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ABSTRACT

Preservation of Human Saphenous Vein by 

Green Tea Polyphenol Treatment under 

Physiological Conditions

Dong-Wook HAN

The Graduate Program in Biomedical Engineering

The Graduate School

Yonsei University

Tea polyphenols are known as catechins and the main catechins in green tea 

are epicatechin, epicatechin-3-gallate, epigallocatechin and epigallocatechin 

-3-gallate. These phenolic compounds are well known as a functional food with 

various bioactivities, such as antioxidative, anticarcinogenic, antimutagenic, 

antiinflammatory, antimicrobial and antiviral activities. However, less attention has 

been paid to the effects of green tea polyphenols (GTPs) on the preservation of 

mammalian cells and blood vessels. Furthermore, the mechanism of this preservation 

effect of the GTP is not known. In this study, it was investigated that this 

physiological preservation through the cytostatic activity of the GTP might be 

involved in cell cycle control.

In the first parts of this thesis, the injurious effects of reactive oxygen species 

(ROS) on neonatal rat calvarial osteoblasts (NRCOs) and human saphenous veins 

(HSVs) and the potential protective roles played by the GTPs were respectively 
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investigated. Additionally, the cytostatic effects of the GTP on normal rat osteoblasts 

(NROs) were examined on the basis of cell growth, function, morphology and 

DNA cell cycle assay. In the last part, the potential effects of the GTP on the short- 

and long-term preservation of the HSV under physiological conditions was 

investigated biochemically, biomechanically and histologically.

Oxidative stress was induced in the NRCOs, either by adding 100 mM H2O2 or by 

the action of 40 U/L xanthine oxidase (XO) in the presence of xanthine (250 μM). 

After incubation, the cellular viability, function and morphology were evaluated. 

Both treatments produced a significant (p < 0.05) reduction in osteoblast viability, as 

assessed by a two-colored fluorescence staining method combined with cellular 

cytometric analysis and MTT assay. A significant (p < 0.05) reduction in the alkaline 

phosphatase activity was also observed after H2O2 addition, whereas XO did not 

have the same effect. On the microscopic observations, the morphological changes 

and intracellular ultrastructural damages were remarkably induced by both 

treatments. The H2O2-induced alterations were prevented by pre-incubating the 

osteoblasts with 200 ㎍/㎖ GTP for 1 h. When the oxidative stress was induced by 

XO, the cellular viability and morphology was also maintained at the same GTP 

concentration.

In the cases of the HSV segments, oxidative stress was also induced exogenously 

either by adding 0.8 or 1.6 M H2O2, or by using 80 or 160 U/L XO in the presence of 

xanthine (0.5 mM). After incubation, the viability of the endothelial cells (ECs) 

dissociated from the veins and the venous histology were respectively evaluated. 

Due to both treatments, a significant (p < 0.05) decrease in the cellular viability and 

severe structural and morphological changes in the veins were induced. The 

H2O2-induced alterations were markedly prevented by pre-incubating the veins with 

either 0.5 or 1.0 ㎎/㎖ GTP for 1 h. When the oxidative stress was induced by XO, the 

cellular viability and the vascular structure were also preserved at the same GTP 

concentration.
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The differential cellular responses to the GTP was examined in osteoblastic 

cells such as NROs, mouse pre-osteoblasts (MC3T3-E1) and human 

osteocarcinoma (MG-63 and Saos-2) cells. The GTP treatment with micromolar 

concentrations (0.1, 1, 10 and 100 μM for 24 h) resulted in dose-dependent 

inhibitions of cell growth and ALP activity, morphological alterations, G0/G1-phase 

arrest of the cell cycle and induction of apoptosis in both osteocarcinoma cells, but 

not in the NROs. In order to investigate whether the GTP treatment was cytostatic 

or apoptotic, the millimolar concentrations (0.1, 0.5 and 1.0 mM) of the GTP 

were treated to the growing normal (NROs) and cancer cells (MG-63) for 24 h. 

The GTP treatment slightly inhibited the growth and function of NROs only at the 

highest concentration (1.0 mM), while it imparted significant (p < 0.05) inhibitory 

responses in the MG-63 cells. In addition, DNA cell cycle assay revealed that the 

GTP treatment resulted in dose-based differential increases of cell population in the 

G0/G1-phase of the cell cycle in both NROs and MG-63 cells, albeit at different 

concentrations. The GTP-mediated increase of the G0/G1 cell populations was 

found to occur at much higher dose of the GTP in the NROs, as compared to the 

MG-63 cells. These results suggest that the induction of cytostatic stage may be 

mediated through the regulation of cell cycle.

In order to investigate the potential role of the GTP in the short-term preservation 

of the HSV under physiological conditions, the vein segments were incubated for 1, 3, 

5, 7 and 14 days at 37℃ in a CO2-incubator, either after 4 h of treatment with 1.0 ㎎/

㎖ GTP (pretreatment) or in the presence of the GTP at the same concentration 

(co-treatment). After incubation, the EC viability, endothelial nitric oxide synthase 

(eNOS) expression level and the vascular histology were evaluated, respectively. 

When the veins were not treated with the GTPs, the viability of the ECs was 

significantly (p < 0.05) reduced with the progress in the culture time (about 50% after 

7 d), and none of the cells expressed eNOS after 5 d. Furthermore, severe histological 

changes and structural damage were observed in the non-treated veins. In contrast, 
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the pretreatment of the veins with the GTPs substantially prevented these 

phenomena. The cellular viability of the GTP-treated vein was approximately 64% 

after 7 d, and eNOS expression was maintained up to 40%, compared to that of the 

fresh vein. The histological observations showed that the vasculature was quite 

similar to that of the fresh vein. When co-treated with the GTPs, the vein could be 

also preserved for 1 wk under physiological conditions, retaining the eNOS 

expression level (45%) as well as the cellular viability (61%) and maintaining 

vascular structures without any morphological changes.

For longer term preservation of the HSV under physiological conditions, the 

HSV segments were pretreated with 0.5 or 1.0 ㎎/㎖ GTP for 1 d and then 

incubated for 1, 2, 4 and 8 wk at 37℃ in a CO2-incubator. After incubation, 

the cellular viability, the eNOS expression level, the biomechanical properties 

and the vein histology were respectively evaluated. When the HSV segments 

were incubated without the GTP treatment, a significant (p < 0.05) 

time-dependant EC viability reduction was occurred, and the ECs was unable 

to express eNOS even after 1 wk. In addition, the non-treated veins 

demonstrated relatively inferiority in such the mechanical properties as the failure 

strength, the elastic modulus and the compliance, to those of the fresh veins. These 

results were confirmed by the histological observations, which demonstrated severe 

structural changes in the non-treated veins. On the contrary, these phenomena were 

noticeably prevented by pre-incubating the veins with 1.0 ㎎/㎖ GTP under 

physiological conditions for 1 d. The GTP-pretreated vein could be preserved for at 

least 2 wk under physiological conditions, retaining both cellular viability and 

eNOS expression level and maintaining biomechanical properties and venous 

structures without any histological aberrations.

In conclusion, these results demonstrate that the GTP is able to act as a biological 

antioxidant and protect mammalian cells and veins from oxidative stress-induced 

toxicity. Also, the use of polyphenol as the cytostatic preservation agent can control 
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the cellular metabolism of normal cells and facilitate the longer term preservation of 

blood vessels at a physiological temperature. On the basis of these results, it may be 

suggested that a GTP treatment can be a useful method for preserving the HSV under 

physiological conditions.

Key Words: Green tea polyphenols, Cytostatic activity, Reactive oxygen species, 

Neonatal rat calvarial osteoblasts, Human saphenous veins, Long-term preservation, 

Physiological conditions, Cellular viability, Endothelial nitric oxide synthase, 

Antioxidant
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1. Introduction

1.1 Green tea

Originated in China and Southeast Asia, tea has been cultivated and consumed 

for thousands of years. Historically, tea has been lauded for various beneficial health 

effects. Now, tea is grown in more than 30 countries and is the most widely 

consumed beverage next to water, and its medicinal properties have been widely 

explored. The tea plant, Camellia sinensis, is a member of the Theaceae family, 

and black, oolong and green tea are produced from its leaves. It is an 

evergreen shrub or tree and can grow to heights of 30 feet, but is usually 

pruned to 2-5 feet for cultivation. The leaves are dark green, alternate and 

oval, with serrated edges, and the blossoms are white, fragrant, and appear in 

clusters or singly. Unlike black and oolong tea, green tea production does not 

involve oxidation of young tea leaves. Green tea is produced from steaming 

fresh leaves at high temperatures, thereby inactivating the oxidizing enzymes 

and leaving the polyphenol content intact. The polyphenols found in tea are 

more commonly known as flavanols or catechins and comprise 30% ∼ 40% of 

the extractable solids of dried green tea leaves. The biological activities of tea are 

beginning to be understood. The possible cancer-preventive potential of tea has 

received much attention in recent years because of the demonstrated anticancer 

activities of tea preparations in laboratory studies (1-4). Epidemiological studies in 

different countries, however, have not generated consistent results concerning the 

cancer-preventive effect of tea in humans. Green tea polyphenols have 

demonstrated significant antioxidant, anticarcinogenic, antiinflammatory, 

thermogenic, probiotic and antimicrobial properties in numerous human, animal 

and in vitro studies (5,6).
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1.2 Tea polyphenol content

Tea is produced from the leaves of the plant Camellia sinensis. Tea composition 

varies with climate, season, horticultural practices, variety and the age of the leaves 

(7). Black tea manufacture involves crushing the tea leaves to promote enzymatic 

oxidation and subsequent condensation of tea polyphenols in a process known as 

fermentation, which leads to the formation of theaflavins and thearubigins. To make 

green tea, fresh tea leaves are steamed or pan-fried, which inactivates the enzymes 

and prevents the oxidation of tea polyphenols. About 78% of the tea production 

worldwide is black tea, whereas green tea, mainly consumed in China and Japan, 

constitutes about 20%. Oolong tea is partially fermented and constitutes about 2% of 

tea production.

Atypical tea beverage, with 2.5 g tea leaves in 250 ㎖ hot water for a 3-min brew, 

usually contains 620 ㎎ to 880 ㎎ of water-extractable solids (7). Tea polyphenols, 

known as catechins, usually account for 30% to 42% of the dry weight of the solids in 

brewed green tea (7). Catechins are characterized by di- or tri-hydroxyl group 

substitution of the B ring and the meta-5,7-dihydroxy substitution of the A ring. The 

main catechins in green tea are epicatechin (EC), epicatechin-3-gallate (ECG), 

epigallocatechin (EGC) and epigallocatechin-3-gallate (EGCG), with the latter 

being the highest in concentration (Fig. 1). EGCG is the major catechin in tea and 

may account for 50% to 80% of the total catechin in tea (4). As shown in Fig. 2, 

catechin, gallocatechin (GC), epigallocatechin digallates, epicatechin digallate, 

3-O-methyl EC and EGC, catechin gallate (CG) and gallocatechin gallate (GCG) are 

present in smaller quantities (7,8). Flavonols, including quercetin, kaempferol, 

myricitin and their glycosides, are also present in tea. The flavonol content is less 

affected by processing, and flavonols are present in comparable amounts in green 

and black teas (7). Moreover, tea leaves contain about 2% to 5% caffeine and much 

smaller quantities of theobromine and theophyline. The amount of caffeine in tea 
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beverage is determined by the leaf size, the brewing time and the temperature. Tea 

contains around 17% nitrogenous materials as protein (∼6%) as well as amino and 

nucleic acids (∼8%). Potassium, calcium, magnesium and aluminum are the 

predominant minerals found in the ash (10% to 15%) of the water-soluble solids of 

tea. Tea beverage is a significant source of fluoride at ∼1 ㎎/serving.

Tea leaves also contain polyphenol oxidase enzymes in separate layers of the leaf. 

When tea leaves are rolled or broken during industry manufacture, catechins come in 

contact with polyphenol oxidase, resulting in their oxidation and the formation of 

flavanol dimers and polymers known as theaflavins and thearubigins, respectively 

(9). Tea leaves destined to become black tea are rolled and allowed to ferment 

(oxidize), resulting in relatively high concentrations of theaflavins and thearubigins 

and relatively low concentrations of catechins. Green tea is withered and then 

steamed to inactivate polyphenol oxidase. Consequently, green tea contains relatively 

high concentrations of catechins and low concentrations of theaflavins and 

thearubigins.



- 4 -

Figure 1-1. Structures of catechins found in green tea. The 

differences among these catechins occur in the number of hydroxyl 

groups and the presence of a galloyl group. (From: Balentine DA, et 

al. 1997)
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Figure 1-2. High-performance liquid chromatography profile of green tea extract. 

EGCG, epigallocatechin-3-gallate; ECG, epicatechin-3-gallate; GCG, gallocatechin 

gallate; EC, epicatechin; EGC, epigallocatechin; GC, gallocatechin; CG, catechin 

gallate; AU, arbitrary units. (From: Sartippour MR, et al. 2001)
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1.3 Antioxidative properties of tea polyphenols

The potential health benefits associated with tea consumption have been partially 

attributed to the antioxidative property of tea polyphenols, and this topic has  

previously been reviewed (10,11). Tea preparations have been shown to trap reactive 

oxygen species (ROS), such as superoxide radical, singlet oxygen, hydroxyl radical, 

peroxyl radical, nitric oxide, nitrogen dioxide and peroxynitrite. Among tea 

catechins, EGCG is most effective in reacting with most reactive oxygen species. The 

chemical structures contributing to effective antioxidant activity of catechins include 

the vicinal dihydroxy or trihydroxy structure, which can chelate metal ions and 

prevent the generation of free radicals. This structure also allows electron 

delocalization, conferring high reactivity to quench free radicals. Under certain 

conditions, however, catechins may undergo autooxidation and behave like 

prooxidants. During the reactions of tea polyphenols with free radicals, several 

oxidation products are formed. Reactions of EGCG and other catechins with peroxyl 

radicals lead to the formation of anthocyanin-like compounds (12), as well as 

seven-membered B ring anhydride dimers and ring-fission compounds (13,14). The B 

ring appears to be the principal site of antioxidant reactions. 

Green tea can also inhibit the oxidation of lipoproteins induced by Cu2+ in vitro 

(15,16). Pretreatment of macrophages or endothelial cells with green tea polyphenols 

reduced cell-mediated low-density lipoprotein oxidation (17). The protective 

activities of tea and tea polyphenols against the oxidation of lipoproteins have been 

proposed to contribute to the prevention of atherosclerosis and other cardiovascular 

diseases. Although a reduction of cardiovascular diseases has been associated with 

tea consumption in some studies, other studies have not demonstrated such a 

beneficial effect. Even the protective effect against lipoprotein oxidation by tea has 

not been convincingly demonstrated in vivo (18).
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1.4 Preservation and conventional storage solutions

In the late 1980s, University of Wisconsin (UW)-Madison researchers 

developed a synthetic solution that could safely store organs outside the body 

for longer than ever before (19-30). Their advance, known as the UW solution, 

became the gold standard of organ preservation techniques. The UW solution 

is known to be composed of 100 mM potassium lactobionate, 25 mM KH2PO4, 

5 mM MgSO4, 30 mM raffinose, 5 mM adenosine, 3 mM glutathine, 1 mM 

allopurinol, 50g/l hydroxyethyl starch and pH is adjusted to 7.4 with KOH. 8 

mg/L dexamethasone, 40 U/L insulin, 200,000 U/L penicillin is added prior to 

use (25 ± 5 mM Na, 120 ± 5 mM K and 320 ± 10 mOsm/L, final values) (19, 

21,22, 25-27).

