated time. And 

then, we analyzed the activation of p42/44MAPK, p38MAPK, and Akt, a 

downstream effector of the PDGF-bb induced signaling by Western blotting. 

Addition of 10 ng/ml PDGF-bb to serum-starved cells led to a complete 

PDGFR-β phosphorylation which peaked within 10 min and returned to 

baseline levels at 2~4 h and showed similar results at least three independent 

experiments (Fig. 3-6A). However, resveratrol inhibited PDGFR-β 

phosphorylation induced by PDGF-bb at only 10 min, while no inhibition of 

PDGFR-β phosphorylation was observed during incubation more than 30 min. 

In a similar manner, PDGF-bb stimulated the phosphorylation of downstream 

effectors such as MEK1/2, p42/44MAPK (Fig. 3-6B), and p38 (Fig. 3-6C), 

whereas reveratol did not trigger the phosphorylation of MEK1/2, 

p42/44MAPK, and p38MAPK by PDGF-bb stimulation in time-dependent 

manner. However, as shown in Fig. 3-6D, Akt and mTOR phosphorylation upon 

PDGF stimulation elicited a strong and detectable signal for several hours, 

while resveratrol inhibited and induced only weakly the Akt phosphorylation 

and mTOR phosphorylation, downstream effector dependent on Akt. 
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Figure 3-6. The effect of resveratrol on modulation of PDGF-bb stimulatory 

signal pathways in RAOSMC. RAOSMC starved serum were stimulated with 

10 ng/ml PDGF-bb and 100 μM resveratrol for desired time (10 m, 30 m, 1 h, 2 

h, and 4 h, respectively), lysed, and lysates were immunoblotted with antibodies. 

After densitometric quantification using imgaJ program, data were each 

expressed as the mean ± SD from three independent experiments. Black bar 

indicate expression by PDGF-bb stimulation. White bar indicate expression by 

PDGF-bb stimulation with EGCG. (A) The expression of phosphor PDGFR-β 

time dependent manner. The band intensity was normalized to PDGFR-β 

expression.  
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Figure 3-6. (continued) (B) The expression of phosphor MEK1/2 and phosphor 

p42/44MAPK on time dependent manner. The band intensity was normalized to 

GAPDH expression.  
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Figure 3-6. (continued) (C) The expression of phosphor p38 MAPK on time 

dependent manner. The band intensity was normalized to GAPDH expression. 
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Figure 3-6 (continued) (D) The expression of phosphor Akt and phosphor 

mTOR on time-dependent manners. The band intensity was normalized to 

GAPDH expression. 
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4. Discussions 

Alternations in the differentiated state of the VSMC play a critical role in the 

pathogenesis of major human diseases, as well as atherosclerosis, hypertension, 

asthma, and vascular aneurisms. Dedefferentiation of VSMC was based on 

morphological criteria, that terms ―phenotypic modulation‖ or ―phenotypic 

switching‖ in functional and structural properties. A phenotypic switch from a 

contractile to synthetic phenotype accompanies the proliferation and migration. 

PDGF-bb represses VSMC marker gene expression mainly through an 

extracellular signal-regulated kinase 1/2–mitogen activated protein kinase 

(ERK1/2-MAPK), p38 MAPK, and Akt pathway 
16

. 

Polyphenols contribute to the vasoprotective, antiangiogenic, antiatherogenic, 

vasorelaxant and antihypertensive effects of acute or chronic administration of 

plant polyphenols found in patients
17

. Resveratrol, one of polyphenol 

compounds, blocks specifically PI3K/PDK1/Akt pathway, thereby inhibiting 

oxLDL induced SMC proliferation 
13

.  

This study reported that the dedifferentiated VSMCs by PDGF-bb could 

undergo phenotypic changes by p42/44 MAPK, p38 MAPK, and Akt pathway 

trigger PDGFR-β on RAOSMC. In our experimental system, resveratrol 

inhibited proliferation of PDGF-bb stimulated RAOSMC. Also, contractile 

morphology, spindle phenotype, was preserved by resveratrol treatment in 

comparison with PDGF-bb stimulated RAOSMC. Therefore, differentiated 

VSMC marker such as αSMA and calponin was not inhibited. In other words, 
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resveratrol might prevent morphology change from contractile to synthetic 

phenotype.   

VSMC in mature animal vessels exhibit a contractile phenotype (differentiated 

state), and express multiple contractile proteins, including αSMA, SM22α, SM-

MHC, and so on 
18

. Calponin and including αSMA is characterized in detail as 

an F-actin binding component of smooth muscle thin filaments and controlled 

actin-based cellular processes by regulating the stability of the actin 

cytoskeleton 
6
.  

