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SUMMARY – Oxidative stress is defined as imbalance between the production and destruction 
of reactive oxygen species. The aim of this study was to investigate whether resveratrol could protect 
human endothelial cells against hydrogen peroxide damage in vitro. In this in vitro study on human 
coronary endothelial cells, the effects of resveratrol on the glutathione content in human coronary 
endothelial cells in vitro were evaluated with high performance liquid chromatography. The effects of 
resveratrol on protein expression of the glutamate cysteine ligase, glutathione peroxidase and glutathio-
ne reductase enzymes were evaluated with the Western blot method. Resveratrol increased the reduced 
glutathione contents significantly (p<0.05). Resveratrol increased protein expression of the glutamate 
cysteine ligase, glutathione peroxidase-1 and glutathione reductase enzymes (p<0.05). All data sup-
ported each other and suggested that resveratrol had a protective effect against human coronary artery 
endothelial cell damage. It is thought that these results could pave the way to the new therapeutic 
approaches to protect against oxidative stress that develops in cardiovascular diseases.
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Introduction

The endothelial cells localized between the blood 
and vascular smooth muscle cells play a role in the 
secretion of many vasoactive materials, in platelet ag-
gregation, and in the control of vascular structure1. 
Because of its position in the blood vessels, the en-
dothelial layer works as a barrier between the blood 
and vascular smooth muscle cells, and functional 
integrity of the endothelium is important to prevent 
vascular leakage and atherosclerosis formation2,3. 

Under physiologic conditions, the formation and 
elimination of reactive oxygen species (ROS) are in 

balance. Increase in the oxidant enzyme activity and/
or decrease in the antioxidant enzyme activity lead to 
oxidative stress. Oxidative stress plays an important 
role in cardiovascular diseases, cancer, neurologic dis-
eases, diabetes, and aging4. Oxidative stress is char-
acterized by increase in endogenous reactive oxygen 
products such as hydrogen peroxide and superoxide. 
ROS include very bioactive, short living molecules 
originating from the reduction of molecular oxygen5. 
Some of the common ROS are hydrogen peroxide 
(H2O2), superoxide anion (O2

-), and hydroxyl radical 
(OH)6. H2O2 does not possess non-coupled electrons 
and is less reactive than many ROS types7. Besides 
activating many signal pathways in low pathophysi-
ological concentrations (nano-micromolar), in high 
concentrations by reacting with heavy metals H2O2 
produces the hydroxyl radical which oxidizes proteins 
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and lipids, and causes fractures in DNA strands. High 
hydrogen peroxide level generally causes endothelial 
functional loss and/or cytotoxicity8.

Enzymatic antioxidant protection includes super-
oxide dismutase, glutathione peroxidase and catalase. 
Non-enzymatic antioxidants are ascorbic acid, a-to-
copherol, glutathione, carotenoids, flavonoids, stilbene 
and others. There is balance between the intracellular 
antioxidant level and efficiency under normal condi-
tions. This balance is necessary for viability and health 
of the body9-12. Resveratrol (3,4’,5-trihydroxy-trans-
stilbene) is a phytoalexin and polyphenolic compound 
that can be found in the skin and seeds of grapes 
and red wine. It has antioxidant, anti-inflammatory, 
and anticarcinogenic effects13,14. Resveratrol has been 
shown to exert its antioxidant effects via two different 
cytoprotective mechanisms; it directly scavenges free 
radicals (i.e. hydroxyl radicals and superoxide anion) 
and increases the activity of certain antioxidant and 
cytoprotective enzymes15.

Glutathione is a non-protein thiol compound in-
volved in cell protection from ROS and free radicals, 
and maintains the cellular redox state. Glutathione is 
present in mammalian cell types at millimolar con-
centrations and plays a role in detoxification of xeno-
biotics, transportation of amino acids, stabilization of 
cell membranes, and synthesis of proteins and DNA16-