Now, researchers at the School of Veterinary Medicine have raised the bar. 

By adding natural factors to the synthetic solution, they have further increased 

storage times and decreased organ damage. The finding could ease the 

nationwide shortage of transplantable organs and lead to more successful 

transplant surgeries. UW-Madison veterinary surgeon Jonathan F. McAnulty, 

working with UW-Madison veterinary ophthalmologist Christopher J. Murphy 

and Texas Tech University professor Ted W. Reid, looked at the history of 

storage solutions and considered how their evolution to a purely synthetic 

solution may have affected stored kidneys (31-33). Before the UW solution, 

organs were kept alive with a blood-based solution that consisted of natural 

products. But because these solutions were natural, they could store livers for 

only six hours and kidneys for up to three days. They often resulted in organ 

damage, which could lead to chronic rejection or a recipient's need for dialysis.

To improve these results, UW-Madison researchers Folkert O. Belzer and 

James A. Southard developed in 1986 a synthetic solution - the UW solution - 

that increased storage times for organs such as livers and pancreases from 6 to 
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36 h (34-36). More time led to more organs being transported between 

transplant centers, more rigorous tissue matches and, ultimately, more 

life-saving transplant surgeries.

Though the UW Solution could store organs longer than before, it still 

resulted in injury to the organs once storage times exceeded a day. When a 

totally synthetic solution has been developed, many benefits were gained but 

also some benefits of blood-based solutions were lost, that were not recognized 

at the time (37-40). The benefits of the natural solutions, as the researchers 

found, included small proteins called trophic factors. These factors, which 

stimulate growth and DNA repair, had been investigated in other cell systems 

by Murphy and Reid for many years. When the researchers added a select 

group of trophic factors to the original UW solution that stored canine 

kidneys, a marked improvement in the quality and length of storage was 

made. With the modified solution, which McAnulty describes as totally 

synthetic but biologically active, harvested kidneys could be kept alive for six 

days with little damage. Dog kidneys stored for four days in the modified 

solution had damage equivalent to two days or less in the unmodified one 

(33).

While it is unlikely that organs for transplant would ever be stored for up 

to six days, the study shows that the modified UW solution slows the rate at 

which damage occurs to the harvested organ. If injury accumulates at a slower 

rate, then the damage that occurs at shorter time periods will be less. By 

reducing that injury, the improved solution will favorably affect the donor pool 

and the number of successful transplant surgeries. The last major improvement 

of cold storage of kidneys was when the UW solution was developed. This 

research marks a quantum leap forward in the efficacy of kidney storage and 

provides new concepts regarding the mechanisms active in preventing organ 

failure during storage.
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2. Protective effects of green tea polyphenol 

against ROS-induced oxidative stress in cultured 

rat osteoblasts

2.1 Introduction

Reactive oxygen species (ROS) induce a number of molecular alterations in 

cellular components, leading to changes in cell morphology, viability and function 

(1,2). These changes include DNA lesions, protein cross-links and side-chain 

oxidation. Moreover, phospholipids  constitute a major target for the cytotoxic effect 

of ROS  (3). Lipid peroxidation, indeed, is one of the main factors responsible for the 

structural and functional alterations of the cell membrane following oxidative stress. 

ROS are generated during both normal and xenobiotic metabolism, and they can be 

overproduced in several pathological conditions. Cells are naturally provided with 

an extensive array of protective enzymatic and non-enzymatic antioxidants that 

counteract these potentially injurious oxidizing agents (1,2).

One possible way of preventing ROS-mediated cellular injury is to augment the 

endogenous oxidative defenses by the dietary intake of antioxidants such as vitamins 

A, C and E (4,5). Recently, a great deal of attention has been focused on a variety of 

non-vitamin antioxidants such as phenolic compounds, which might also contribute 

to the cellular antioxidative defense mechanisms (6). These compounds are found in 

many plant species, such as green tea, fruit and vegetables (7,8). Such polyphenols, 

including catechin and its derivatives, resveratrol, curcumin, etc., have attracted 

attention as a functional food with various bioactivities, for example anticancer, 
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antimutagenic, antimicrobial and antiviral activities (9-12). The inhibitory effect of 

polyphenols on cancer cell proliferation has already been documented (13-15). 

However, most studies have focused on the antitumor activity of polyphenols as an 

antioxidant.

These nonessential dietary components presumably play a major role in 

controlling oxidative reactions in vivo, thus exhibiting anticarcinogenic and 

antiatherogenic activity (6,16).  Previous studies of possible mechanisms of phenol 

action indicate that these compounds are able to scavenge free radicals and to break 

peroxidative chain reactions. Phenolic acid can prevent lipid peroxidation by metal 

chelation. Khan et al. (17) reported that oral feeding of the polyphenolic fraction of 

green tea to female SKH-1 hairless mice induced an increase of antioxidant enzymes, 

including glutathione peroxidase and catalase.

In this study, the effects of ROS injury on the viability, function and morphology 

of normal osteoblasts isolated from a rat calvaria and the potential protective roles 

played by green tea polyphenols (GTPs) against ROS were examined. It is generally 

believed that the loss of bone in senescence is due to either an impairment in bone 

formation and/or an increase in bone resorption. It has also been reported that when 

fibronectin is treated with hydroxyl radicals generated by the H2O2-Cu2+ system, the 

bone forming activity of the rat calvarial osteoblasts is hindered (18). Moreover, the 

fibronectin substratum damaged by the oxygen free radicals that are produced 

during the aging process may cause a decline in bone nodule formation by inhibiting 

the proliferation and/or differentiation of the osteoblast progenitors and the 

calcification process (19). Therefore, normal osteoblasts are a suitable model for 

evaluating the physiological response of osteoblastic cells to oxidative stress.
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2.2 Materials and methods

2.2.1 Osteoblast isolation and culture

The osteoblasts were isolated from neonatal (< 1 d old) Sprague-Dawley rat 

calvariae and were used between passages 5 to 10. The neonatal rat calvarial 

osteoblasts (NRCOs) were routinely maintained in Dulbecco's modified Eagle's 

medium (Sigma, St. Louis, MO, USA) supplemented with 5% fetal bovine serum 

(Sigma) and a 1% antibiotic antimycotic solution (including 10,000 units penicillin, 10 

㎎ streptomycin and 25 ㎍ amphotericin B per ㎖, Sigma) at 37℃ in a humidified 

atmosphere of 5% CO2 in air. The phenotype was identified by immuno- 

histochemical staining using osteocalcin antibodies (Biodesign, Kennebunk, ME, 

USA) (20).

2.2.2 Induction of oxidative stress

As described in a previous study (7,21), the oxidative stress was induced by two 

exogenous methods: 1) H2O2 addition and 2) an enzymatic system, composed of 

different concentrations of xanthine oxidase (XO) and its substrate xanthine (250 μM). 

After 24 h of incubation, the cellular viability, function and morphology were 

measured separately.

2.2.3 Cell growth and viability

The cytotoxicity of ROS on the NRCOs was assessed with a viability test using 

fluorescence double staining (Fig. 2-1), followed by flow cytometry (FCM, 

FACSCalibur, Becton Dickinson, San Jose, CA, USA), as described previously (22-24). 

After inducing oxidative stress, the medium was removed and the cells were washed 

twice with phosphate-buffered saline (PBS). The cell precipitates were obtained by 
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centrifugation and re-suspended in PBS. Afterwards, 5(6)-carboxyfluorescein 

diacetate (cFDA, 2 μM) and propidium iodide (PI, 20 μM) was added to the 

suspension containing 2 × 105 cells/㎖. The intensities of the two fluorescences, cFDA 

and PI, were detected simultaneously in the dotplot and the histogram of CELLQuest 

software, written by Mac-App (Becton Dickinson).

MTT assay [reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide to a purple formazan product]was also used to estimate cell viability and 

proliferation (25). After inducing oxidative stress, the NRCOs were incubated with 

0.5 ㎎/㎖ MTT in the last 4 h of the culture period tested at 37℃ in the dark. The 

media were decanted and then washed twice with PBS. Subsequently, the produced 

formazan salts were dissolved with dimethylsulphoxide, and the absorbance was 

determined at 570 nm in an ELISA reader (Spectra Max 340, Molecular Device Inc., 

CA, USA).
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Figure 2-1. Fluorescence microscopic observations of NRCOs. The cell suspension 

containing 2 × 105 cells/㎖ was stained with 2 μM cFDA and 20 μM PI for the 

following FCM analysis. (a) before staining; (b) after staining - green arrows (left) and 

red arrows indicate the viable cells stained with cFDA and the non-viable cells 

stained with PI, respectively.

viable cells

non-viable cells

(b)(a)

viable cells

non-viable cells

(b)(a)



- 19 -

2.2.4 Alkaline phosphatase activity

As mentioned above, oxidative stress was induced by both treatments. For the 

alkaline phosphatase (ALP) activity assay (26), the NRCOs were incubated with 4 ㎎/

㎖ of a ρ-nitrophenyl phosphate solution (Diagnostic Kit 245, Sigma) at 37℃ for 30 

min. In the presence of ALP, ρ-nitrophenol (PNP) production was measured by 

monitoring the solution absorbance at 405 nm using an ELISA reader.

2.2.5 Optical and electron microscopy

At the completion of each treatment, the NRCOs were rinsed with PBS and then 

centrifuged. After centrifugation, the cell pellets were obtained and re-suspended in 

the culture medium. The cellular morphology was examined using an Olympus IX70 

inverted system microscope (Olympus Optical Co., Osaka, Japan).

In addition to optical microscopy, transmission electron microscopy (TEM) was 

performed to obtain information regarding the intracellular ultrastructure. The 

NRCO suspension was immediately fixed with 2% glutaraldehyde, rinsed with PBS, 

and then post-fixed in 1% sodium cacodylate buffered osmium tetroxide (OsO4). The 

OsO4-fixed specimens were subsequently dehydrated through a graded series of 

ethanol and finally embedded in situ by covering with a layer of Spurr epoxy resin 

(Polysciences Inc., Warrington, PA, USA), which was allowed to polymerize. All 

specimens were sectioned using a diamond knife mounted in an ultracut-Reichert 

microtome (Leica, Heidelberg, Germany). Ultra thin sections (70 ∼ 80 nm) were 

contrasted with uranyl acetate and lead citrate and observed using an electron 

microscope (CM-120, Philips, Eindhoven, Netherlands) at 80 kEv.

2.2.6 Treatment of polyphenol

Polyphenolic compounds extracted from green tea were kindly supplied by PFI 
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Inc., Kyoto Japan. The mixture was composed mainly of (－)-epigallocatechin 

-3-O-gallate (28.0%), (－)-gallocatechin-3-O-gallate (11.6%), (－)-epicatechin-3-O- 

gallate (4.6%), (－)-epigallocatechin (15.0%), (＋)-gallocatechin (14.8%), (－)-epi 

-catechin (7.0%) and (＋)-catechin (9.5%), and its purity exceeded 90% (27,28). In 

order to assay the ability of these compounds to protect NRCOs against 

ROS-mediated oxidative stress, the cells were pre-incubated for 1 h in the presence of 

the GTP at a final concentration of 200 ㎍/㎖ in the medium, which was added to the 

cell suspension. After pre-incubation time, the excess GTP was completely removed 

and the medium was exchanged before adding the oxidative stress-inducing agents. 

This avoided a direct reaction between the polyphenol and the oxidant source in the 

medium.

2.2.7 Statistical analysis

All variables were tested in three independent cultures for each experiment, and 

each experiment was repeated twice (n = 6). The results are reported as a mean ±  SD. 

A one-way analysis of variance, which was followed by a Tukey HSD test for the 

multiple comparisons, was used to detect the protective effect of the GTP against ROS 

injury to the NRCOs. A p value < 0.05 was considered statistically significant. In 

addition, the effects of increasing H2O2 and XO concentrations on cellular viability 

were analyzed by a students' t-test.
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2.3 Results

2.3.1 Protective effects of GTP against H2O2-induced 

oxidative stress in NRCOs

To investigate the ROS-induced cytotoxic effects on the primarily cultured 

NRCOs, increasing H2O2 concentrations were added to the medium and after 

incubation, the cellular and molecular alterations were evaluated. To characterize in 

greater detail the overall cellular injury by the agent, two simple assays in microplate 

format were performed. In both assays (FCM and MTT), the metabolic activity of 

viable cells was used as a parameter of quantitative cell proliferation and cytotoxicity. 

FCM analysis was used in combination with a cFDA/PI double staining method. 

Because the flow cytometric techniques depend on fluorescence, both cFDA and PI 

are ideal for a quick evaluation of cellular viability, and FCM allows the simultaneous 

determination of the number of viable and non-viable cells. Therefore, the differences 

in the amount of both fluorescent dyes incorporated by the cells indicate either a 

variation in the number of the cells or simply a change in their physiological state. On 

the other hand, the MTT assay is based on the determination of mitochondrial 

succinate dehydrogenase activity by measuring dark blue formazan formed by 

reduction of tetrazolium. Incubating the cells in the presence of millimolar H2O2 

concentrations resulted in a significant (p < 0.05) dose-dependent decrease in NRCO 

viability. After 24 h of treatments with 50 mM and 100 mM H2O2, FCM analysis 

revealed an approximate 45% and 90% loss of cell viability, respectively, while MTT 

assay showed an about 85% loss of cell viability against those treatments (Fig. 2-2).
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Figure 2-2. Hydrogen peroxide-induced cytotoxicity in NRCOs. The cells were 

incubated for 24 h at 37℃ in the presence of increasing H2O2 concentrations. 

Subsequently, the cellular viability and the ALP activity were measured by FCM 

analysis, MTT assay and ALP activity assay, respectively, as described in Materials 

and Methods. All variables were tested in three independent cultures for each 

experiment, and each experiment was repeated twice (n = 6). The results are reported 

as a mean ± SD. The data is analyzed by a students' t-test, and the values marked 

with asterisks are significantly (p < 0.05) different from the control.
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These markers were then used to verify the protective effect of the GTP against 

H2O2-induced oxidative stress to the NRCOs. When the cells were pretreated with the 

GTP prior to being challenged with 50 mM H2O2, in conditions similar to those used 

in the experiments mentioned above, only a slight decrease in cell viability was 

observed, suggesting that the GTP suppresses the H2O2-induced cytotoxicity (Fig. 

2-3a). This polyphenol was active and provided significant (p < 0.05) protection 

against oxidative stress. In contrast, the biological antioxidant activity was relatively 

less exerted by the polyphenol against 100 mM H2O2-induced oxidative stress (Fig. 

2-3b). The GTP alone was not toxic at the concentrations used in this study, indicating 

that the cell viability was more than 96% (data not shown).

The ALP activity, which indicates osteoblast differentiation directly, was also 

measured as a second marker of the H2O2-induced cellular injury of the NRCOs. The 

intrinsic activity of ALP resulted in the production of 31.8 ± 0.3 nmol PNP/min/10
5
 

of the control cells (Fig. 2-2). When the NRCOs were treated with 100 mM H2O2, a 

significant (p < 0.05) decrease in ALP activity was observed, indicating severe 

oxidative damage in the cells. Pre-incubation of the cells with 200 ㎍/㎖ GTP 

significantly (p < 0.05) reduced the alteration in ALP activity induced by 100 mM 

H2O2, showing the biological antioxidant activity of the polyphenol (Fig. 2-3c). The 

ALP activity of the NRCOs was unaffected by incubation in the presence of the 

polyphenol only and it was 33 ± 1.7 nmol PNP/min/10
5
 of the cells (data not shown). 