In investigation of signal transduction from PDGF-bb, resveratrol inhibited 

PDGFR-b, 42/44 MAPK, Akt and p38MAPK phosphorylation. Especially, 

Akt/mTOR phosphorylation was preferably inhibited in PDGF-bb induced cell 

stimulation by resveratrol. It is known that VSMC phenotype is determined by 

changes in the balance between the Akt pathway and the ERK and p38MAPK 

pathways. PDGF-bb triggers the dual signaling pathways, PI3-K/PKB (Akt) and 

two MAPKs. Therefore, the phosphoinositol-Akt-mammalian target of 

rapamycin-p70S6 kinase (PI3K/Akt/mTOR/p70S6K) pathway regulates cell 

growth and cell differentiation in response to nutrients, growth factors, and 

cytokines 
19

. Pharmacological rapamycin induces contractile morphology and 

SM2-MHC and calponin, and reduced protein and collagen synthesis in cultures 

of synthetic phenotype VSMCs by regulation of mTOR/p70 S6K1 pathway 
20

. 

The previous data show that mTOR activation induced SMC proliferation and 

requires the activation of the signaling cascade PI3K/PDK1/Akt, as assessed by 
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the effect of the PI3K inhibitors wortmannin and Ly294002 that block PDK1
 

9,10,21
.  

In this study, we have focused effect of resveratrol on phenotypic modulation 

following stimulation by PDGF-bb on RAOSMC. From a general point of view, 

resveratrol exhibits various potentially inhibitory properties of dedifferentiation, 

including anti-proliferation effect and an ability to modulate major signaling 

pathways. 

  



79 

5. Conclusion 

In this study we investigated the effect of resveratrol on didiferentiation of 

RAOSMC induced by PDGF-bb. Resveratrol inhibited the PDGF-bb stimulated 

proliferation, MMP secretion and phenotype change from contractile 

morphology to synthetic morphology on RAOSMC. This result was explained 

expression of contractile phenotype related protein and Akt/mTOR signal 

pathway.  In conclusion, our results indicate that RAOSMC dedifferentiation, 

phenotype and proliferation rate were inhibited by resveratrol by interrupting 

the balance of the Akt and 42/44MAPK and p38MAPK pathway activation 

stimulated by PDGF-bb. This result can suggest that resveratrol may be 

inhibitor of phenotype modulation occurring in arterial stenosis and in 

postangioplasty restenosis on vascular injury.  
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IV. PERIADVENTITIAL APPLICATOON FOR DELIVERY OF 

EPIGALLOCATECHIN-3-O-GALLATE AND RESVERATROL BY 

ELECTROSPUN POLY(L-LACTIDE GLYCOLIC ACID) FIBER 

SHEETS TO REDUCE INTIMAL HYPERPLASIA AFTER 

ABDOMINAL AORTA BALLOON INJURY IN RABBIT 

 

1. Introduction 

Intimal hyperplasia (IH) is the major cause of failure in invasive treatments for 

vascular diseases, arterial catheter based and endovascular surgical intervention. 

It occurs in response to endothelium injury of intimal layer, including balloon 

angioplasty, stent placement, or graft implantation. After all, vascular damage 

leads vascular thickness and narrowing by inducing the migration and 

proliferation of phenotype modulated VSMC, and vascular remodeling. Over 

the years a number of treatment strategies have evolved to prevent or inhibit 

intimal hyperplasia. Alternative treatments have evolved to inhibit of IH that 

would lead to better efficacy. These include locally pharmacological therapy 

such as drug eluting balloon catheter and drug delivery stents. 

Polymeric local drug delivery systems have been studied for cancer 

chemotherapy and cardiovascular therapy such as in stents, catheters for 

preventing of restenosis. A controlled and site-specific drug therapy is able to 

improve therapeutic efficacy, reduce side toxicity and can be designed to control 

and prolong drug release by adjusting the degradation rate of the polymer 
1,2

.  

Furthermore, novel formulations using degradable polymer were developed 
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such as nanoparticles, microemulsions, matrix systems, solid dispersions, 

liposomes, solid lipid nanoparticles and so on, for delivery of the components in 

a sustained manner to increase patient compliance and avoid repeated 

administration 
3
. 

Electrospinning is a technique to produce continuous polymeric fibers with 

porosity from a variety of polymers and composite materials that utilizes high 

voltage source. As a potential drug delivery carrier, electrospun fibers have 

exhibited many advantages. Electrospun fiber is very easy to load soluble and 

insoluble drugs for enhancing their dissolution according to solvent change, and 

the high applied voltage had little influence on the drug activity. Therefore, it 

allows better control of release than bulk materials by modulation of fiber 

morphology, porosity and composition 
4
. In particular, poly(lactic-co-glycolic 

acid) (PLGA) has been extensively used for a controlled drug delivery system 

because its polymer chains are cleaved by hydrolysis into natural metabolites 

(lactic and glycolic acids) and it offers a wide range of degradation rates, from 

months to years, depending on its composition and molecular weight 
5,6

. 