18. Glutathione peroxidases (GPxs), which contain 
selenocysteine at the active site, protect the cells from 
oxidative stress by reducing H2O2 and a wide range 
of organic hydroperoxide substrates. Glutathione 
peroxidase-1 (GPx-1, EC 1.11.1.9) is known as cel-
lular or cytosolic form, and being the most abundant 
isoform within the eukaryotic cells, is a major intra-
cellular antioxidant enzyme19,20. Glutamate cysteine 
ligase (GCL, EC 6.3.2.2), which is a rate limiting 
enzyme in de novo synthesis of glutathione, was previ-
ously known as γ-glutamyl cysteine synthase. GCL is 
a heterodimer which consists of heavy subunit, cata-
lytic subunit (GCLC) and light subunit, regulatory 
subunit (GLCLR). The heavy subunit contains sub-
strate binding sites and the light subunit regulates the 
affinity of the heavy subunit for substrates and inhibi-
tors21-23. Glutathione reductase (GR, EC 1.6.4.2) is a 
homodimer which is bound by disulfide bond and is 
found in the cytoplasm and mitochondria. Glutathi-
one reductase is a flavin adenine dinucleotide (FAD) 

containing oxidoreductase belonging to the pyridine 
nucleotide disulfide family. The activated enzyme is 
composed of two subunits and each one has binding 
sites for FAD, NADPH and oxidized glutathione 
(GSSG). This enzyme converts oxidized glutathione 
to its reduced form24. In the literature, various injury 
models with rat cardiomyocytes25, rat aorta smooth 
muscle cells26 and bovine aorta endothelial cells16 were 
used to investigate the protective effect mechanisms 
of resveratrol in vitro. However, there are no reports 
on the use of in vitro oxidative injury model of hu-
man coronary artery endothelial cells. Moreover, the 
effect of oxidative stress on protein expression of the 
glutamate cysteine ligase, glutathione peroxidase and 
glutathione reductase enzymes, which all work in the 
glutathione cycle, has not yet been evaluated.

In this study, we used a hydrogen peroxide injury 
model optimized for in vitro human coronary artery 
endothelial cells and investigated the possible ef-
fects of resveratrol by Western blotting of glutamate 
cysteine ligase, glutathione peroxidase-1 and glutathi-
one reductase.

Materials and Methods

Human coronary artery endothelial cell culture and 
materials

Human coronary artery endothelial cells (HCAE 
cells) were obtained from Clonetics Lonza USA (CC-
2585). HCAE cells were grown in the culture medium 
(EGM-2MV Bullet kit, Clonetics Lonza USA, CC-
3202). EGM-2MV bullet kit is composed of EBM-2 
(CC-3156) and EGM–2 MV growth factors (CC-
4147). The reagent pack was purchased from Cam-
brex [(one reagent pack containing trypsin/EDTA, 
trypsin neutralizing solution, HEPES buffered saline 
solution (CC-5034)] and cell culture was performed 
according to the manufacturer’s instructions. Seeding 
density was 5000 cells/cm2 in HCAE cells. HCAE 
cells were maintained in the endothelial growth me-
dium supplemented with 25% fetal bovine serum, 
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic 
acid, hEGF and GA-1000 (Clonetics). The cells were 
incubated in a humidified atmosphere containing 5% 
CO2 at 37 °C. The medium was changed every other 
day and passaged every 5-9 days. In all experiments, 
HCAE cells were used in 5th-7th passages.
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In vitro experiments

We used the oxidative injury model optimized in 
our previous studies as described below27. The opti-
mum time and concentration of hydrogen peroxide, 
which caused 30%-40% injury in in vitro human cor-
onary artery endothelial cells, were determined as 750 
µM; 1 hour. Using this model, we selected 50 µM for 
the resveratrol concentration to study its effects.

In this study, the cells were incubated with 50 µM 
resveratrol for 24 hours and then with 750 µM H2O2 
for 1 hour. At the end of the incubation period, cell 
lysates were prepared. We evaluated reduced glutathi-
one (GSH), oxidized glutathione (GSSG) and gluta-
mate-cysteine ligase, glutathione peroxidase-1, gluta-
thione reductase enzymes to investigate the protective 
effect of resveratrol during hydrogen peroxide injury. 
Glutathione level was determined with high perfor-
mance liquid chromatography (HPLC) and enzyme 
expression with Western blotting. After concentrat-
ing the cells by 70%-80%, four groups were formed: 
control, H2O2 group, resveratrol group and resveratrol 
+ H2O2 group. Triple group analysis was used for the 
glutathione, glutamate-cysteine ligase, glutathione 
peroxidase and glutathione reductase enzymes. Each 
experiment was repeated three times in order to stan-
dardize the process. The study protocol was approved 
by the local Research Ethics Committee of Dokuz 
Eylul University School of Medicine.