Lower doses of the GTP including 50 or 100 ㎍/㎖ had showed no significant (p < 

0.05) biological antioxidant activities against 100 mM H2O2 (data not shown).



- 24 -

Figure 2-3. Effect of GTP on the hydrogen peroxide-induced cytotoxicity of NRCOs. 

The cells were pre-incubated for 1 h at 37℃ with 200 ㎍/㎖ GTP and then treated for 

24 h with either 50 mM or 100 mM H2O2. Parallel sets of samples received only H2O2 

treatment or no treatment at all (100% viability). At the end of incubation, the cellular 

viability and the ALP activity were measured by FCM analysis, MTT assay and ALP 

activity assay, respectively, as described in Materials and Methods. All variables were 

tested in three independent cultures for each experiment, and each experiment was 

repeated twice (n = 6). The results are reported as a mean ± SD. The data is analyzed 

by Tukey HSD tests. The values marked with asterisks are significantly (p < 0.05) 

different from the H2O2-treated groups without GTP pretreatment. The cells 

incubated only in the presence of GTP showed fluorescent intensities and ALP 

activities similar to those of the untreated cells (data not shown here). (a) 50 mM 

H2O2-treated; (b) 100 mM H2O2-treated; (c) ALP activity.
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2.3.2 Protective effects of GTP against XO-induced 

oxidative stress in NRCOs

The cytotoxic effects induced in the NRCOs were then investigated by another 

ROS-generating system, consisting of XO and its substrate xanthine. This system 

enzymatically generates superoxide radicals and H2O2 during the conversion of 

xanthine to uric acid. Fig. 2-4 shows the effects of XO activity on osteoblast viability 

and differentiation, as determined by FCM analysis, MTT assay and ALP activity 

assay. When the NRCOs were incubated with 250 μM xanthine and increasing XO 

concentrations, a marked decrease in viability was observed. An about 50% decrease 

in viability was observed after incubating the cells treated with 40 U/L of the 

enzyme, whereas the ALP activity was unaffected by the XO concentrations. The 

addition of either xanthine or XO alone did not affect the cell viability and function 

(data not shown). Subsequently, the protective effect of the GTP against oxidative 

stress in the NRCOs was also investigated under these experimental conditions. 

Pretreating the cells with 200 ㎍/㎖ GTP significantly (p < 0.05) prevented the 

XO-induced loss of viability, indicating that polyphenol acted as a biological 

antioxidant, whereas their ALP activities were unchanged (Fig. 2-5). Lower doses of 

the GTP including 50 or 100 ㎍/㎖ had showed no significant (p < 0.05) biological 

antioxidant activities against 40 U/L XO with 250 μM xanthine (data not shown).
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Figure 2-4. Xanthine oxidase (XO)-induced cytotoxicity in NRCOs. The cells were 

incubated for 24 h at 37℃ in the presence of 250 μM xanthine and increasing XO 

concentrations. Subsequently, the cellular viability and the ALP activity were 

measured by FCM analysis, MTT assay and ALP activity assay, respectively, as 

described in Materials and Methods. All variables were tested in three independent 

cultures for each experiment, and each experiment was repeated twice (n = 6). The 

results are reported as a mean ± SD. The data is analyzed by a students' t-test, and 

the values marked with asterisks are significantly (p < 0.05) different from the control.
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Figure 2-5. Effect of GTP on the xanthine oxidase (XO)-induced cytotoxicity of 

NRCOs. The cells were pre-incubated for 1 h at 37℃ with 200 ㎍/㎖ GTP and then 

treated for 24 h with 250 μM xanthine and 40 U/L XO. Parallel sets of samples 

received either XO treatment only or no treatment at all (100% viability). At the end 

of incubation, the cellular viability and the ALP activity were then measured by FCM 

analysis, MTT assay and ALP activity assay, respectively as described in Materials 

and Methods. All variables were tested in three independent cultures for each 

experiment, and each experiment was repeated twice (n = 6). The values are reported 

as a mean ± SD. The data is analyzed by Tukey HSD tests. The values marked with 

asterisks are significantly (p < 0.05) different from the XO-treated groups without 

GTP pretreatment. The cells incubated only in the presence of GTP showed 

fluorescent intensities and ALP activities similar to those of the untreated cells (data 

not shown here).
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2.3.3 Microscopic observations

The morphologies of the ROS-damaged NRCOs pretreated with or without the 

GTPs were examined after 2 h in culture by optical microscopy (Fig. 2-6). Without 

treatment, the freshly cultured NRCOs began to spread radially, were flattened and 

well attached to the culture dish (Fig. 2-6a). The morphologies of the cells treated 

with the GTP only appeared round and plump with a few local attached sites (Fig. 

2-6b). When the oxidative stress was induced by either H2O2 or XO, distinct 

morphological changes were observed (Fig. 2-6c and 2-6e). Either H2O2- or 

XO-treated NRCOs were also round-shaped with no membrane aberration, but the 

cells showed no radial spread and did not attach to the culture dishes. These 

apparent morphological changes induced by both treatments were considerably 

prevented by polyphenol pretreatment. When pretreated with the GTP prior to 

oxidative stress induction, the NRCOs showed similar morphologies to those of the 

cells incubated in the presence of the polyphenol only (Fig. 2-6d and 2-6f).

The TEM examination confirmed these optical microscopic findings. The 

prominent structures within the NRCOs were the nucleus (N), mitochondria (M), 

ribosomes and a rough endoplasmic reticulum (rER). The non-treated NRCOs were 

observed, showing such organelles of normal active cells, as a euchromatic nucleus 

with one or two nucleoli (Nu), a large amount of rER, a well-developed Golgi 

apparatus (G), variously shaped mitochondria and cytoplasmic granules. The cells 

exhibited irregular cytoplasmic projections or pseudopodia (P) (Fig. 2-7a). However, 

when the NRCOs were pretreated with the GTP for 1 h, the cytoplasm was not rich in 

mitochondria and polysomes, but had a small amount of rER cisternae, a Golgi 

apparatus, which were not well developed, and many electron dense bodies (Fig. 

2-7b). The cells presented characteristics of less active cells with a heterochromatic 

nucleus and a reduced protein synthesis. TEM showed that the NRCOs underwent 

ROS-induced oxidative stress had disorganized rER, few mitochondria and small 
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nuclei, which were not well delimited and contained numerous large vacuoles (V) in 

the cytoplasm (Fig. 2-7c and 2-7e). These intracellular ultrastructural alterations were 

noticeably reduced by the polyphenol pretreatment, in spite of the oxidative stress 

induced in the NRCOs (Fig. 2-7d and 2-7f).
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2.4 Discussion

Since the hydroxyl radical hypothesis of aging was introduced (29), the 

involvement of oxidative stress in the aging process has been confirmed by increases 

in lipid peroxidation in tissues with age. It has been thought that hydroxyl radicals 

are one of the causes of aging and disease and generated in various tissues, 

particularly during the inflammation and aging process. Hydroxyl radicals can not 

only inhibit proliferation and differentiation, but also influence the calcification 

process in rat calvarial osteoblast cells (18). In calcified tissue, ALP activity is one of 

the most frequently used parameters for cell differentiation and for identifying the 

osteogenic properties. In addition, ALP plays an important role in bone formation, 

particularly mineralization (30). Furthermore, it has been reported that the number of 

osteoblast cells and ALP mRNA expression were lower in an aged rat femur bone 

(31).

In an in vitro experimental system, the total ethanol extract from the leaves of 

Chromolaena odorata showed significant antioxidant effects on hydrogen peroxide and 

hypoxanthine－XO induced damage to fibroblasts and keratinocytes, which might be 

related to the wound healing process (21). This prompted us to consider the influence 

of H2O2 and XO on the viability, function and morphology of NRCOs. In this study, 

the injurious effects of ROS on both viability and ALPactivity in the cells during the 

cultivation period were examined using FCM analysis, MTT assay and ALP activity 

assay (Figs. 2-3 and 2-5). Furthermore, when the NRCOs were treated with either 

H2O2 or XO, significant morphological changes and intracellular ultrastructural 

alterations were observed in the cells (Figs. 2-6 and 2-7).

Simultaneous use of the above mentioned methods in combination with 

morphological evaluations enables suggestion of the mechanism of action if the 

metabolic activity affected by the cytotoxic agents can be detected on the principle of 

an indirect method. Typically, when a strong cytotoxic effect was determined by 
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FCM analysis, which shows the activity of intracellular esterases, many cytoplasmic 

vacuoles and deteriorated organelles was microscopically observed (Fig. 2-7c and 

2-7e). Similarly, variations of toxic effects measured by the tetrazolium salt MTT, 

which shows the activity of mitochondrial reductases, were accompanied by 

formation of formazan in mitochondria of a few undamaged cells. MTT is known to 

interact with components of the mitochondrial respiratory chain and its reduction has 

often been used as a means of assessing cell viability (32). Moreover, ALP is a 

membrane enzyme routinely used in in vitro experiments as a relative marker of 

osteoblastic differentiation (26).

This study also revealed that 1 ∼ 2 h was sufficient for the non-treated NRCOs to 

attach to the culture dishes, whereas the GTP-treated NRCOs did not well attach to 

the dishes, suggesting that the polyphenols act as a surfactant in the medium (Fig. 

2-6). This may be related to the intrinsic properties of the GTP, which pass readily 

through the cell membrane due to their amphipathic properties. Furthermore, it has 

been reported that the GTP showed excellent adsorption to protein, and its high 

concentration directly influenced not only the collagen in the extracellular matrix and 

various receptors on the cell membrane, but also the β-cells in the rat pancreatic islets, 

which suggests that the response to glucose is not complete (27).

Previous studies on polyphenolic compounds have demonstrated that 

polyphenols are potent antioxidant, antiinflammatory and antiproliferative agents, 

which is thought to have chemopreventive properties with respect to carcinogenesis. 

However, the antiproliferative effects of polyphenol have been described primarily 

for cultured tumor cells and its effects on the proliferation of normal cells are unclear. 

The antiproliferative effect of curcumin (diferuloylmethane), a polyphenol in the 

spice turmeric, on vascular smooth muscle cells might be mediated partially through 

the inhibition of protein tyrosine kinase activity and c-myc mRNA expression (33). 

Furthermore, when the effect of resveratrol, a phytoalexin found in grapes and other 

plants, on the viability and proliferation of cultured normal human keratinocytes was 
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evaluated, resveratrol could inhibit the proliferation of the keratinocytes in vitro and 

was cytotoxic to these cells at high concentrations (34). In contrast, green tea 

component epigallocatechin-3-gallate treatment resulted in a dose-dependent 

inhibition of cell growth, G0/G1-phase arrest of the cell cycle and induction of 

apoptosis in human carcinoma cells, but not in normal human epidermal 

keratinocytes (35-37). These findings concur with the results in this study showing 

that the GTP used in this study did not affect the growth and viability of normal rat 

osteoblasts in the in vitro experimental model.
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2.5 Conclusions

Conclusively, the results of the present study demonstrate that the GTP can act as 

a biological antioxidant in a cell culture experimental system and protect NRCOs 

from oxidative stress-induced toxicity, which may promote bone recovery under 

similar pathologic conditions. Lower doses of the GTP including 50 and 100 ㎍/㎖ 

had showed no significant (p < 0.05) biological antioxidant activities against strong 

ROS-induced oxidative stress such as 100 mM H2O2 or 40 U/L XO with 250 μM 

xanthine. This study was intended not to investigate the in vivo effects of the GTP by 

means of oral administration or subcutaneous injection but to examine the protective 

effects of the GTP against ROS-induced oxidative stress in the cultured rat osteoblasts 

as an in vitro experimental model. Although the effect or the barrier effect of the GTP 

treatment could not be explained, these observations might also have important 

implications for the successful preservation of cells or tissues under physiological 

conditions. Further studies aimed at examining the mechanism of the effect of the 

GTP on osteoblasts are recommended.
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3. Protection of human saphenous vein from 

ROS-induced oxidative stress by green tea 

polyphenol pretreatment

3.1 Introduction

Reactive oxygen species (ROS) have been implicated in the promotion of 

atherogenesis (1) and in the development of many diseases (2-4). ROS generators 

such as hydrogen peroxide (H2O2) and superoxide can be produced by activated 

neutrophils and macrophages, and one of the major biological target of H2O2 are 

endothelial cells (ECs), in which it increases the liberation of nitric oxide (5). 

Moreover, H2O2 is an important mediator of acute oxidative injury to vascular ECs 

(6). Similarly, several reports have shown a marked decrease in the number of 

antioxidant defense mechanisms in atherosclerosis (7). Even various multifunctional 

protective system cannot completely, and consequently oxidatively damaged 

molecules accumulate in cells. The clinical implications of these alterations can be 

severe; in fact, the accumulation of ROS in several cellular components is thought to 

be a major cause of molecular injury leading to cell aging and to age-related 

degenerative diseases such as cancer, immune system decline, brain dysfunction, 

cataracts and coronary heart disease (8,9). In this respect, the so-called ''oxidation 

hypothesis'' of atherosclerosis implies that the oxidative modifications of LDL 

represent a key step in the pathogenesis of this disease (10). Oxidized LDL are 

potentially  more atherogenic than native LDL (11), and inhibition of lipoprotein 

oxidation slows the progression of atherosclerotic lesions (12).
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During the last decade, the use of allograft tissues, saphenous veins and heart 

valves for cardiovascular reconstructions has considerably increased (13,14). Despite 

the use of routine cryopreservation, several graft-related problems such as patency 

and function inevitably occur after a vascular transplantation (15-17). Structural and 

functional changes occurring in these cryopreserved venous and arterial grafts have 

mostly been investigated using animal models (18-20). These studies have 

demonstrated the problem of endothelial integrity, cellular viability and antigenic 

characteristics, while less attention has been paid to the cryoprotective effect of 

polyphenols during cold storage of cell and tissue.  Morin is a bioactive pigment 

found in yellow Brazil wood, and has been reported to prolong the survival time of 

cells from the human circulatory system (ventricular myocytes, saphenous vein ECs 

and erythrocytes) in the presence of ROS generators in vitro (21).

In this study, the role of ROS injury in the viability of ECs derived from human 

saphenous vein (HSV) and the possible protective effects of green tea polyphenols 

(GTPs) against ROS-induced oxidative stress were investigated. It is known that 

vascular ECs play an important role in physiological hemostasis and blood vessel 

permeability and that they express immune-related functions in monocytes and 

macrophages. The viability of ECs is essential in the prediction of the post-operative 

function and durability of a transplanted vessel (22). Therefore, it is suggested that 

HSV is a suitable model for evaluating the physiological response of ECs to oxidative 

stress.
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3.2 Materials and methods

3.2.1 Cell dissociation from HSV

The HSV segments were harvested from 20 patients undergoing artery by-pass 

graft surgery. The mean age of the patients were 53.2 ± 6.4 years and eight of them 

were female. Because vascular ECs are easily damaged by mechanical stresses or 

blood clots, the veins were thoroughly washed with phosphate-buffered saline (PBS) 

but not using mechanical devices such as homogenizers or cell scrapers. Using a 

method similar to one described previously (23-26), the vein specimen was excised 

using a surgical blade, and only the inner side of the vessel-wall was placed in an 

enzyme solution consisting of 250 units/㎖ collagenase 1A (Sigma, St. Louis, MO, 

USA) and 2.5 ㎎/㎖ trypsin (Sigma), which were mixed 2:1 by volume. After 1 h of 

enzymatic digestion at 37℃, the enzyme solution was diluted with PBS to stop 

enzymatic reaction, and then the process was repeated once after replacing with fresh 

enzyme solution. All diluted solutions were collected and centrifuged at 200 × g for 

10 min. The resulting pellet was regarded to be total vascular cells dissociated from 

the vein segments.