Our previous study was investigated that epigallocatechin-3-gallate (EGCG), 

major component of green tea polyphenol, is a very potent anti-proliferative 

molecule that inhibits mitogenesis by downregulation of MPAK. Local delivery 

of green tea catechin following endothelial denudation prevented neointimal 

formation in balloon injured rat carotid model 
7
. Resveratrol, a polyphenol 

present in wine and in various foods, inhibit phenotype modulation by the 
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dedifferentiation of VSMC. Therefore, resveratrol administration inhibited 

intimal hyperplasia after endothelial denudation in an experimental 
8
.  

In the present study, we were to develop a polymeric local drug delivery device 

by electrospun methods for delivery of EGCG and resveratrol with PLGA 

polymer. Therefore, we investigated whether perivascularly local delivery 

device contained EGCG and resveratrol that wrapped around the sites of 

vascular damage inhibited intimla hyperplasia and prevented luminal narrowing 

in endothelium denuding rabbit model by balloon injury. 
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2. Materials and Methods 

 

A. Fabrication of polyphenol release PLGA sheet and 

physicochemical characterization 

(A) Fabrication of polyphenol eluting PLGA sheet 

PLGA(75:25(mol/mol), 113000 molecular weight (MW))was purchased from 

Lakeshore Biomaterials (Birmingham, AL, USA). PLGA was prepared by 

dissolving in tetrahydrofuran (THF, Sigma)/ Dimethyl formamide (DMF, Sigma) 

(4:1) to obtain 20% w/w solution, EGCG (Teavigo
TM

, DSM Nutritional 

Products Ltd., Basel, Switzerland) and resveratrol (Terraternal, Santa Clara, CA, 

USA) was added to the solution to 40% and 50% volume of PLGA, respectively. 

PLGA sheets were fabricated at 9.5 kV using a high voltage DC supply at 25℃, 

35% humidity. The ground collection plate was located at a fixed distance of 10 

cm the needle tip and the flow rate was controlled in 1 ml/h. The polyphenol 

eluting PLGA sheet was all dried for 24 h at room temperature. Upon 

completion of the spinning process, the nonwoven electrostatically spun fabric 

was removed from the collector 

 

(B) Field Emission Scanning Electron Microscopy (FE-SEM) 

The surface topography of the electrospun PLGA fibers was assessed under a 

field emission scanning electron microscope (Hitachi S-800, Tokyo, Japan). 
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EGCG and resveratrol eluting electrospun fiber sheets were mounted and 

sputter coated with platinum using an ion coater. Coated fibers were placed in 

the microscope chamber to which a high vacuum was applied. Histograms of 

fiber diameter were generated by the measurement in 4000 x. 

 

(C) Attenuated total reflectance/Fourier transform-infrared (ATR/FT-IR) 

spectroscopy 

The infrared spectra of polyphenol eluting PLGA sheets were performed using 

an ATR/FT-IR spectrophotometer (Spectrum 100, Perkin elmer, Shelton, CT, 

USA) and obtained between 5000 and 600 cm
-1

 at room temperature. Samples, 

PLGA sheet, polyphenol eluting PLGA sheets, EGCG powder, and resveratrol 

powder, were placed on holder and mounted in the enclosed sample chamber, 

away from moisture to get their spectra, respectively. 

 

(D) In vitro release profile of EGCG and resveratrol from polyphenol 

eluting PLGA sheet 

Polyphenol eluting PLGA sheet was prepared in 1cm X 1cm and then incubated 

in 5ml phosphate-buffered saline (PBS, pH7.4) at 37°C with shaking at 224 rpm 

for up to 40 days. At the end of each predetermined incubation period, solution 

absorbance of EGCG and resveratrol from released buffer were determined by a 

UV-Vis spectrophotometer (Shimadzu UV-1800, Shimadzu Corporation, Tokyo, 

Japan) and calculated from the standard calibration curve of EGCG and 
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resveratrol solution in PBS. Each measurement was performed in triplicate (n=3) 

and the values averaged. To determine the actual amount of EGCG and 

resveratrol eluting PLGA sheets, 1cm x 1cm sheet were weighed and dissolved 

in DMSO, then the solution was diluted and performed by a UV-Vis 

spectrophotometer (Shimadzu UV-1800), and calculated from the standard 

calibration curve of EGCG and resveratrol solution in DMSO, respectively.  

 

B. External application of polyphenol eluting PLGA sheet on aorta 

(A) Animal model  

All animal experiments were performed with the ―Guide for the Care and Use 

of Laboratory Animals‖ and a protocol approved by the Animal Care and Use 

Committee of Yonsei University College of Medicine. 