Measurement of cellular reduced and oxidized 
glutathione

Intracellular contents of GSH and GSSG were 
determined using HPLC. The cells were first scraped 
with cold phosphate buffer solution (PBS) and centri-
fuged at 300 g for 7 min at 4 °C and then cell lysates 
were prepared, as shown in the Preparation of cell 
lysate section. The supernatants containing cytosolic 
proteins were used for protein content determination 
by the bicinchoninic acid (BCA) method (Thermo, 
Cat No: BCA, Protein assay kits, 23225, Rockford, 
USA). Then, the supernatants containing cytosolic 
proteins (100 µL) were deproteinized by adding 400 
mL of 6% metaphosphoric acid (MPA) and centri-
fuged for 7 min at 10 000 g at 4 °C. The supernatants 
were stored at -80 °C until use. To determine reduced 
glutathione (GSH), 100 mL of MPA, 500 mM sodi-

um phosphate, pH 7.00 were added to the supernatant 
to neutralize and dilute it. Neutralized samples were 
derived with 100 µL of ortho-phthalaldehyde (OPA) 
solution and then held for 5 min at room tempera-
ture; for neutralization 800 mL of 500 mM sodium 
phosphate was added to the product. For analysis of 
reduced glutathione, five microliters were injected 
into the HPLC system. For total glutathione (GSHt) 
determination, GSSG was reduced with dithiothre-
itol (DTT) and then protein precipitation was carried 
out. For this purpose, samples were treated with 100 
µL of 25 mM DTT solution and 50 µL 0.1 M Tris 
buffer, pH 8.5 and then stored for 30 min at 4 °C. 
Samples (100 µL) were deproteinized by adding 400 
mL of 6% MPA and centrifuged for 7 min at 10 000 g 
at 4 °C and the supernatants were removed. Derivati-
zation procedure for the supernatants was performed 
as described above. Oxidized glutathione values were 
calculated by subtracting GSH values from total GSH 
and then dividing into two. The results were expressed 
as nmol/mg protein17.

Preparation of cell lysates and determination of 
protein expression of glutamate cysteine ligase, 
glutathione peroxidase-1 and glutathione reductase 
with Western blotting

HCAE cells were treated with 50 µM resvera-
trol for 24 hours and then incubated for one hour at 
750 µM H2O2. At the end of the incubation period, 
cells were scraped, centrifuged at 300 g for 7 min at 
4 °C; then cell lysates were prepared: the supernatants 
were washed with ice-cold PBS, again centrifuged at 
1500 rpm for 5 min, 200 µL lysis buffer was added 
( NP-40 1%, 1 M Tris pH 7.4, 3 M NaCl, 20 mM 
EDTA, Protease inhibitors (Complete-mini protease 
inhibitors, Roche Diagnostics GmbH) and after in-
cubating in an ice bath for 10 min, vortex-mixing was 
performed for 30 sec. To collect the supernatants con-
taining cytosolic proteins samples were centrifuged at 
10 000 g for 10 min. Protein concentrations in the 
supernatants were determined by BCA protein assay. 
Proteins in the cell lysate supernatants were analyzed 
in all samples using the BCA assay kit according to 
the manufacturer’s instructions28. The supernatants 
were used to analyze expression of the glutathione and 
glutamate cysteine ligase, glutathione peroxidase-1 
and glutathione reductase enzymes29. 
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Cell lysates were prepared as described above. 
Total protein concentration was determined by the 
BCA assay. Total cell lysate (40 µg) was mixed with 
sample buffer (25 mM Tris HCl, 5% SDS, 2-mercap-
toethanol 2%, glycerol %10, bromphenol blue 0.002%) 
and then incubated for 5 min at 95 °C. Samples were 
loaded on 10% SDS-separating and 4% stacking poly-
acrylamide gel. Then, the proteins were transferred on 
polyvinylidene difluoride (PVDF) membrane for 2 h 
at 200 mA. After blocking for 30 min with nonfat 
dry milk in PBS containing NP-40 (for glutamate 
cysteine ligase, glutathione peroxidase-1, glutathione 
reductase and actin; 4%, 3%, 5%, 3%, respectively), 
the PVDF membrane was incubated overnight with 
polyclonal rabbit antibody [glutamate cysteine ligase 
(Santa Cruz, sc-22667), glutathione peroxidase-1 
(Santa Cruz, sc-22145), glutathione reductase (San-
ta Cruz, sc-32408) and actin (Santa Cruz, sc-1615); 
1:500, 1:200, 1:500, 1:500 in blocking buffer, respec-
tively] at +4 ºC.