3.2.2 Induction of oxidative stress

An iron-free RPMI 1640 medium (Sigma) was used for the oxidative stress 

induction experiments. As described previously (27), oxidative stress was induced by 

two exogenous methods: 1) H2O2 addition and 2) an enzymatic system, composed of 

different concentrations of xanthine oxidase (XO) and its substrate xanthine (0.5 mM). 

After 24 h of incubation, the cellular viability and the venous histology were 

separately evaluated .
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3.2.3 Flow cytometry analysis

The toxic effect of ROS on the HSV was assessed by using a viability test with 

fluorescence double staining, followed by flow cytometry (FCM, FACSCalibur, 

Becton Dickinson, San Jose, CA, USA). After inducing oxidative stress, the medium 

was removed and the vein segments were washed twice with PBS. Total cells were 

obtained from the HSV by enzymatic digestion and centrifugation as mentioned 

above. Using the methods described previously (21-26), 0.004% Griffonia simplicifolia 

agglutins-fluorescein isothiocyanate (GSA-FITC, ICN Biomedicals Inc., Aurora, OH, 

USA) mixed with 2 mM CaCl2 and 2 mM MgCl2 in PBS and 20 μM propidium iodide 

(PI, Sigma) (GSA-FITC/PI) were added to a dissociated cell suspension containing 1 

× 10
5
 cells/㎖. GSA-FITC/PI double stained cells were detected by FCM, and 

unstained dissociated cells were regarded as the negative control. In detail, FITC 

conjugated with GSA differentiates ECs from the other vascular cells and can be 

detected at 515 nm on FCM because of prominent binding affinity of GSA to the α

-D-galactosyl residue expressed by human ECs. Moreover, PI has been known to be 

impermeable to intact plasma membranes, whereas, it can easily penetrate the 

damaged plasma membrane of non-viable cells and intercalate with the DNA or 

RNA forming a bright red fluorescent complex, which detected at 615 nm on FCM. 

Consequently, GSA-FITC stained cells could be detected among the other cells and 

regarded as viable ECs, while GSA-FITC/PI double stained cells was able to be 

regarded as non-viable ECs (28,29). The data obtained was analyzed using the dot 

plot and histogram of CELLQuest software, written by Mac-App (Becton Dickinson).

3.2.4 Histological observation

At the completion of each treatment, vein segments were rinsed with PBS and 

then immediately fixed with a solution containing 2% glutaraldehyde, 2% 

paraformaldehyde and 0.2% CaCl2, followed by embedding in paraffin. Tissue blocks 
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were sectioned to 5 μm and sections were stained with hematoxylin and eosin (H & 

E). Prepared specimens were examined under an Olympus BX40 optical microscope 

(Olympus Optical Co., Osaka, Japan).

3.2.5 Polyphenol treatment

As mentioned above (27,30), green tea-extracted polyphenols were kindly 

supplied by PFI Inc., Kyoto Japan and consisted of catechin and its 6 derivatives. In 

order to assay the ability of the GTP to protect the HSV-derived ECs from 

ROS-mediated oxidative stress, the vein segments were pre-incubated for 1 h in the 

presence of the GTPs at final concentrations of 0.5 and 1.0 ㎎/㎖ in RPMI 1640 

medium. After pre-incubation, the medium was exchanged before adding the 

oxidative stress-inducing agents. Finally, the cellular viability and venous histology 

were evaluated as mentioned above.

3.2.6 Statistical analysis

All variables were tested in three independent cultures for each experiment, and 

each experiment was repeated twice (n = 6). The results are reported as a mean ±  SD. 

ANOVA, which was followed by a Tukey HSD test for the multiple comparisons, 

was used to detect the protective effect of the GTP against ROS injury to the HSV. A p 

value < 0.05 was considered statistically significant. In addition, the effects of 

increasing H2O2 and XO concentrations on the cellular viability of the veins were 

analyzed by a students' t-test.
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3.3 Results

3.3.1 Protective effects of GTP against H2O2-induced 

oxidative stress in HSV

Incubating the veins in the presence of molar H2O2 resulted in a significant (p < 

0.05) dose-dependent decrease in the cellular viabilities (Fig. 3-1). After 24 h of 

treatment with 0.8 M and 1.6 M H2O2, approximate 45% and 75% losses in EC 

viabilities were observed and 33% and 45% losses in total cell viabilities, respectively. 

This marker was then used to verify the protective effect of the GTP against 

H2O2-induced oxidative stress in the HSV. To evaluate the effects of the GTP simply 

incorporated into the vein tissue, the veins were pre-incubated for 1 h with 0.5 or 1.0 

㎎/㎖ GTP, and subsequently the medium was exchanged before oxidative stress was 

induced, which avoided the possibility of direct reaction between the polyphenol and 

the oxidant source in the medium. When the veins were pretreated with the GTP 

prior to being challenged with 0.8 M H2O2, about 7% and 6% decreases in EC and 

total cell viabilities were observed, suggesting that the GTP suppresses the 

H2O2-induced toxicity (Fig. 3-2). This polyphenol was active in the range of 0.5 ∼ 1.0 

㎎/㎖ concentrations and showed significant (p < 0.05) protection against oxidative 

stress. In contrast, the relatively less protective effect was exerted by the polyphenol 

against 1.6 M H2O2-induced oxidative stress. The GTP alone was not toxic at the 

concentrations used in this study (data not shown).
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Figure 3-1. Hydrogen peroxide-induced cytotoxicity in HSV. The vein segment were 

incubated for 24 h at 37℃ in the presence of increasing H2O2 concentrations. 

Subsequently, the cellular viability was measured by FCM analysis, as described in 

Materials and Methods. All variables were tested in three independent cultures for 

each experiment, and each experiment was repeated twice (n = 6). The results are 

reported as a mean ± SD. The data is analyzed by a students' t-test, and the values 

marked with asterisks are significantly (p < 0.05) different from the non-treated 

control.
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Figure 3-2. Effect of GTP on the hydrogen peroxide-induced cytotoxicity of HSV. The 

vein segments were pre-incubated for 1 h at 37℃ with 0.5 or 1.0 ㎎/㎖ GTP and then 

treated for 24 h with either 0.8 M or 1.6 M H2O2. Parallel sets of vein segments 

received only H2O2 treatment. At the end of this incubation, the cellular viability was 

measured by FCM analysis, as described in Materials and Methods. All variables 

were tested in three independent cultures for each experiment, and each experiment 

was repeated twice (n = 6). The results are reported a means ±  SD. The data is 

analyzed by the Tukey HSD test. The values marked with asterisks are significantly 

(p < 0.05) different from those of the H2O2-treated groups. The veins incubated only 

in the presence of GTP showed fluorescent intensities similar to those of the 

non-treated veins (data not shown here).
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3.3.2 Protective effects of GTP against XO-induced 

oxidative stress in HSV

The cytotoxic effects induced in the HSV were then investigated using another 

ROS-generating system, consisting of XO and its substrate xanthine. This system 

enzymatically generates superoxide radicals and hydrogen peroxide during the 

conversion of xanthine to uric acid. Fig. 3-3 shows the effects of XO activity on the 

cellular viability in the HSV, as determined by FCM analysis. When the veins were 

treated with 0.5 mM xanthine with increasing XO concentrations, a marked decrease 

in viability was observed compared with the non-treated control. About 32% and 

21%decreases in EC and total cell viabilities were observed after treating the veins 

with 80 U/L of the enzyme. In the case of treatment with 160 U/L of XO, an 

approximate 40% loss of EC viability and 28% loss of total cell viability were 

observed. The addition of either xanthine or XO alone did not affect the cellular 

viabilities (data not shown). Subsequently, the protective effect of the GTP on the 

HSV against oxidative stress was also investigated under these experimental 

conditions. Pretreating the veins with 0.5 or 1.0 ㎎/㎖ GTP significantly (p < 0.05) 

prevented the XO-induced loss of viability, indicating that the polyphenol acts as a 

biological antioxidant (Fig. 3-4).



- 51 -

Figure 3-3. Xanthine oxidase (XO)-induced cytotoxicity in HSV. The vein segments 

were incubated for 24 h at 37℃ in the presence of 0.5 mM xanthine and increasing XO 

concentrations. Subsequently, the cellular viability was measured by FCM analysis, 

as described in Materials and Methods. All variables were tested in three 

independent cultures for each experiment, and each experiment was repeated twice 

(n = 6). All variables were tested in three independent cultures for each experiment, 

and each experiment was repeated twice (n = 6). The results are reported as a mean ± 

SD. The data is analyzed by a students' t-test, and the values marked with asterisks 

are significantly (p < 0.05) different from the non-treated control.
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Figure 3-4. Effect of GTP on xanthine oxidase (XO)-induced cytotoxicity of HSV. The 

vein segments were pre-incubated for 1 h at 37℃ with 0.5 or 1.0 ㎎/㎖ GTP and then 

treated for 24 h with either 80 U/L or 160 U/L XO and 0.5 mM xanthine. Parallel sets 

of vein segments received XO treatment only. At the end of this incubation, the 

cellular viability was measured by FCM analysis, as described in Materials and 

Methods. All variables were tested in three independent cultures for each 

experiment, and each experiment was repeated twice (n = 6). The results are reported 

as a means ± SD. The data is analyzed by the Tukey HSD test. The values marked 

with asterisks are significantly (p < 0.05) different from the XO-treated groups. The 

veins incubated in GTP only showed fluorescent intensities similar to those of 

non-treated veins (data not shown here).
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3.3.3 Histological observations

ROS-damaged HSV, pretreated with or without the GTPs was histologically 

examined (Fig. 3-5). It was observed that in fresh veins, the tunica intima (I) consisted 

of little more than the endothelial lining supported by a basement membrane and 

delicate collagenous tissue, and that the tunica media (M) was relatively thin and 

consisted of two or more layers of circularly arranged smooth muscle fibers (Fig. 

3-5a). Moreover, the tunica adventitia (A) was the broadest layer of the vessel wall 

and was composed of longitudinally arranged thick collagen fibers, which merged 

with the surrounding collagenous tissue. The histological morphologies of the veins 

treated with the GTP for 1h were also found to have the above-mentioned three 

common basic structures (Fig. 3-5b). When oxidative stress was induced by H2O2 or 

XO, distinct morphological and histological changes were observed. The H2O2-treated 

vein was severely damaged and contained many artificial pores produced by the 

oxidative attack, and it was highly swollen, being about 2 times as thick as the fresh 

vein (Fig. 3-5c). When the HSVs were pretreated with the GTP prior to oxidative 

stress induction, the artificial pores formed in both tunica M and A were noticeably 

reduced, and the result was almost the same as that obtained when the vein was 

incubated only in the presence of the GTP (Fig. 3-5d). In the case of XO treatment, the 

HSV showed a similar morphology to that of the H2O2-treated (Fig. 3-5e). By 

pretreatment with the GTP, the tunica M was entirely protected from XO-induced 

oxidative stress and some artificial pores were observed only in the layers of the 

tunica A (Fig. 3-5f).
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3.4 Discussion

It has been reported that the total ethanol extract from the leaves of Chromolaena 

odorata showed significant antioxidant effects on hydrogen peroxide and 

hypoxanthine－XO induced damage to fibroblasts and keratinocytes in an in vitro 

experimental system, (31). In relation to this, it has been already shown that the GTP 

pretreatment might protect the cellular viability, function and morphology in 

cultured rat calvarial osteoblasts from oxidative stress-induced toxicity, attributed to 

its action as a biological antioxidant (27). This prompted us to consider the influence 

of H2O2 and XO on the viability of ECs and the histology of HSV. Moreover, it has 

been demonstrated that the technique of polyphenol treatment might allow the 

long-term preservation of rat pancreatic islets without loss of functions such as 

insulin secretion under physiological conditions (30). In the present paper, it was 

shown that ROS generators decreased the viability of ECs from the HSV and 

impaired the venous structure (Figs. 3-1, 3-3 and 3-5), and that these effects of ROS 

were reversed by the GTP, a potent antioxidant (Figs. 3-2, 3-4 and 3-5). The cellular 

viability of the HSV was examined on the basis of membrane integrity via dye 

exclusion from viable cells, among various criteria of viability assay. Therefore, it 

would seem that the level of oxidative damages to cellular membrane of ECs was 

indirectly reflected in the value of the EC viability of the HSV treated with or without 

the GTP.

The histological results partly account for the protective effects of the GTP (Fig. 

3-5). As described in a previous study (27,30), the GTP penetrates readily into the 

layer of the vessel wall due to its amphipathic properties and is easily adsorbed onto 

the extracellular protein fibers, which organize the vessel layers. The absorption of 

the GTP to the protein was generated early but the desorption rate was very slow. 

Therefore, the HSV could be protected by the polyphenol absorption to the collagen 

fibers within the layers of the vessel wall, resulting in the prevention of oxidative 
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damage to the cellular membrane and the reduction in the deterioration of the 

vasculature. The absorption and desorption of polyphenol on the vessel layers were 

confirmed by microscopic observations, because the veins were colored by the GTP.

Since Harman (32) introduced the hydroxyl radical hypothesis of aging, the 

involvement of oxidative stress in the aging process has been confirmed by the 

finding that lipid peroxidation increases in tissues with age. It is thought that 

hydroxyl radicals are one of the causes of aging and disease. Hydroxyl radicals are 

generated in various tissues, particularly during the inflammation and aging 

processes. H2O2 is a small molecule produced by all cellular compartments, and it 

diffuses through subcellular organelles and plasma membranes according to tissue 

concentration gradients, i.e., away from local sites of production (33). Continuous 

treatment of ECs with H2O2 concentrations higher than 0.1 mM also results in cell 

death (34). The number of ECs damaged increases with higher doses and incubation 

duration in the presence of ROS generators. It is generally accepted that hydroxyl 

radicals are also responsible for oxidative injury, although the mechanism in ECs 

remains unclear. Furthermore, antioxidant enzymes such as the superoxide 

scavenger superoxide dismutase or the H2O2 scavenger catalase improve abnormal 

endothelium-dependent relaxation caused by different diseases, such as diabetes and 

atherosclerosis (35).
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3.5 Conclusions

In conclusion, he present study shows that ROS generators can decrease the 

cellular viability and deteriorate the venous structures of HSV, and that these 

damages may be attenuated by the neutralization of ROS due to the GTP. Lower 

concentrations of the GTPs than 0.5 ㎎/㎖ had showed no significant (p < 0.05) 

protective effects against strong ROS-induced oxidative stress such as 0.8 M H2O2 or 

80 U/L XO with 0.5 mM xanthine. These observations may have important 

implications for the successful transplantation and preservation of tissues or organs, 

although the effects of polyphenol treatment cannot be fully explained.
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4. Cytostatic effects of green tea polyphenol on 

normal rat osteoblasts

4.1 Introduction

Cell and organ transplantation can potentially normalize organ functions and 

stop the progression of clinical disease (1-3). In general, the best chances of success 

are made when fresh and cryopreserved cells or organs are transplanted in 

combination. Cryopreservation has many immunological advantages for clinical cell 

or organ transplantation from multiple donors, which is required for patients with 

long-standing diseases (4-7). However, no optimal method for the cryopreservation 

of mammalian cells and tissues has yet been established. It has been demonstrated 

that mammalian cells showed a poor survival after thawing and the recovery of 

function was low (4,8,9). In addition, one of the most important requirements for 

success in clinical cell transplantation is the use of a large number of viable donor 

cells. Moreover, current methods can result in a substantial loss of function and lead 

to the damage and destruction of cells and tissues. Contamination is also a 

particularly difficult problem for immunosuppressed transplant recipients during 

cryopreservation (4,10,11). Microbial contaminants introduced via donor cells can 

persist throughout cryopreservation (10,11). Therefore, before transplantation into 

human subjects the cryopreservation procedures have to be checked for cell 

functional loss, inadequate functional recovery, and contamination by bacteria and 

fungi. To resolve these drawbacks of cryopreservation, the methods currently in use 

need to be modified.