Male New Zealand White rabbits, weighing 3 to 3.5 kg, were anesthetized with 

intramuscular and intravenous injections of Zoletile (15 mg/kg, Boehringer 

Ingelheim Agrovet, Hellerup, Denmark) and Rompun (5 mg/kg, Bayer, Toronto, 

Canada).  

After intravenous administration of heparin 1000 U/kg, the abdominal aorta was 

exposed and the distal femoral arteries were exposed and ligated. A 3F Fogarty 

embolectomy catheter (Edwards lifescience, Irvine, CA, USA) was inserted via 

a left femoral arteriotomy and passed 20 cm into the abdominal aorta. The 

catheter was inflated and drawn back to the iliac bifurcation. Catheter insertion 



89 

and inflation were repeated for three passes, after which the catheter was 

removed, the femoral artery was tied, and the incision was closed (Fig. 4-1). 

Polyphenol eluting PLGA sheet was prepared to 1cm x 3cm and sterilized 1 kG 

/ hr for 25 h by γ- irradiation. Polyphenol eluting PLGA sheet was wrapped to 

twister direction at balloon injury sites on abdominal aorta. Experimental 

groups were divided into the PLGA sheet group (n=5), EGCG eluting PLGA 

sheet group (n=5), and resveratrol eluting PLGA sheet group (n=3). All animals 

were allowed to recover and returned to routine care. Animals were maintained 

on a normal laboratory diet and were euthanized 4 weeks after operation. 
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Figure 4-1. Surgical procedure of ballon injured model in rabbit abdominal 

aorta. New Zealand white rabbit was anesthetized (A), expose of abdominal 

aorta (B), inserted of balloon catheter through femoral artery (C,D), injured of 

abdominal aorta (E), and wrapped of electrospun PLGA fiber sheet (F).   
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(B) Histology analysis  

In order to quantify neointimal hyperplasia, rabbits were sacrificed at 4 weeks 

after the balloon injury. The rabbit were administrated in intravenous of heparin 

1000 U/kg and isolated. The aorta was harvested and removed of wrapped sheet, 

and fixed in 10% neutral buffered formalin for 1 d. Vessels were processed and 

embedded in paraffin block. Sections 5–6 μm thick were cut on a rotary 

microtome and collected on glass slides. Adjacent sections were stained with 

hematoxylin and eosin (H&E), and measured of intimal and medial area using 

imageJ software (National Institutes of Health, Bethesda, Maryland, USA).  
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3. Results 

A. Fiber morphology of polyphenol eluting PLGA sheet 

To determine the morphology of the spun fibers, an analysis of FE-SEM images 

was performed. The entire appearances of the EGCG and resveratrol eluting 

PLGA fiber sheet were observed red and yellow color, EGCG and resveratrol, 

respectively (Fig. 4-2A~C). The electrospun PLGA fibers had typical fiber mat 

and a bead-free fibrous structure whether in the presence or absence of EGCG 

or resveratrol. As illustrated in Fig. 4-3, PLGA fiber were generated with a 

diameter of 1.2 μm to 2.8 μm, 1.7 μm to 2.9 μm for the 40% EGCG eluting 

fibers, and 1.5 μm to 2.6 μm for the 50% resveratrol eluting fibers. After 30 d 

under physiological conditions at 37 ℃, electrospun PLGA fiber sheet had 

decreased in size by 50 % of original area (Fig. 4-2A, D). Therefore, 

immediately after electrospinnig, the fibers looked fairly straight with ample 

space in between individual fibers. After incubation in PBS at 37 ℃, the fibers 

were revealed appearance to considerable shrinkage. Therefore, fibers appeared 

bulkier and considerably closer together with the elimination of space between 

the fibers (Fig. 4-3A, D). 

As shown Figure 4-2E, EGCG eluting electrospun PLGA fiber sheet after 

incubation in PBS at 37 ℃ for 30 d, sheet size decreased to 50 % of original 

area. However, fiber appearance was not changed and observed pores and 

damage in fiber, which by EGCG release (Fig. 4-3K). While the size change of 
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resveratol eluting electrospun PLGA fiber was not observed, the edge of sheet 

was round form (Fig. 4-2F). As illustration in Fig. 4-3L, sheet was observed the 

damage and pores of fibers by polymer degradation and resveratrol release. 
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Figure 4-2. The entire appearance of electropun PLGA fiber sheet (A,D), 

EGCG eluting PLGA sheet (B, E), and resveratrol eluting PLGA sheet. (A~C) 

immediately photography after electrospining, (D~F) photography of sheet after 

incubation in PBS at 30 ℃ for 30 d. 
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Figure 4-3. SEM micrographs on electrospun PLGA fibers (A,G) at 0 days, and 

(D,J) after incubation in PBS at 30 ℃ for 30 days EGCG eluting PLGA fibers 

(B,H), at 0 day, and (E,K) after incubation in PBS at 30 ℃ for 30 days. 

Resveratrol eluting PLGA fibers (C,I) at 0 day, and (F,L) after incubation in 

PBS at 30 ℃ for 30 days. 
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B. FTIR spectra of polyphenol eluting PLGA sheet 

From the FTIR spectra, distinctive peaks of EGCG and resveratrol were 

observed from spectra of their respective EGCG or resveratrol eluting PLGA 

sheet. The FTIR spectra of EGCG eluting electroepun PLGA fiber are shown in 

Figure 4-4. Distinctive peaks at 3600–3150 cm
-1

 (phenyl-OH) were observed 

from EGCG eluting sheet. Additionally, the characteristic bands of EGCG were 

found at 1610 cm
-1

for C=C alkenes and at 823 cm
-1 

for C–H alkenes.  

Resveratrol eluting electrospun PLGA fiber sheet was also dominated by a 

broad notable band at 3600–3150 cm
-1

 (phenyl-OH), which is the characteristic 

peak of phenyl-OH groups abundant in resveratrol. Therefore, peak at 1770 cm
-1

 

(C=O) and1660 cm
-1

(C=C) were observed from sheet (Fig. 4-5). 

This indicated that EGCG or resveratrol were successfully loaded and dispersed 

into PLGA sheets. 
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Figure 4-4. FT-IR spectra of PLGA sheet (upper line), EGCG eluting PLGA 

fiber (middle line), and only EGCG (bottom line). Upper spectra revealed 

between 5000 and 600 cm
-1

, and bottom spectra obtained between 2000 and 600 

cm
-1

. 
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Figure 4-5. FT-IR spectra of PLGA sheet (upper line), resveratrol eluting PLGA 

fiber (middle line), and only resveratrol (bottom line). Upper spectra revealed 

between 5000 and 600 cm
-1

, and bottom spectra obtained between 2000 and 600 

cm
-1

. 
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C. EGCG Release from EGCG eluting electrospun PLGA sheet 

To study the release of the incorporated EGCG from electrospun PLGA sheet, 

EGCG amount was determined by UV/VIS spectrophotometer. The wavelength 

of maximal absorbance of EGCG in PBS solution was detected 275nm (Fig. 4-6 

A). Dissolution of EGCG in PBS was a linear increase in the absorbance of 

EGCG solutions, more than 200 μg/ml, after which the absorbance remained 

constant, this concentration corresponds to the limit of solubility of EGCG 

UV/VIS spectra (Fig. 4-6B). The EGCG on EGCG eluting PLGA sheet were 

contained 1641.2 ± 377.4 μg per 1 x 1cm sheet and found to be 80~90 % of 

input amount for sheet fabrication. The release characteristics were carried out 

in phosphate buffer saline at 37 ℃. The cumulative amount of the drug released 

from the drug-loaded fibers is illustrated in Fig. 4-6C. Total EGCG amount was 

determined prior to the release studies to calculate the release percentage of the 

actual EGCG amount of sheet. EGCG eluting electrospun PLGA fiber sheet 

showed an initial burst release of about 80% within a 1 day upon contact with 

PBS solution, then, followed by sustained release up to 40 days from EGCG 

eluting PLGA sheets. 
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Figure 4-6. In vitro EGCG release of EGCG eluting electrospun PLGA fiber 

sheet. (A) Absorbance spectrum of a 100 μg/ml EGCG in PBS solution by 

UV/VIS spectrophotometer. (B) Absorbance at 275 nm as a function of the 

concentration of EGCG solution in PBS. Results are expressed as mean ± SD 

deviation of three experiments. (C) Accumulative release profile of EGCG up to 

70 days 
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D. Resveratrol release from resveratrol eluting electrospun PLGA sheet 

To study the release of the incorporated resveratrol from electrospun PLGA 

sheet, resveratrol amount was determined by UV/VIS spectrophotometer. The 

wavelength of maximal absorbance of rsveratrol in PBS solution was detected 

311nm (Fig. 4-7A). Dissolution of resveratrol in PBS was a linear increase in 

the absorbance of resveratrol solutions, up to 30 μg/ml (Fig. 4-6B). The 

resveratrol on resveratrol eluting PLGA sheet were contained 1767.1 ± 109.6 μg 

per 1x1cm sheet and found to be 90 % of input amount for sheet fabrication. 

The release characteristics were carried out in phosphate buffer saline at 37 ℃. 

As shown in Figure 4-7C, resveratrol was released in a logarithmic manner up 

to 20 days after which the release rate decreased with time. 
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. 