Green tea polyphenols (GTPs) have been shown to possess antimutagenic, 

antiinflammatory and antitumorigenic effects in a variety of in vitro and animal 
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tumor bioassay systems (12-14). Most of the biological responses to green tea 

are believed to be mediated by its major polyphenolic antioxidant constituent 

epigallocatechin-3-gallate (EGCG). The antioxidant potential of EGCG is believed 

to be far greater than that of vitamin E and vitamin C (15). Green tea is one 

of the most popular beverages in the world and a number of epidemiological 

studies, though inconclusive, have shown that the consumption of green tea 

may provide protection against a variety of cancer types (13,14). These studies 

suggest that polyphenols can influence tumor formation through an inhibition 

of various cellular processes involved in cell replication and DNA synthesis, by 

interfering with cell-to-cell adhesion (16), or by inhibiting some of the 

intracellular communication pathways required for cell division (17). In relation 

to this, it was shown that EGCG treatment resulted in a G0/G1-phase cell 

cycle arrest and apoptosis of human epidermoid carcinoma (A431) cells, but 

not of normal human epidermal keratinocytes (18). Furthermore, nuclear factor 

κB has been reported to be involved in the mechanism of this differential 

response to EGCG in cancer cells vs. normal cells (19,20).

In the present study, the differential cellular responses to the GTP in 

several osteoblastic cells including cancer cells, immortalized cell line and 

normal cells was investigated on the basis of cell growth, function, morphology 

and DNA cell cycle assay. Moreover, the cytostatic effects of the GTP on normal 

rat osteoblasts (NROs) were examined with the involvement of cell cycle distribution. 

It has already been shown that the proliferation of various types of cells could be 

controlled and the long-term preservation of various organs or cells might be 

facilitated at a physiological temperature through the use of polyphenol as the 

preservation agent (21,22).
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4.2 Materials and methods

4.2.1 Cell culture and growth conditions

The NROs were isolated from neonatal (< 1 d old) Sprague-Dawley rat 

calvariae. The mouse pre-osteoblasts (MC3T3-E1) and the human 

osteocarcinoma (MG-63 and Saos-2) cells were obtained from ATCC. NRO were 

cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma, St. Louis, 

MO, USA) supplemented with 10% fetal bovine serum (FBS) and a 1% 

antibiotic antimycotic solution (Sigma). MC3T3-E1, MG-63 and Saos-2 cells were 

cultured in minimum essential medium α (GIBCO BRL, Grand Island, NY, 

USA), DMEM and McCoy's 5A medium (GIBCO BRL), respectively, 

supplemented with 10% or 15% FBS and 1% penicillin-streptomycin (Sigma). 

The cells were routinely maintained at 37℃ and 5% CO2 in a humid 

environment.

4.2.2 Polyphenol treatment

As mentioned above, green tea-extracted polyphenols were used as a 

mixture of 7 constituents. In order to assess the differences in the biological 

responses to the GTPs between normal and cancer cells, the cells were 

incubated for 24 h in the presence of the GTPs at micromolar concentrations of 

0.1, 1, 10 and 100 μM (≒ 50 ㎍/㎖), under the above-mentioned conditions, 

which was added to the cell suspension. Finally, the cell growth, function, 

morphology and DNA cell cycle were evaluated respectively.

Furthermore, NROs and MG-63 cells were treated with 0.1, 0.5, and 1.0 mM 

GTP to examine whether the GTP treatments with millimolar concentrations are 

cytostatic or apoptotic.
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4.2.3 Cell growth, function, morphology and DNA cell 

cycle analysis

After the osteoblastic cells were all treated with the pre-determined 

concentrations of the GTP, MTT assay [reduction of 3-(4,5-dimethylthiazol-2-yl) 

-2,5-diphenyltetrazolium bromide to a purple formazan product] was used to 

estimate the cell growth, and alkaline phosphatase (ALP) activity assay was 

employed to measure the cell function. The cellular morphology was observed 

using an Olympus IX70 inverted system microscope (Olympus Optical Co., 

Osaka, Japan).

For DNA cell cycle analysis, the cells, following treatment with the GTP, 

were collected, washed with cold phosphate-buffered saline (PBS, 10 mM, pH 

7.2) and resuspended in 50 ㎕ of cold PBS and 450 ㎕ of cold methanol 

(Sigma) for 1 h at 4℃. The cells were then centrifuged at 1100 rpm for 5 min, 

and the pellet was washed twice with cold PBS, suspended in 500 ㎕ of PBS 

and incubated with RNase (20 Units/ml, final concentration, Sigma) at 37℃ for 

30 min. The cells were chilled over ice for 10 min, stained with propidium 

iodide (100 ㎍/㎖ final concentration) for 1 h and analyzed by flow cytometry 

(FCM, FACSCalibur, Becton Dickinson, San Jose, CA, USA).
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4.3 Results

4.3.1 Effects of GTP on cell growth, function and 

morphology

Employing the 4 different osteoblastic cells, the effect of the GTP on cell 

growth and function by MTT and ALP activity assays was evaluated, 

respectively. As shown in Fig. 4-1, the GTP treatment with micromolar 

concentrations (0.1 - 100 μM for 24 h) to both osteosarcoma (MG-63 and 

Saos-2) cells (Fig. 4-1a and 4-1b) resulted in significant (p < 0.05) dose-dependent 

inhibitions of both the cell growth and the ALP activity, but did not impart 

inhibitory responses for NROs (Fig. 4-1c) even at the highest dose of the GTP 

(100 μM). MC3T3-E1 cells (Fig. 4-1d) demonstrated the intermediate response 

between the normal and cancer cells, and their intrinsic activity of ALP was in 

the relatively low range, indicating that the growth and the function were 

significantly (p < 0.05) inhibited only at the highest dose of the GTP.

These differential cellular responses to the GTP between cancer and normal 

cells were also evident from the morphological observations (Fig. 4-2). The 

non-treated control as well as the low doses (0.1 and 1 μM) of the GTP did 

not cause any alterations in the cellular morphologies of the osteosarcoma cells 

(Fig. 4-2a and 4-2b). At the higher doses of the GTPs (10 and 100 μM), 

however, the number of locally attached cells were markedly decreased, 

indicating that the treatment might result in a dose-dependent detachment of 

the cells. In contrast, this detachment phenomenon was not observed in the 

NROs, and the GTP itself had no effect on the cellular viability and/or survival of 

the cells. In the cases of MC3T3-E1 cells, a slight detachment was observed at 

the relatively higher doses of the GTPs (Fig. 4-2d).



- 67 -

Figure 4-1. Effects of GTP on cell growth and function in the 4 different 

osteoblastic cells. The cells were with 0.1, 1, 10 and 100 μM GTP and then 

incubated for 24 h at 37℃. Parallel sets of samples received no treatment at all (100% 

growth). After incubation, the cell growth and the ALP activity were measured by 

MTT and ALP activity assay, respectively, as described in Materials and Methods.  



- 68 -

Figure 4-1 (continued). All variables were tested in three independent cultures for 

each experiment, and each experiment was repeated twice (n = 6). The results are 

reported as a mean ± SD. The data is analyzed by a students' t-test, and the values 

marked with asterisks (growth) or sharps (ALP activity) are significantly (p < 0.05) 

different from the non-treated control. (a) MG-63 cells; (b) Saos-2 cells; (c) NROs; 

(d) MC3T3-E1 cells.
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4.3.2 Effects of GTP on distribution of cells in the cell 

cycle

To investigate the effect of the GTP on the distribution of the cells in the 

cell cycle, DNA cell cycle analysis was performed employing the growing 

osteoblastic cells (Fig. 4-3). As shown by the data in Fig. 4-3a and 4-3b, the 

GTP treatment resulted in an appreciable dose-dependent increase of cell 

populations in the G0/G1-phase of the cell cycle in both osteosarcoma (MG-63 

and Saos-2 cells. In this experiment, the G0/G1 cell populations of the 

non-treated controls at the specified doses did not change and ranged between 

61% and 70% for the MG-63 cells, and 51% and 62% for the Saos-2 cells (data 

not shown), probably because growing (unsynchronized) cells were employed 

in these experiments. Interestingly, the data also showed a substantial increase 

in the population of the G2/M-phase of the cell cycle. Under similar treatment 

conditions, the GTP treatment did not result in any significant (p < 0.05) 

alteration in the cell cycle distribution of NROs (Fig. 4-3c). MC3T3-E1 cells 

demonstrated the intermediate response in the cell cycle distribution between 

the normal and cancer cells, showing a slight dose-dependent increase of cell 

population in the G0/G1-phase of the cell cycle (Fig. 4-3d).
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Figure 4-3. Effects of GTP on DNA cell cycle in 4 different osteoblastic 

cells. The cells were with 0.1, 1, 10 and 100 μM GTP and then incubated for 

24 h at 37℃. After incubation, the cell cycle distribution of the cells was 

analysed by FCM, as described in Materials and Methods. All variables were 

tested in three independent cultures for each experiment, and each experiment 

was repeated twice (n = 6). The results are reported as a mean ± SD. (a) MG-63 

cells; (b) Saos-2 cells; (c) NROs; (d) MC3T3-E1 cells.
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4.3.3 Cytostatic effects of GTP on normal osteoblasts

To investigate whether the GTP treatment was cytostatic or apoptotic, the 

millimolar concentrations (0.1 - 1.0 mM for 24 h) of the GTPs were treated to 

the growing normal (NROs) and cancer cells (MG-63), respectively. While the 

inhibition of the cell growth of the NROs was almost negligible at the 

non-treated control and the lowest dose (0.1 mM) of the GTP, 0.5 mM GTP 

resulted in a slight inhibition of the cell growth (Fig. 4-4a). Moreover, there 

was no loss in the ALP activity at 0.1 and 0.5 mM doses (Fig. 4-4b). These 

results suggest that the GTP acts as a cytostatic agent at those concentrations. 

However, the highest dose of the GTP (1.0 mM) considerably inhibited both 

the cell growth and the ALP activity of the normal cells. On the contrary, the 

millimolar concentrations of the GTPs imparted significant (p < 0.05) 

dose-dependent inhibitory responses for the MG-63 cells, attributed to the 

apoptotic activity of the GTP at those millimolar concentrations.

Since the induction of cytostatic stage might be mediated through the regulation 

of cell cycle, the effect of the GTP on cell cycle distributions was also examined. DNA 

cell cycle analysis showed that the GTP treatments with lower concentrations (0.1 and  

0.5 mM) resulted in an apparent dose-dependent increase of cell population in the 

G0/G1-phase of the cell cycle in the NROs (81.6 and 81.9%, respectively), but the 

treatment of the cells with higher concentrations of the GTP than 0.5 mM increased 

up to 87.7%, which couldn't induce the cytostatic responses (Fig. 4-4c). Moreover, the 

data showed a slight fluctuation in the population of the G2/M-phase of the cell 

cycle. Under the above-mentioned treatment conditions, however, the GTP treatment 

resulted in a remarkable alteration in the cell cycle distribution of the MG-63 cells. 

Substantial dose-dependent increases of cell populations in both G0/G1- and 

G2/M-phases of the cell cycle were occurred, with a concomitant decrease of cell 

population in the S-phase, shown to be associated with apoptosis of the cells.
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Figure 4-4. Cytostatic or apoptotic effects of GTP on normal and cancer 

osteoblastic cells. The cells were with 0.1, 0.5 and 1.0 mM GTP and then incubated 

for 24 h at 37℃. After incubation, the cell growth, ALP activity and DNA cell cycle 

were measured by MTT assay, ALP activity assay and FCM analysis, respectively, as 

described in Materials and Methods. All variables were tested in three independent 

cultures for each experiment, and each experiment was repeated twice (n = 6). The 

results are reported as a mean ± SD. The data is analyzed by a students' t-test, and 

the values marked with asterisks are significantly (p < 0.05) different from the 

non-treated control. (a) cell growth (% of non-treated control); (b) ALP activity 

(nmol PNP/min/ mg protein); (c) DNA cell cycle.
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These cytostatic or apoptotic effects of the GTP were evident from the 

morphological observations (Fig. 4-5). In the cases of the NROs, 0.1 mM GTP 

did not cause any alteration in the cellular and nuclear morphologies, like the 

non-treated controls (Fig. 4-5a). It would also seem that 0.5 mM GTP treatment 

resulted in a slight reduction of local attachment of the cells, due to the 

cytostatic effects of the GTPs. However, the number the NROs that could be 

observed on the culture dish was markedly diminished at 1.0 mM dose of the 

GTP, which was shown to be attributed to not cytostatic but apoptosis-like 

effects of the GTPs. In constrast, the number of the detached MG-63 cells were 

remarkably increased at those millimolar concentrations of the GTP, indicating 

that the GTP treatment might result in an apoptotic detachment of the cells 

(Fig. 4-5b). At the 0.1 and 0.5 mM doses of the GTP, several cells displayed 

apoptotic morphologies, such as peripheral aggregation of nuclear chromatin, 

but showed that the plasma membrane was still intact. At the highest dose of 

the GTP (1.0 mM) that could be tested in this experiment, nearly all cells were 

found to be in the stage of apoptosis as evident from advanced chromatin 

condensation, nuclear condensation and formation of apoptotic bodies. The 

extent of apoptosis at 2.0 mM dose of the GTP couldn't be assessed because 

this dose resulted in a total detachment of the cells from the culture dish.
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4.4 Discussion

In this study, the differential cellular responses to the GTPs was examined 

in osteoblastic cells such as NROs, mouse pre-osteoblasts (MC3T3-E1) and 

human osteocarcinoma (MG-63 and Saos-2) cells. The GTP treatment with 

micromolar concentrations (0.1, 1, 10 and 100 μM for 24 h) resulted in 

dose-dependent inhibitions of cell growth and ALP activity, morphological 

alterations, G0/G1-phase arrest of the cell cycle and induction of apoptosis in both 

osteocarcinoma cells, but not in the NROs (Figs. 4-1 ∼ 4-3). In addition, the 

millimolar concentrations (0.1, 0.5 and 1.0 mM) of the GTP were treated to the 

growing normal (NROs) and cancer cells (MG-63) for 24 h in order to 

investigate whether the GTP treatment was cytostatic or apoptotic. The GTP 

treatment substantially inhibited the growth and function of the NROs only at the 

highest concentration (1.0 mM), while it imparted significant (p < 0.05) inhibitory 

responses in the MG-63 cells, regardless of the GTP treatment concentrations (Fig. 