Figure 4-7. In vitro release profile of resveratrol from resveratrol eluting 

electrospun PLGA fiber sheet. (A) Absorbance spectrum of a 20 μg/ml 

resveratrol in PBS solution by UV/VIS spectrophotometer. (B) Absorbance at 

311 nm as a function of the concentration of resveratrol solution in PBS. Results 

are expressed as mean ± SD deviation of three experiments. (C) Accumulative 

release of resveratrol up to 70 days. 
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E. Effect of intimal formation by externally application of polyphenol 

eluting PLGA sheet at balloon injured abdominal aorta on rabbit 

We investigated the effect of locally administered EGCG and resveratrol on 

neointima formation at day 28 post injury, respectively. Representative 

photomicrographs of hematoxylin–eosin stained sections of treated and control 

arteries are shown in Fig. 4-8. After balloon injury, lumen was expanded and 

internal elastic lamina (IEL) was injured (Fig. 4-8 A,B). Balloon injury of the 

aorta decreased in luminal area and exhibited intimal hyperplasia at 28 days 

after injury (Fig. 4-8C). Morphometric analysis revealed significantly decreased 

intima/media (I/M) ratio in EGCG eluting electrospun PLGA fiber sheet (Fig. 4-

9). We found a significantly (p<0.05) 30% and 50% reduction of intimal area in 

wrapped aorta with EGCG and resveratrol, respectively (Fig. 4-9A). The medial 

area was not significantly by EGCG and resveratrol treatment in comparison 

with vehicle PLGA control. Compared to vehicle controls, we found significant 

inhibition of 32% (EGCG) and 46% (resveratrol) of intimal/medial ration, 

respectively (Fig. 4-9B).  
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Figure 4-8. Representative photomicrographs of H&E stain on rabbit aorta 

cross-sections. Bar represent 200 μm. Right panels were observed at 20x 

magnifications, and left panels were observed at 200x magnifications. (A) 

Normal aorta (B) Aorta after balloon injury 
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Figure 4-8. (continued) (C) Wrapped aorta with electrospun PLGA fiber sheet 

for 4 weeks after balloon injury (D) Wrapped aorta with EGCG eluting 

electrospun PLGA fiber sheet for 4 weeks after balloon injury (E) Wrapped 

aorta with resveratrol eluting electrospun PLGA fiber sheet for 4 weeks after 

balloon injury 
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Figure 4-9. Morphometric analysis of intimal thickening in rabbit aorta 4 weeks 

after balloon injury. Intimal thickening is characterized by measuring the intimal 

area and the medial area to determine the intima/media ratio. The white bar 

represents electrospun PLGA fiber sheet. The black bar represents EGCG eluting 

sheet. The gray bar represents resveratrol eluting sheet. Results are expressed mean 

± SD. (A) Area of intima and media (B) Intima/Media ratio *P < 0.05, compared 

with PLGA sheet. 
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4. Discussions 

Effective treatment and control of vascular disease can be achieved by a 

regulation of abnormal VSMCs growth, and VSMC dedifferention. In this study, 

we implemented externally application of EGCG and resveratrol using 

electrospun biodegradable PLGA fiber sheet as delivery system for preventing 

effect of intimal hyperplasia. It has been reported in the literature that 

interactions between polymer and drug are known to govern the pattern of drug 

release from electrospun scaffolds. 
 

In the present study, EGCG and PLGA eluting PLGA fiber sheet were prepared 

with uniformly dispersed EGCG as shown in picture and FT-IR spectrum (Fig. 

1, 4-4, and 4-5). EGCG was released with a fast initial burst phase from EGCG 

eluting elctrospun PLGA fiber sheet (Fig. 4-6C), while resveratrol was released 

by sustained release phase (Fig. 4-7C). These may be different of water 

solubility between EGCG and resveratrol. As shown figure 4-6C, solubility of 

resveratrol was lower 7 times than EGCG, which EGCG was solved about 200 

μg in 1ml PBS, but resveratrol was solved 30 μg. In case of hydrophilic drug 

and hydrophilic polymer an immediate and burst release is observed in 

comparison with hydrophobic drug and hydrophobic polymers with slowly 

release 
9
. 

Prepared delivery system was application in adventitial surface in order to wrap 

the endothelium injured vessel. From the many studies conducted, it has been 

developed that the externally application sheath for perivasular delivery of 
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drugs using synthetic materials, remarkably decrease intimal hyperplasia and 

media thickening 
10,11

. Previous study has shown that perivascular slow delivery 

of paclitaxel prevents luminal narrowing and inhibits intimal hyperplasia in 

balloon-injured rat carotid arteries 
12

. Adventitial delivery of PD98059, 

inhibitor of mitogen-activated ERK kinase, from pluronic gel implanted 

adjacent to the injured artery in a rat model has demonstrated a reduction in 

neointimal formation 
13

. Therefore, these result revealed inhibition effect of 

intima hyperplasia by adventitial delivery of heparin from a polymeric matrix in 

artery injured rat model 
14,15

.  

In this study, we observed that externally wrap of EGCG and resveratrol eluting 

PLGA sheet inhibited thickness of intimal layer in balloon injury aorta of rabbit. 

However, inhibitory effect was grater in resveratrol system than EGCG. 

Although inhibitory mechanism is different between polyphenols, these may be 

related to release pattern. Therefore, it is harder to show what has better therapy 

effect in experimental study. An advantage of perivascular delivery is that the 

formulation is not in direct contact with blood, thus reducing the risk of 

thrombosis. However, efficacy of a drug applied to the outer surface of a blood 

vessel on a process taking place in the lumen remains to be demonstrated 
16

. 

Recent studies have also implicated adventitia in the intimal hyperplastic 

response. The adventitia plays a role in the maintenance of the integrity of the 

inner layers of the arterial wall. Injury to the adventitia, and more particularly to 

the vasa vasorum, can induce intimal lesion formation despite an intact 
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endothelium in femoral arteries of pigs and rabbit
17,18

. Other animal models 

have shown that adventitial fibroblasts may migrate and proliferate in the intima 

within the first few days after arterial injury. These cells then undergo 

differentiation into myofibroblasts that express smooth muscle a-actin and 

synthesize extracellular matrix
 19,20

. In addition, cell proliferation has been 

detected in the adventitia at an early stage after experimental angioplasty. These 

proliferating adventitial cells have been identified as myofibroblasts. They can 

migrate into the neointima and synthesize several components of the 

extracellular matrix 
19,21-23

. These studies underscore the importance of 

adventitia in changes of the intima and the importance of vasa vasorum for 

vessel integrity and preserving lumen. Hence, the adventitia could be an 

important target site of local drug delivery that could prove instrumental in 

inhibiting IH. 

This study was an initial experiment to access the feasibility and histopathologic 

effects of EGCG or resveratrol contained PLGA delivery system by 

periadventitia wrapping in balloon injured rabbit model. To evaluate the 

efficacy of this method need further studies, that determination of significant 

amount of polyphenol released from the polymers for reach the inner layers of 

the treated arteries and observation of EGCG and resveratrol concentration 

released from devices in treated vessel and blood, and inhibition study of 

intimal hyperplasia by long term implantation. 
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5. Conclusion  

The purpose of this work was to demonstrate the feasibility of local application 

for sustained release of polyphenol eluting PLGA sheet prepared by 

electrospinning as an adventitial wrap for inhitition of intimal hyperplasia 

In conclusion, EGCG and resveratrol released from sheets can suppress 

neointima formation through adventitial administration in injured arteries. From 

the therapeutic point of view, these results suggest that EGCG and resveratrol 

can be a potential agent for the prevention of VSMC dedifferentiation and their 

local release from electrospun PLGA fiber sheet can be applicable as a method 

to prevent intimal hyperplasia in stent, catheter, and vascular bypass and graft. 
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Abstract (in Korean) 
 

소구경 인공혈관 이식 후 내막과형성증 방지를 위한 

생리활성물질의 적용 

 

(지도교수 박종철) 

 

연세대학교 대학원 의과학과 

 

이미희 

 

내막과형성증은 동맥경화증, 혈관 성형술 및 혈관이식 등의 부분에서 

관찰되는 만성적인 구조적 병변으로 과도한 조직의 성장을 유도한다. 

이는 혈관 내벽 손상에 대한 반응으로, 혈관의 중막에서 혈관 

평활근세포가 탈분화하여 이동 유도하여 내막으로 평활근 세포가 

성장 함으로써 세포외기질이 생성되며 혈관내막이 두꺼워지게 된다. 

EGCG와 레스베라트롤은 항산화, 항증식, 항혈전 효과가 있으며, 

심혈관 질환 예방 효과가 있다고 알려져 있다.  

본 연구에서는 PDGF-bb (platelet-derived growth factor-bb)에 의해 탈분화 

유도된 쥐의 대동맥 유래 평활근 세포(rat aorta smooth muscle cell)를 

이용하여 천연 폴리페놀인 EGCG와 레스베라트롤의 탈분화 억제 

효과를 세포 내 신호전달 경로의 탐색으로 확인하여 내막과형성 억제 

기작에 대해 조사하였다. 또한, 전기방사법을 이용하여 이 두 물질을 

PLGA 시트의 형태로 국소적인 약물 전달체를 제작하여, 

풍선카테터를 이용해 혈관내막의 손상을 준 토끼의 복부동맥에 
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적용하여 내막과형성 억제효과를 확인하였다. 