4-4a and 4-4b). Interestingly, the MG-63 cells showed evident loss of the cytoplasm, 

even with the nucleus, whereas the NROs exhibited none morphological changes in 

the lowest concentration (0.1 mM) (Fig. 4-5). Also it was revealed that 0.5 mM 

GTP-treated NROs had partially lose their mechanism of feedback control for 

proliferation during the treatment but, the proliferation control was slowly recovered 

by the cell to cell contact and returned to a normal level after the removal of the GTP 

from the medium (data not shown). These results suggest that the GTP acts as a 

cytostatic agent for mammalian cells at that concentration. These phenomena may 

have been due to the biological activities of polyphenol, which exhibits a strong 

antioxidant activity as previous described (21-24). Also, polyphenol may play an 

important role in the prevention of carcinogenesis due to DNA damage by reactive 

oxygen radicals, as polyphenol would appear to bind to specific sites and thus 

interrupt the exogenous signals required for the proliferation and growth of cells 
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(25-28).

Furthermore, DNA cell cycle assay revealed that the GTP treatment with those 

millimolar concentrations resulted in dose-based differential increases of cell 

population in the G0/G1-phase of the cell cycle in both NROs and MG-63 cells, albeit 

at different concentrations. This GTP-mediated increase of the G0/G1 cell 

populations was found to occur at much higher dose of the GTP in the NROs, as 

compared to the MG-63 cells (Fig. 4-4c). These results imply that the induction of 

cytostatic stage may be mediated through the regulation of cell cycle. The 

percentages of the NROs in the G0/G1-phase increased from 75.4% to 81.9% as the 

concentrations of the GTP increased from 0 to 0.5 mM, whereas those of the 

cells in the S- and G2/M-phases slightly changed. Accordingly, the NROs couldn't 

enter the S-phase during the GTP treatment and the GTP induced a cytostatic stage in 

the G0/G1-phase of the cell cycle. This suggests that the increases in the number of 

the cells and DNA synthesis during the treatment period may be inhibited by the 

GTP. The induction of cytostatic stage in the cell cycle may have been due to 

adsorption or blocking at specific sites on the cellular membrane or DNA that 

effected the proliferation of cells and DNA replication. These results confirmed that 

the GTP could control the  proliferation of normal osteoblasts. This was an important 

observation because only freezing methods have been available for the preservation 

of mammalian cells (29-35).
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4.5 Conclusions

Conclusively, the extension of this observation to the preservation of tissues or 

organs for transplantation will make it possible to store organs for long periods by 

adjusting the concentration of the GTP. These phenomena may be related to the 

intrinsic characteristics of the polyphenol. This compound passes easily through the 

extracellular matrix and cell membrane due to its amphipathic properties. It is readily 

adsorbed on cellular proteins and combines easily with receptor on the cell surface. 

The adsoption of the polyphenol to the protein is early generated, but the desorption 

is very slow. Consequently, various mammalian cells could be in the physiologically 

cytostatic stage by adsorption of the polyphenol to the receptor on the cell 

membrane, leading to block proliferation signals and prevent lipid oxidation of the 

cell membrane. The polyphenol can also reversibly block cellular enzyme activities, 

and these activities could be restored by the removal of the polyphenols. It would 

seem likely that the GTP has not only antioxidant activity, but also a direct effect on 

DNA. Furthermore, the dose-based differential responses to the GTP may be 

exploited to craft strategies for the physiological preservation of mammalian cells and 

tissues by the GTP. A good storage solution could not only prevent lipid 

peroxydation of the cell membrane, but also maintain the viability and function of the 

transplant. Since this is related to cell proliferation and division, longer term 

preservation would become possible if it was possible to control cellular metabolism.
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5. Preservation of human saphenous vein by 

green tea polyphenol

5.1 Introduction

The number  of  tissue or organ transplants  has increased  substantially  in recent 

years with the  advances in the surgical methods and the development of 

immunosuppressive agents (1-3). Ideally, organs should be transplanted  

immediately from the donor to the recipient. However, this is not always possible, 

and the  problem of organ preservation is very important for  ensuring a successful 

transplantation. Therefore, it is essential to develop storage solutions that can 

maintain the viability and function of the tissues or organs for longer periods. 

Usually, a dysfunction of the transplants occurs as the result of free radicals due to 

ischemia, which triggers lipid peroxidation of the cell membrane when the blood  

flow is restarted leading  to cell membrane failure (4,5).  A good storage  solution 

should prevent this peroxy lipid generation. Since this is related to cell proliferation 

and division, longer term organ preservation for transplantation would become 

possible if cellular metabolism can be controlled. 

Recent improvements in organ harvesting techniques and cryopreservation have 

made it possible to store  arterial  and venous  allograft banking and subsequently  

use these  grafts  as  alternate  vascular conduits. Nevertheless, no optimal method 

for the cryopreservation of mammalian cells and tissue has been established, and 

mammalian cells have a poor survival after thawing and the recovery of their 

function is poor (6). In addition, one of the most important requirements for success 

in clinical tissue transplantation is the use of tissue with a large number of viable 

donor cells. Moreover, current methods can result in a substantial loss of function 
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and lead to damage and destruction of the cells and tissues. The structural and 

functional changes occurring in these cryopreserved venous and arterial grafts have 

mostly been studied in animal models (7-9). These studies have demonstrated the 

problem of the endothelial integrity, the cellular viability and antigenic 

characteristics, while less attention has been paid to the effect of polyphenolic 

antioxidants on the physiological preservation of the vessels. Furthermore, most 

studies have focused only on the anticancer activity of polyphenols as an antioxidant 

(10-12).

In this study, the potential effects of green tea polyphenol (GTP) on short- and 

long-term preservation of human saphenous vein (HSV) were biochemically, 

biomechanically and histologically investigated under physiological conditions. It is 

known that vascular endothelial cells (ECs) play an important role in physiological 

hemostasis and blood vessel permeability (13) and their viability is essential in 

predicting the post-operative function and durability of a transplanted vessel (14). 

Therefore, it is suggested that HSV is a suitable model for evaluating the 

physiological preservation of ECs by a GTP treatment.
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5.2 Materials and methods

5.2.1 Polyphenol treatment

The HSV segments were treated with the GTP at a final concentration of 1.0 ㎎/㎖ 

in RPMI 1640 medium (Sigma, St. Louis, MO, USA) containing 7.5% FBS (Sigma) 

using two methods for short-term preservation: 1) pretreatment for 4 h and 2) 

co-treatment during incubation. After the GTP pretreatment, the treated veins were 

thoroughly washed with phosphate-buffered saline (PBS). The GTP-treated or 

non-treated vein specimens were incubated in the fresh medium at 37℃ in a 

humidified atmosphere of 5% CO2 in air for 1, 3, 5, 7 and 14 d with media 

refreshment every other day.

For prolonged preservation, the vein segments were pre-incubated with final 

concentrations of 0.5 and 1.0 ㎎/㎖ GTP in RPMI 1640 medium (Sigma) containing 

7.5% FBS (Sigma) for 1 d (Fig. 4-1). After pre-incubation time, the excess GTP was 

completely removed and the GTP-treated or non-treated vein segments were 

incubated in the fresh medium at 37℃ in a humidified atmosphere of 5% CO2 in air 

for 1, 2, 4 and 8 wk with media replacements every third day.
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Figure 5-1. Incubation of the non-treated or GTP-treated 

vein segments in the fresh medium. The vein segments 

were pre-incubated with final concentrations of 0.5 and 1.0 

㎎/㎖ GTP in RPMI 1640 medium containing 7.5% FBS for 

1 d.

0.5 mg/ml 1.0 mg/ml
(n= 6, each)

non-treated 0.5 mg/ml 1.0 mg/ml
(n= 6, each)

non-treated
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5.2.2 Flow cytometry analysis

A fluorescence double staining method combined with flow cytometry (FCM, 

FACSCalibur, Becton Dickinson, San Jose, CA, USA) was used to determine the 

cellular viability of the vein segments. As mentioned above, total cells were obtained 

from the veins by enzymatic digestion and centrifugation. Using the methods 

described above, 0.004% Griffonia simplicifolia agglutins-fluorescein isothiocyanate 

(GSA-FITC, ICN Biomedicals Inc., Aurora, OH, USA) mixed with 2 mM CaCl2 and 2 

mM MgCl2 in PBS and 20 μM propidium iodide (PI, Sigma) (GSA-FITC/PI) were 

added to a dissociated cell suspension containing 1 × 10
5
 cells/㎖. The GSA-FITC/PI 

double stained cells were detected by FCM, and unstained dissociated cells were 

regarded as the negative control. The data obtained was analyzed using the dot plot 

and histogram of CELLQuest software, written by Mac-App (Becton Dickinson).

5.2.3 Western blotting of eNOS protein

In order to measure endothelial nitric oxide synthase (eNOS) protein expression 

level, the total protein was isolated from the GTP-treated or non-treated HSV and 

Western blot analysis was performed as previously described (15-17). Briefly, the 

venous proteins were extracted by homogenization on ice in a lysis buffer containing 

10 ng/㎖ aprotine, 1 μM phenylmethylsulfonylfluoride, 1 M DL-dithoiothreitol and a 

protease inhibitor solution in a mixture of 0.02 M Tris-HCl (pH 7.6), 0.15 M NaCl, 

0.005 M EDTA and 0.5% NP 40. The mixture was then centrifuged at 12,000 x g for 5 

min at 4℃. The protein concentration of each extract was measured using a Bradford 

assay (18), and BSA (Sigma) was used as the protein assay standard. For SDS PAGE, 

30 ㎍ of the protein from each extract was added on the 7.5% SDS (Lauryl Sulfate, 

Sigma) polyacrylamide gel and electrophoretically transferred to the PVDF 

membrane. After blocking with a buffer containing 5% non-fat milk and 0.1% Tween 

20 for 1 h at room temperature, the membrane was incubated with either a rabbit 
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polyclonal anti-eNOS antibody (Santa Cruz Biotechnology, California, CA, USA) or a 

mouse monoclonal anti-α-tubulin antibody (for normalization, Santa Cruz 

Biotechnology) for 2 h at room temperature. After washing three times with PBS 

containing 1% non-fat milk, the membranes were incubated with horseradish 

peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology) or anti-mouse IgG 

(Santa Cruz Biotechnology) for 1 h at room temperature. The membrane was washed 

again, and the signals were visualized by a reaction with an ECL kit (ECL plus, 

Amersham, Buckinghamshire, England) for 5 min on X-ray films. Densitometric 

analyses were performed with a Video-Imager (BioRad, Hercules, CA, USA).

5.2.4 Biomechanical examination and calculations

In order to assess the effects of the GTP on the mechanical properties of HSV for 

long-term preservation, the non-treated and GTP-treated vein segments were 

prepared in a cylindrical tube and fixed using three point bending jigs (Fig. 5-2). The 

segments containing the branches were excluded from the mechanical testing because 

it was impossible to achieve a precise wall thickness measurement and because it was 

difficult to mount the segment into the bending jigs. As shown in Fig. 5-2, the 

uniaxial tensile stress tests were performed using a MTS Bionix test system (MTS 

Systems Corp., Minneapolis, MN, USA). The load cell capacity for detecting the 

forces ranged from 50 to 100 N, and a load was applied to the vessels in the 

perpendicular direction to the blood flow. The displacement rate was 50 mm/min 

and the data were collected at a frequency of 1 Hz until deformation occurred. The 

thicknesses of the individual vein segments and the distance between the ends of the 

grips were measured using a micrometer.
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A stress-strain curve was extracted from the load-displacement relationship 

obtained using the above-mentioned system. The failure strength (FS) was then 

determined from the stress-stain relation. The apparent modulus of elasticity (Ea) and 

the compliance (C) were also evaluated. The Ea was calculated as the tangent or first 

derivative of the stress-strain curve: Ea = σ/ε, where σ is the tensile stress in the 

vessel wall equal to the force causing the elastic deformation divided by the 

cross-sectional area of the stretched segment, and ε is the strain expressed in this 

work as a relative increase in the segment surface, ε =△S/S0 (19). The C, known also 

as a distensibility coefficient, was calculated as the relative surface change of the 

vessel wall segment per unit tensile stress, and expressed as percent: C = (△S/S0)/σ

×100 (19).

5.2.5 Histological observations

At the end of the incubation, vein segments were rinsed with PBS and then 

immediately fixed with a solution containing 2% glutaraldehyde, 2% 

paraformaldehyde and 0.2% CaCl2, followed by embedding in paraffin. Tissue blocks 

were sectioned to 5 μm and sections were stained with hematoxylin and eosin (H & 

E). Prepared specimens were examined under an Olympus BX40 optical microscope 

(Olympus Optical Co., Osaka, Japan).

5.2.6 Statistical analysis

All the variables were tested in three independent incubations for each 

experiment, and each experiment was repeated twice (n = 6). The results are reported 

as a mean ± SD. A students' t-test was used to detect the effects of the GTP on the 

preservation of the HSV. A p value < 0.05 was considered statistically significant.



- 91 -

5.3 Results

5.3.1 Effect of GTP on cellular viability of HSV

The effects of short-term exposure to the GTP, added either prior to 

(pretreatment) or at the same time as (co-treatment) the incubation of the veins, on 

the EC viability in the HSV were evaluated. The overall cellular viability was 

confirmed using a GSA-FITC/PI double staining method combined with FCM 

analysis, one of the most reliable methods of assessing the cell viability. The viability 

of the ECs treated with or without the polyphenol was analyzed by a students' t-test 

using the viability of the cells dissociated directly after the procurement of the HSV 

as the control (fresh vein, 100%) (Fig. 5-3). Incubating the veins without the GTP 

resulted in a significant (p< 0.05) time-dependent reduction in the EC viability. The 

viability of the ECs in the initial stage was approximately 71%, which decreased 

steeply. After 7 d and 14 d of incubation, an approximate 50% and 60% loss of cell 

viability was observed, respectively.

When the veins were pre-incubated with 1.0 ㎎/㎖ GTP for 4 h, only a 36% 

decrease in cell viability was observed after 7 d, suggesting that the polyphenol 

suppresses the time-dependent cellular damage (Fig. 5-3). This polyphenol was 

shown to simply penetrate into the venous layer and was active, providing 

significant (p< 0.05) preservation of cell viability. However, after 14 d, the protective 

activity was relatively less exerted by the polyphenol, and the cellular viability was 

approximately 52%. In the presence of the GTP during the culture period, a 

substantially slow decrease in cell viability was also shown. Under conditions similar 

to those used in the experiments mentioned above, about 61% of the endothelial cells 

were viable after 7 d, indicating that the polyphenol was merely incorporated into the 

layer of the vessel wall and acted as a preservative agent (Fig. 5-3).
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Figure 5-3. Effect of GTP on the viability of ECs from HSV on the basis of short-term 

preservation. The vein segments were incubated at 37℃ for 1, 3, 5, 7 and 14 d, either 

after 4 h of treatment with 1.0 ㎎/㎖ GTP or in the presence of GTP at the same 

concentration. Parallel sets of vein specimens received no treatment at all. At the end 

of each incubation, the EC viability was measured by FCM analysis, as described in 

Materials and methods. All the variables were tested in two independent incubations 

for each experiment, and each experiment was repeated twice (n = 4). The results are 

reported a mean ± SD. The data was analyzed using a students' t-test. The values 

marked with asterisks are significantly (p < 0.05) different from the non-treated 

group.
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The potential effects of the GTP treatment on the cellular viability of the HSV was 

also examined on a long-term basis. The vein segments were procured and 

pre-incubated for 1 d with 0.5 or 1.0 ㎎/㎖ GTP. Incubating the veins without the 

GTP resulted in a significant (p< 0.05) time-dependent reduction in cell viability (Fig. 