10 ng/ml의 PDGF-bb는 혈관 평활근 세포의 증식 및 세포주기의 

진행을 유도하였고, 10분의 배양 후 PDGFR-β의인산화를 유도하여 

4시간 까지 유지하였다. 또한 이의 발현으로 다음 경로인 42/44 MAPK, 

p38 MAPK, Akt의 인산화가 유도되었다. EGCG와 PDGF-bb를 혈청을 

제거한 배지에 배양된 혈관 평활근 세포에 함께 처리하여 배양하였을 

때 PDGF-bb에 의한 세포 증식을 EGCG의 농도 의존적으로 

저해하였으며, 혈관 평활근 세포를 EGCG와 함께 24시간 동안 전처리 

한 후, EGCG를 제거하여 PDGF-bb를 처리하였을 때 EGCG의 50 

μM이상에서 세포성장을 억제하였다. 그리고 PDGF-bb에 의한 

세포주기의 진행과 matrix metalloproteinases (MMP)의 생성도 EGCG에 

의해 억제됨을 확인하였다. 50 μM의 EGCG와 전 처리된 혈관 평활근 

세포는 PDGF-bb의 자극에 대한 PDGFR-β의 인산화를 저해하여 다음 

신호전달체계의 인산화를 억제하였다. 또한 50 μM의 EGCG를 PDGF-

bb와 함께 혈관 평활근 세포에 처리하였을 때, PDGFR-β의 인산화는 

유도되지 않았고 다음 신호전달인 42/44 MAPK, p38 MAPK, Akt도 

발현되지 않는 것을 확인하였다. EGCG는 직접 세포막에서 또는 

PDGFR-β에서 PDGF-bb의 전달을 차단함으로써 세포 내 

신호전달체계를 중단시켜 혈관 평활근 세포의 탈분화를 억제하는 

것을 확인 할 수 있었다. 

레스베라트롤은 농도 의존적으로 PDGF-bb에 의해 유도된 혈관 

평활근 세포의 증식을 저해하였으며, 100 μM 이상의 농도에서 세포의 

증식을 억제하였다. PDGF-bb는 혈관 평활근 세포의 탈분화를 

유도하여 액틴 배열의 변화와 calponin과 αSMA의 발현을 저해시키고, 

세포의 모양을 원의 형태로 변형시켰다. 반면, 20 μM의 resveratrol과 

함께 배양 시 액틴이 한 방향으로 정열 하여 길게 늘어난 모양을 
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유지하고, calponin과 αSMA도 액틴이 배열된 위치에서 발현함을 

확인하였다. 또한 100 μM의 레스베라트롤은 PDGF-bb 자극에 대해 

세포내 신호전달체계 중 Akt와 다음 신호인 mTOR의 인산화를 

억제하여 PDGF-bb에 의해 유도되는 신호전달체계의 균형을 방해하는 

것을 확인하였다. 레스베라트롤은 PDGF-bb에 의한 세포내 

신호전달체계를 불균형하게 하여 세포의 모양을 유지하고 세포의 

증식을 저해할 수 있도록 세포의 탈분화를 억제함을 확인할 수 

있었다. 

전기방사법을 이용한 PLGA 섬유는 EGCG와 레스베라트롤의 

존재여부와 상관없이 일정한 범위의 직경을 가지고 방울의 형성 없이 

제작되었으며, EGCG와 레스베라트롤이 가지는 고유의 색인 적색과 

노란색을 띄는 시트로 제작되었다. 또한 FT-IR 분석법을 통해 섬유와 

시트에 각각의 물질이 존재함을 확인할 수 있었다. 각 물질이 함유된 

PLGA 시트는 처음 넣은 양의 80~90%가 함유되어 있었다. 각 물질이 

인산염완충 식염수(PBS, pH 7.4)에서 생분해성 고분자인 PLGA로부터 

분비되는 양상을 비교해본 결과, EGCG를 포함하는 PLGA 시트는 

잠입 하루 동안 초기 분비 양이 많았으며, 40일 동안 서서히 

분비되었다. 레스베라트롤을 포함하는 PLGA 시트에서 

레스베라트롤은 20일 동안 로그형태로 분비되었고, 잠입시간이 

길어질수록 분비 양이 감소되었다. 제작된 시트는 혈관 내벽 손상 

토끼모델을 이용하여 풍선 카테터에 의해서 손상된 복부동맥의 

외부에 감싼 후 28일 동안 적용하여 내막과형성 억제효과를 

확인하였다. 실험결과 EGCG 포함된 PLGA 시트를 적용한 군은 내막/ 

중막의 비율이 PLGA 시트만 적용된 군보다 30% 감소하였으며, 

레스베라트롤이 포함된 PLGA 시트가 적용된 군은 50% 감소효과를 

확인할 수 있었다.  
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본 연구결과를 바탕으로, EGCG와 레스베라트롤은 혈관 평활근세포의 

탈분화 예방을 위한 약물로의 사용 가능성이 있으며, 전기방사법으로 

생분해성 고분자와 EGCG와 레스베라트롤을 이용해 만든 

약물전달체는 내막과형성증 억제를 위한 치료에 활용가능성이 있음을 

제시하였다. 
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