5-4). The initial viability of the ECs in the non-treated vein was approximately 46%, 

which steeply decreased thereafter. After 2 and 4 wk of incubation, an about 65% and 

77% loss of EC viability was observed, respectively. Similarly, approximately 60% of 

the total cells from the non-treated veins were viable in the initial stages and no more 

than 40% of them were viable after 4 wk.

This marker was then used to verify the real effect of the GTP on the preservation 

of the HSV. In order to evaluate the preservative effects of the polyphenols, whether 

simply incorporated into the layer of the vessel wall or taken up by vascular cells, the 

GTP was added prior to incubation of the veins. When the veins were pretreated with 

0.5 and 1.0 ㎎/㎖ GTP, only 40% and 42% decreases in the EC viability were observed 

even after 1 wk, suggesting that the polyphenol suppresses the time-dependent 

reduction of the cellular viability (Fig. 5-4). This polyphenol was shown to simply 

penetrate into the venous layer and be active, providing significant (p< 0.05) 

protection of the cell viability. However, after 2 wk, the protective activity was 

relatively less exerted by both concentrations of the GTPs and the viabilities of the 

ECs were about 41% and 46%, respectively. Although these decreases in the EC 

viability were accelerated with the progress in the incubation time, there was a 

significant (p < 0.05) difference between the GTP-pretreated and non-treated veins 

after 4 wk. Furthermore, significantly (p < 0.05) high viability of the total cell was 

observed in the veins pretreated with the GTP during the culture period. Under these 

experimental conditions, approximately 55% of the total cells were viable after 2 wk, 

indicating that the polyphenol was merely incorporated into the layer of the vessel 

wall and acted as a preservative agent (Fig. 5-4).
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Figure 5-4. Effect of GTP on the viability of the cells from HSV on the basis of 

long-term preservation. The vein segments were pre-incubated for 1 d at 37℃ with 

0.5 or 1.0 ㎎/㎖ GTP and then incubated for 1, 2 and 4 wk. Parallel sets of vein 

specimens received no treatment at all. At the end of each incubation, the cellular 

viability was measured by FCM analysis, as described in Materials and Methods. All 

the variables were tested in three independent incubations for each experiment, and 

each experiment was repeated twice (n = 6). The results are reported a mean ± SD. 

The data was analyzed by a students' t-test. The values marked with asterisks are 

significantly (p < 0.05) different from the non-treated group.
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5.3.2 Effect of GTP on eNOS expression in HSV

eNOS expression, which indicates the vascular function and durability, was also 

measured as a secondary marker of HSV preservation by short-term treatment of the 

GTP. The intrinsic expression of eNOS of the fresh vein was demonstrated in Fig. 

5-5a. The ECs from the veins only pretreated with the GTP for 4 h had an eNOS 

expression level comparable to that of the fresh vein. The eNOS expression levels of 

the non-treated veins showed a marked decrease after 3 d, indicating that severe 

endothelial damage had occurred in the veins (Fig. 5-5a and 5-5b). Pretreatment of 

the veins with 1.0 ㎎/㎖ GTP significantly (p < 0.05) suppressed the reduction in the 

eNOS expression level according to the progress in the culture time, showing that the 

preservative activity was strongly exerted by the polyphenol (Fig. 5-5a and 5-5b). 

Similarly, incubating the veins with 1.0 ㎎/㎖ GTP significantly (p < 0.05)  maintained 

the eNOS expression levels even after 14 d, compared to that observed in the 

non-treated veins (Fig. 5-5a and 5-5b).

In order to investigate the vascular function and durability of the HSV for long 

-term preservation, eNOS expression was also measured. The non-treated veins 

demonstrated a remarkable decrease in the eNOS expression levels after 1 wk, 

showing that severe alterations occurred in ECs of the veins (Fig. 5-6a and 5-6b). 

Pretreatment of the veins with 0.5 ㎎/㎖ GTP significantly (p < 0.05) suppressed the 

reduction in eNOS expression with increasing culture time, indicating that the 

preservative activity was strongly exerted by the polyphenol (Fig. 5-6b). Similarly, 

pre-incubating the veins with 1.0 ㎎/㎖ GTP significantly (p < 0.05) maintained the 

eNOS expression levels even after 2 wk, compared to the non-treated veins (Fig. 5-6a 

and 5-6b).
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Figure 5-5. Effect of polyphenol on eNOS expression in HSV on the basis of 

short-term preservation. The vein segments were incubated for 1, 3, 5, 7 and 

14 d, either after 4 h of treatment with 1.0 ㎎/㎖ GTP or in the presence of 

GTP at the same concentration. Parallel sets of vein specimens received no 

treatment at all. Subsequently, Western blot analysis was performed using 

polyclonal anti-eNOS antibody and monoclonal anti-α-tubulin antibody (for 

normalization). (a) The blot shown in the left panel is representative of 4 

independent experiments with similar results; (b) The right panel shows the 

densitometric analyses of the 4 different blots. The bars represent a mean ± 

SD. The data was analyzed by a students' t-test. The values marked with the 

asterisks are significantly (p < 0.05) different from the non-treated group.
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Figure 5-6. Effect of polyphenol on the expression of eNOS in HSV on the 

basis of long-term preservation. The vein segments were pre-incubated for 1 

d at 37℃ with 0.5 or 1.0 ㎎/㎖ GTP and then incubated for 1, 2 and 4 wk. 

Parallel sets of vein specimens received no treatment at all. Subsequently, 

Western blot analysis was performed using a polyclonal anti-eNOS antibody 

and a monoclonal anti-α-tubulin antibody (for normalization). (a) The blot 

shown in the left panel is representative of 6 independent experiments 

showing similar results; (b) The right panel shows the densitometric 

analyses of the 6 different blots. The bars represent the mean ± SD. The data 

was analyzed by a students' t-test. The values marked with asterisks are 

significantly (p < 0.05) different from the non-treated group.
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5.3.3 Effect of GTP on biomechanical properties of HSV

In the case of a soft tissue, the load-deformation curve may be divided into the 

physiologic and trauma regions (19). The former may be further divided into the 

neutral zone and elastic zone, representing the laxity near the neutral position and 

the deformation requiring some resistance, respectively. In the trauma range, there 

were tissue failures resulting in permanent deformation. Therefore, this region is 

called the plastic zone. Typical plots of stress versus strain in the vein segments are 

shown in Fig. 5-7. The vessel segments displayed a well-distinguished linear, elastic 

range in the stress-strain diagram, particularly at the low deformation range. The 

release of a load at this range caused the vessel segment to return to its original 

dimensions.
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Figure 5-7. Stress-strain relationship in a fresh HSV segment. In the case of a soft 

tissue, the load-deformation curve may be divided into physiological and trauma 

regions. The former may be further divided into a neutral zone and elastic zone, 

representing, respectively, the laxity near the neutral position and deformation 

requiring some resistance. In the trauma range, there are tissue failures resulting in 

permanent deformation. Therefore, this region was called the plastic zone.
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As shown in Fig. 5-8a, the intrinsic FS of the fresh vein was 2.1 ± 0.2 MPa. When 

the veins were incubated without the GTP pretreatment, remarkable decreases in FS 

were observed, resulting in severe structural damage in the vessel. Pre-incubation of 

the veins with the GTP significantly (p< 0.05) reduced the alterations in the strength. 

It was demonstrated that the 1.0 ㎎/㎖ GTP pretreatment significantly (p< 0.05) 

enhanced the mechanical strength of the veins, as compared with the non-treated 

veins during the 8 wk period (Fig. 5-8a). However, there was no significant (p< 0.05) 

difference between the 0.5 ㎎/㎖ and 1.0 ㎎/㎖ GTP-treated veins. The Ea reflects 

elasticity, which tends to return the vessel wall to its original form after deformation. 

Higher values of Ea are associated with a greater stiffness of the vessel wall. The C 

describes the fractional change of vessel wall area caused by the applied stretching 

force. Higher values of C reflect a greater distensibility of the vessel wall. The Ea of 

1.0 ㎎/㎖ GTP-treated veins was significantly (p < 0.05) higher than that of the 

non-treated veins up to 4 wk, which was comparable to that of the fresh vein (Fig. 

5-8b). This significant (p< 0.05) difference in vessel wall stiffness between the 

non-treated and GTP-treated veins also appeared in C numbers, where the 

GTP-treated veins showed a significantly (p < 0.05) lower dimensional change on the 

durability of HSV per unit change in a wall stress (Fig. 5-8c). However, there was 

neither significant (p< 0.05) difference in Ea nor C between the 0.5 ㎎/㎖ and 1.0 ㎎/

㎖ GTP-treated veins.
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Figure 5-8. Effect of polyphenol on the mechanical properties of the HSV. The vein 

segments were pre-incubated for 1 d at 37℃ with 0.5 or 1.0 ㎎/㎖ GTP and then 

incubated for 1, 2, 4 and 8 wk. Parallel sets of vein specimens received no treatment at 

all. After incubation, the mechanical properties were measured using a MTS Bionix 

test system, as described in Materials and methods. (a) Failure strength, (b) Elastic 

modulus and (c) Compliance with the progress in the incubation time.
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5.3.4 Effect of GTP on vasculature of HSV

The histological observations confirmed the above-described findings including 

the cellular viability and the eNOS expression level in the veins. The non-treated or 

GTP-treated veins were histologically examined, as shown in Fig. 5-9. It was observed 

that in the untreated (fresh) veins, the tunica intima (I) consisted of little more than an 

endothelial lining supported by a basement membrane and delicate collagenous 

tissue. The tunica media (M) was relatively thin and consisted of two or more layers 

of circularly arranged smooth muscle fibers (Fig. 5-9a). Moreover, the tunica 

adventitia (A) was the broadest layer of the vessel wall and was composed of 

longitudinally arranged thick collagen fibers, which merged with the surrounding 

collagenous tissue. The histological morphologies of the GTP-treated veins only for 4 

h were also found to have the above-mentioned three common basic structures (Fig. 

5-9b). When the vein segments were incubated in the absence of the GTP, distinct 

morphological and histological changes were observed with the progress in the 

culture time. After 5 d of incubation, the endothelial lining in the non-treated vein 

was not well delimited and the smooth muscle fibers were irregularly arranged 

showing that the total number of cells stained with H were markedly reduced (Fig. 

5-9c). In contrast, the veins pretreated with the polyphenol prior to incubation 

showed a well-defined I and normally organized wall layers in both tunica M and A 

up to 2 wk, which was almost the same as that obtained immediately after 4 h of the 

GTP treatment (Fig. 5-9d). In the presence of the GTP, the incubated vein showed a 

similar vasculature to that of the pretreated vein, indicating that vascular cells such as 

ECs and smooth muscle cells in the endothelial lining and both vessel layers were 

remarkably preserved and retained (Fig. 5-9e).
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In the cases of prolonged exposure to the GTP, the above-described findings, the 

cellular viability, the eNOS expression and the mechanical properties in the veins, 

were confirmed by the histological observations. After 1 wk of incubation, the 

histological structures of 0.5 or 1.0 ㎎/㎖ GTP-treated veins were found to retain the 

three above-mentioned common basic structures, like those of fresh veins (Fig. 5-10a), 

and the non-treated veins showed substantially intact structures (Fig. 5-10a and 

5-10b). However, distinct morphological and histological changes were observed in 

the vein segments incubated without the GTP as the incubation time increased. After 

2 wk, the non-treated vein segments showed a partly similar morphology to that 

obtained after 1 wk, but resulted in slight shrinkage, an undefined endothelial lining 

and an irregularly arranged smooth muscle fibers. In contrast, the GTP-treated veins 

showed a well-defined I and normally organized wall layers in both tunica M and A 

up to 2 wk, showing that the vessel wall was slightly expanded (Fig. 5-10c). After 4 

wk, the wall of 1.0 ㎎/㎖ GTP-treated vein was more swollen, being approximately 2 

times as thick as the non-treated vein, and the tunica I, M and A were markedly well 

delimited (Fig. 5-10d). These thickening phenomena of the vessel wall may be related 

to the properties of the GTP, which have excellent absorption to proteins such as 

collagen in the extracellular matrix. Afterwards (8 wk, data not shown), the vessel 

wall returned to its original dimensions upon the removal of the GTP, whereas the 

non-treated veins showed substantially deteriorated structures and had contracted by 

about 30% compared to the fresh veins. There was no histological difference between 

the 0.5 ㎎/㎖ GTP-treated and 1.0 ㎎/㎖ GTP-treated veins.
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Figure 5-10. Histological observations (x 100) of the non-treated and 

GTP-treated veins on the basis of long-term preservation. The vein segments 

were pre-incubated for 1 d at 37℃ with 0.5 or 1.0 ㎎/㎖ GTP and then 

incubated for 1, 2 and 4 wk. Parallel sets of vein segments received no 

treatment at all. Subsequently, the tissue sections were stained with H & E 

and were observed by optical microscopy. (a) a fresh vein; (b) incubated for 1 

d; (c) incubated for 2 wk; (d) incubated for 4 wk. The photographs shown in 

this figure are representative of 6 independent experiments showing similar 

results. I, M and A indicate the tunica intima, the tunica media and the tunica 

adventitia, respectively.
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5.4 Discussion

It has first come from Hyon's observation that the GTP might contribute to the 

physiological preservation of tissues or organs, particularly the rat pancreatic islets 

(20). Since then, little evidence has been accumulated showing these beneficial 

preservative effects of the polyphenols compared to other effects such as 

anticarcinogenic, antioxidant and antiinflammatory activities. The extension of that 

observation to the preservation of tissues for transplantation will make it possible to 

store tissues or organs for longer periods by a concentration-adjusted polyphenol 

treatment. In relation to this observation, it has been reported that polyphenol can 

reduce the amount of ischemia/reperfusion injury in rat hearts, kidneys and lungs 

(21-23).

This study demonstrated that the GTP, in addition to its chemopreventive 

properties with respect to carcinogenesis, can maintain or enhance the cell viability, 

the eNOS expression level, the mechanical properties and vascular structure in the 

HSV. The maintained viability and protein expression might result in the increased 

production of NO. A preserved eNOS might contribute to the vasoprotective 

properties attributed to polyphenol and, consequently, to its beneficial effects in the 

cardiovascular system. Vascular NO conveys a vasoprotective and antiatherosclerotic 

effect through a number of mechanisms (24,25). Catechin and its derivatives are the 

major antioxidant and potential phytoestrogens contained in green tea (26). However, 

catechin alone cannot be responsible for the EC preservation produced by green tea 

extracts. The GTP used in this study was a mixture of 7 polyphenolic components, 

and 1.0 ㎎/㎖ was treated to the veins. Irrespective of short-term or prolonged 

exposure to the veins, this concentration produced a significant (p< 0.05) maintenance 

in endothelial viability and eNOS expression to approximately 60% and more than 

40% (to 60%) of fresh veins after 1 wk, respectively, whereas incubating the veins 

without the GTP decreased the endothelial viability and eNOS expression even to 
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39% ∼ 47% and 3% ∼ 6% of the fresh vein, respectively (Figs. 5-3 ∼ 5-6).

Various types of cardiovascular pathologies, such as hypertension, atherosclerosis 

and diabetes, are associated with an overactivity of nicotinamide adenine 

dinucleotide (phosphate) oxidase. The resulting superoxide overproduction 

inactivates the eNOS-derived NO and can even lead to eNOS uncoupling (27,28). 

Recently, polyphenol was shown to inhibit the vascular nicotinamide adenine 

dinucleotide (phosphate) oxidase activity and the subsequent superoxide generation, 

thereby promoting an endothelium-dependent, NO-mediated vasorelaxation (29,30). 

By slowing the degradation of NO, this additional mechanism could markedly 

preserve the biological effects of the eNOS maintenance observed in this study. In 

addition, pretreating the veins with the GTP (short-term, for 4 h and long-term, for 1 

d) maintained the eNOS expression level from the ECs (Figs. 5-5 and 5-6). The 

molecular mechanism behind this effect might be either an initial preservation of 

eNOS activity or a reduction in endothelial superoxide production similar to the 

findings reported by Orallo et al (30).

The use of very low temperatures for storage of human allografts can lead to 

significant damage to cells and extracellular matrix, especially during the freeze-thaw 

cycle (31). This can potentially alter graft elastic properties, which were positively 

correlated with the graft patency (32,33). In a comparative study (34), mechanical 

properties of fresh and cryopreserved canine jugular veins were measured in vitro. C 

and elastic modulus were calculated from the volumetric responses to the pressure of 

the vein segment mounted in a special saline-filled cylinder. It was shown that 

DMSO-cryopreservation did not affect the elastic modulus or C of the veins stored up 

to one wk in -70 ℃. Another study reported that cryopreservation could maintain 

both arterial and venous wall elastic properties of human allografts during an 

average storage time of 22 d (35). The results of this study confirm these observations 

and demonstrate that the mechanical properties were well maintained in the 

GTP-pretreated vessels (Fig. 5-8a ∼ 5-8c). However, storage time was short (up to 8 
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wk) compared to the reported storage duration (about 12 wk) of clinically utilized 

arterial cryopreserved grafts (36). Despite the different experimental approach and 

vessel type, the Ea of the fresh HSV obtained in this study is of the same order of 

magnitude as that (Ea = 3.11 MPa) reported by Pukacki et al. for other human veins 

(35). There are a number of explanations for these inconsistencies, including the 

calculation of the Ea and C based on the FS instead of the ultimate tensile wall stress, 

the direction of the segment-stretching (deformation) and the correct vessel-diameter 

readings.

The histological results partly account for these preservative effects of the GTP 

(Figs. 5-9 and 5-10). As described in a previous study (20,37-40), the observed 

phenomena in this study might be related to the intrinsic characteristics of the GTP. 

This compound penetrates readily into the layer of the vessel wall due to its 

amphipathic properties and is easily adsorbed onto the extracellular protein fibers, 

which organize the vessel layers. Therefore, the GTP combines easily with collagen 

around or between the vascular cells. The absorption of the polyphenol to the protein 

was generated early but the desorption rate was very slow. Consequently, various 

vascular tissues could be physiologically preserved by the absorption of the GTP to 

the collagen fibers within the layers of the vessel wall, leading to reduction in the 

deterioration of the vasculature and the prevention of oxidative damage to the 

cellular membrane. It appears that the GTP has not only preservative effects on the 

veins, but also an antioxidant activity on the cells. The absorption and desorption of 

the GTPs on the vessel layers were confirmed by a gross observation (data not 

shown), because the veins were colored by the polyphenol.
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5.5 Conclusions

In conclusion, this study demonstrated that the GTP could maintain both the 

viability of the ECs from the HSV and the expression of eNOS for 7 d, supported by 

the fact that the vascular structures of the GTP-treated veins were well retained up to 

2 wk. In view of the long-term preservation, a GTP pretreatment provided 

biomechanically significant (p< 0.05) results such as an enhanced failure load and a 

higher elasticity than the non-treatment. In the conditions where the immediate 

transplantation of tissues or organs is impossible, tissue preservation is extremely 

important to ensure a successful transplantation. Therefore, these results suggest that 

the HSV can be preserved for considerably long periods, up to 2 wk through a GTP 

treatment. Furthermore, these results provide the basis for the development of a 

useful, simple and economical method for tissue or organ preservation. Although the 

effects of the polyphenol treatment could not be fully explained, these observations 

have important implications for the successful transplantation and preservation of 

tissues. Further studies aimed at examining the entire mechanism of the effect of 

polyphenols on vessel preservation are recommended.
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국문요약

생리적 조건에서 녹차 폴리페놀 처리에 

의한 사람 복재 정맥의 보존에 관한 연구

연세대학교 대학원

생체공학협동과정

생체재료학전공

한 동 욱

차 폴리페놀(polyphenol)은 카테킨(catechin)으로 알려져 있으며 녹차의 주요한 카

테킨으로는 epicatechin, epicatechin-3-gallate, epigallocatechin 및 epigallocatechin 

-3-gallate 등이 있다. 이들 페놀성 화합물은 항산화성, 항발암성, 항돌연변이성, 항

염증유발성, 항균성 및 항바이러스성 등과 같은 다양한 생체활성을 지닌 기능성 

식품으로 잘 알려져 있다. 그러나, 포유동물 세포와 혈관 조직 보존에 대한 녹차 폴

리페놀의 효과에 대해서는 거의 알려진 바가 없는 실정이다. 게다가, 이러한 녹차 폴리

페놀의 보존 효과에 대한 기작은 알려져 있지 않다. 본 연구에서는, 녹차 폴리페놀의 세

포활성정지(cytotastic) 작용을 통한 생리적 보존이 세포 주기(cycle) 조절과 연관되어 

있을 가능성에 대하여 연구하 다.

본 논문의 처음 두 장에서는, 쥐 신생아 두개골-유래 골아세포(neonatal rat 

calvarial osteoblasts)와 사람 복재 정맥(human saphenous veins)에 대한 활성 산소종

(reactive oxygen species)의 유해성 및 녹차 폴리페놀의 잠재적인 보호 효과에 대해 각

각 확인하 다. 또한, 정상적인 쥐 골아세포(normal rat osteoblasts)에서 녹차 폴리페

놀의 세포활성정지 효과에 대해 세포의 성장, 기능, 형태 및 DNA 세포 주기에 기초하여 
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각각 조사하 다. 후반부에서는, 생리적 조건에서 사람 복재 정맥의 단기 혹은 장기 보

존에 있어서 녹차 폴리페놀의 가능한 효과에 대해 생화학적, 생체역학적 그리고 조직학

적으로 각각 검증하 다.

먼저, 쥐 두개골-유래 골아세포에 산화적 스트레스를 유발하기 위해, 100 mM 과산

화수소(H2O2)를 첨가하거나 40 U/L 크산틴 산화효소(xanthine oxidase)와 250 μM 크

산틴의 효소-기질 반응을 이용하 다. 하루 동안 배양한 다음, 세포의 생존능, 기능 및 

형태를 각각 조사하 다. 형광물질 이중 염색에 의한 유세포 분석 및 MTT 분석 결과, 두 

가지 산화적 스트레스 유발 방법이 골아세포의 생존능을 유의하게 (p< 0.05) 감소시켰

음을 확인할 수 있었다. 또한 과산화수소 첨가 후에 알칼리성 인산화 효소(alkaline 

phosphatase)의 활성은 유의하게 (p< 0.05) 감소되었으나, 크산틴 산화효소는 같은 효과

를 나타내지 않았다. 광학 현미경 관찰 결과, 두 방법에 의한 산화적 스트레스가 형태적

인 변형과 세포내 초미세구조의 손상을 현저하게 유발함이 확인되었다. 골아세포를 

200 ㎍/㎖의 녹차 폴리페놀 용액에 1시간 동안 전-배양하면 과산화수소에 의해 유발된  

세포의 변질이 방지될 수 있음을 알 수 있었다. 크산틴 산화효소에 의해 산화적 스트레

스가 유발되었을 때에도, 같은 농도로 폴리페놀을 전처리 하면 세포의 생존능과 형태가 

유지됨을 확인할 수 있었다.

사람 복재 정맥의 경우, 위와 같은 방법으로, 0.8 혹은 1.6 M 과산화수소를 첨가하거

나 80 혹은 160 U/L 크산틴 산화효소와 0.5 mM 크산틴을 이용하 다. 하루 동안 배양

한 다음, 혈관 조직-유래 내피세포의 생존능 및 혈관 조직을 각각 관찰하 다. 두 가지 

산화적 스트레스 유발 방법에 의해, 세포 생존능의 유의한 (p< 0.05) 감소 및 혈관의 심

각한 구조적 형태적 변형이 일어났음을 알 수 있었다. 과산화수소에 의해 유발된 이러

한 변질이 정맥 조직을 0.5 혹은 1.0 ㎎/㎖의 녹차 폴리페놀 용액으로 1시간 동안 전-배

양하면 눈에 띄게 방지됨을 알 수 있었다. 크산틴 산화효소에 의해 산화적 스트레스가 

유발되었을 때에도, 같은 농도로 폴리페놀을 전처리 하면 내피세포의 생존능과 혈관 구

조가 보호됨을 알 수 있었다.

녹차 폴리페놀의 차별적인 세포 반응성에 대해 정상적인 쥐 골아세포와 쥐의 골 생

성 전구 세포 (pre-osteoblasts, MC3T3-E1) 및 두 가지의 사람 골육종 세포(MG-63 and 

Saos-2) 등을 이용하여 조사하 다. 마이크로 몰 농도(0.1, 1, 10 and 100 μM, 24시간)
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의 녹차 폴리페놀을 골육종 세포에 각각 처리하면 농도에 따른 세포 성장과 알칼리성 

인산화 효소의 활성의 저해, 형태적인 변질, G0/G1 단계에서의 세포 주기 정지 및 그로 

인한 세포사멸 유도 등의 결과를 초래하지만, 정상 골아세포에서는 이러한 현상이 일어

나지 않음을 알 수 있었다. 이러한 녹차 폴리페놀 처리가 세포활성정지 기능인지 세포

사멸 기능인지에 대해 확인하기 위해, 리 몰 농도(0.1, 0.5 and 1.0 mM, 24시간)의 

녹차 폴리페놀을 배양된 정상 골아세포와 암세포(MG-63)에 각각 24 시간동안 처리하

다. 정상 골아세포에서는 단지 최고 농도(1.0 mM)의 녹차 폴리페놀 처리 시에만 약간의 

세포 성장과 기능의 저해가 관찰된 반면에, MG-63 세포에서는 유의한 (p< 0.05) 저해 반

응이 나타났다. 그리고, DNA 세포 주기 분석을 통해 녹차 폴리페놀 처리가, 비록 농도

가 다르긴 하지만, 이들 두 세포에서 세포 주기의 G0/G1 단계에서 세포 집단의 농도에 

따른 차별적으로  증가함을 확인하 다. 다시 말해, 정상 골아세포에서는 녹차 폴리페

놀 처리에 의한  G0/G1 세포집단의 증가가 MG-63 세포에 비해, 훨씬 더 높은 농도에서 

일어남을 알 수 있었다.

생리적 조건 하에서 사람 복재 정맥의 단기 보존 시에 녹차 폴리페놀의 잠재적인 

역할을 연구하기 위해서, 혈관 조직을 1.0 ㎎/㎖의 녹차 폴리페놀 용액으로 4 시간 동안 

전처리한 후에 1, 3, 5, 7, 14일 동안 37℃CO2-배양기에서 배양하거나 혹은 배양 기간 동

안에 같은 농도의 폴리페놀 용액으로 계속 배양하 다. 배양한 후에, 혈관 내피세포의 

생존능, 내피세포 산화 질소 합성 효소(endothelial nitric oxide synthase) 발현량 및 혈

관 조직을 각각 관찰하 다. 혈관 조직에 폴리페놀을 처리하지 않았을 때에는, 내피세

포의 생존능이 배양 시간에 따라 유의하게 (p< 0.05) 감소하 으며(7일 후, 약 50%), 5일

이 지나면 내피세포 산화 질소 합성 효소를 거의 발현하지 못함을 알 수 있었다. 게다가, 

극심한 조직학적인 변형과 구조적인 손상 또한 관찰되었다. 대조적으로, 정맥 조직에 

녹차 폴리페놀을 전처리 하면 이러한 현상들이 상당히 예방됨을 알 수 있었다. 녹차 폴

리페놀-처리 혈관의 내피 세포 생존능은 7일 후에도 거의 64% 으며, 산화 질소 합성 효

소 발현은 신선한 혈관과 비교하 을 때, 40% 가량 유지되었다. 조직학적인 관찰 결과, 

혈관 구조 역시 신선한 혈관과 상당히 유사함을 알 수 있었다. 한편, 배양 기간 동안에 

폴리페놀을 계속 처리했을 때에도, 혈관 조직이 세포 생존능(61%) 뿐만 아니라 내피세

포 산화 질소 합성 효소 발현량(45%)을 유지함과 동시에 형태적으로도 어떠한 변형이 
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없이 혈관 구조를 유지하면서 일주일 동안 생리적 조건에서 보존될 수 있었음을 확인하

다.

위에서 언급한 생리적 조건에서 사람 복재 정맥을 더욱 오랫동안 보존하기 위해서, 

정맥 조직에 0.5 혹은 1.0 ㎎/㎖의 녹차 폴리페놀 용액을 하루 동안 전처리한 다음, 37℃

CO2-배양기에서 1, 2, 4, 8주 동안 배양하 다. 배양한 후에, 혈관 내피세포의 생존능, 내

피세포 산화 질소 합성 효소 발현량, 혈관의 생체역학적 특성 및 혈관 조직을 각각 관찰

하 다. 폴리페놀을 처리하지 않고서 혈관 조직을 배양했을 경우에는, 배양 시간에 따

른 내피세포의 생존능의 유의한 (p< 0.05) 감소가 유발되었으며, 심지어 일주일 후에 내

피세포는 산화 질소 합성 효소를 거의 발현하지 못하 다. 또한, 폴리페놀-비처리 혈관

은 파괴 강도(failure strength), 탄성 계수(elastic modulus) 및 순응도(compliance)와 같

은 기계적 특성에 있어서 상대적으로 열악함을 나타내었다. 이러한 결과는, 심각한 구

조적인  변형을 보이고 있는, 조직학적인 관찰에 의해 확증되었다. 이와는 대조적으로, 

혈관 조직을 1.0 ㎎/㎖의 녹차 폴리페놀 용액으로 전처리 하면 이러한 현상들을 현저하

게 막을 수 있었다. 녹차 폴리페놀-전처리 혈관의 경우, 내피 세포 생존능과 내피세포 산

화 질소 합성 효소 발현량, 생체역학적 특성 및 형태적 변형 없는 혈관 구조를 유지하면

서 적어도 2주일 동안 생리적 조건에서 보존될 수 있었음을 확인하 다.

결론적으로, 이러한 결과를 통해 녹차 폴리페놀이 생물학적 항산화제로서 작용하여 

산화적 스트레스-유발 독성으로부터 포유동물 세포와 조직을 보호할 수 있음을 알 수 

있다. 또한, 세포활성정지 보존제로서 폴리페놀의 사용으로 정상 세포의 대사작용을 조

절하고 생리적 온도 조건에서 혈관을 더 오래 동안 보존하는 것이 가능함을 알 수 있다. 

이러한 사실을 토대로, 녹차 폴리페놀 처리가 생리적 조건에서 사람 복재 정맥을 보존

하는데 있어서 유용한 방법이 될 수 있다는 것을 제시하고자 한다.

핵심어: 녹차 폴리페놀, 세포활성정지 작용, 활성 산소종, 쥐 신생아 두개골-유래 골아

세포, 사람 복재 정맥, 장기 보존, 생리적 조건, 세포 생존능, 내피세포 산화 질소 합성 효

소, 항산화제
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