Then the PVDF membrane was washed three times 
with 10% PBS containing 0.05% NP-40. The PVDF 
membrane was incubated with donkey anti-goat IgG-
Horseradish Peroxidase Conjugated Affinity Purified 
Antibody (Santa Cruz, sc-2020) for one hour (gluta-
mate cysteine ligase, glutathione peroxidase-1, gluta-
thione reductase and actin, 1:3500, 1:3500, 1:5000, 
1:3500 in blocking buffer, respectively). The PVDF 
membrane was washed three times with 10% PBS 
containing 0.05% NP-40. The transferred proteins 
were incubated with ECL substrate solution (Amer-

sham Pharmacia Biotech, Piscataway, NJ, USA) for 1 
min according to the manufacturer’s instructions and 
then visualized with an x-ray film. The intensity of the 
bands was analyzed using the Quantity One software 
(BIORAD). β-Actin was used to normalize the load-
ing variability29. 

Statistical analysis

All experiments were repeated three times. All 
data were expressed as means ± SD. One way analysis 
of variance (ANOVA) was employed for comparison 
of significant differences among groups. The value of 
p≤0.05 was considered statistically significant. 

Results

Resveratrol prevents hydrogen peroxide-induced 
glutathione decrease in HCAE cells

H2O2 (at 750 µM) decreased the reduced glutathi-
one content significantly after 1 hour in HCAE cells; 
on the contrary, resveratrol increased the reduced 
glutathione content. Also, resveratrol (at 50 µM, 24 
hours) per se significantly increased the reduced glu-
tathione content compared to control group (p<0.05) 
(Fig. 1A).

On the other hand, H2O2 (at 750 µM) increased 
the oxidized glutathione content significantly after 1 
hour (p<0.05). There was no significant effect of res-
veratrol on the oxidized glutathione content (p>0.05) 
(Fig. 1B).

Fig. 1. Effect of resveratrol on reduced and oxidized glutathione contents. Cells were treated with 750 µM resveratrol 
for 24 hours and then with H2O2 for 1 hour. Glutathione content was measured by HPLC; (A) resveratrol increased the 
reduced glutathione content (p<0.05); (B) no effect of resveratrol was observed on oxidized glutathione content. Data 
were presented as mean ± SD and these independent experiments were performed in triplicate (p>0.05).
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Resveratrol induces glutamate-cysteine ligase, 
glutathione peroxidase-1 and glutathione reductase 
protein expression in HCAE cells

Western blot analysis was performed to determine 
the resveratrol-induced changes in glutathione-related 
enzymes of the human coronary artery endothelial 
cells. Representative blots and values of densitometric 
analysis of the blots are shown in Fig. 2A-2C. Res-
veratrol up-regulated glutamate cysteine ligase, gluta-
thione reductase and glutathione peroxidase-1 protein 
expression in HCAE cells (p<0.05). β-Actin was used 
as the loading control. 

Discussion

Oxidative stress is characterized by increased 
endogenous production of ROS such as superoxide 
and hydrogen peroxide, and changes the structure 
and function of vascular endothelial cells. Oxidative 
stress plays an important role in the pathogenesis of 
cardiovascular diseases, cancer, neurologic diseases, 

Fig. 2. Effect of resveratrol on HCAE cell damage induced 
by hydrogen peroxide in vitro. Representative bands from 
Western blots showing protein expression of GCLC (A), 
GPx-1 (B) and GR (C) and bar graphs of densitometric 
values. HCAE cells were treated with 50 µM resvera-
trol for 24 hours after one hour of H2O2 damage and then 
the cells were lysed and Western blotting was performed. 
Resveratrol induced glutamate-cysteine ligase, glutathione 
peroxidase-1 and glutathione reductase expression signifi-
cantly. The values were expressed as mean ± SD of 3 sepa-
rate experiments (p<0.05). 

diabetes, aging, and many other diseases. Therefore, 
removal of excess ROS or suppression of their produc-
tion with antioxidants is effective in preventing oxida-
tive cell death. Resveratrol, which is present in high 
levels in the grapes, red wine, peanuts, cranberries, 
etc., has the potential to capture ROS4,30,31. Resvera-
trol has two different cell protective mechanisms for 
antioxidation: it captures free radicals directly (hy-
droxyl radical, superoxide anion radical) and its an-
tioxidant capacity is due to the balance between the 
hydroxyphenolic groups and electron delocalization. 
It shows other antioxidant effects by increasing the 
cell protective and antioxidant enzyme levels15,25,32.

In this study, glutamate-cysteine ligase, glutathi-
one peroxidase and glutathione reductase enzymes in 
HCAE cells were evaluated after treating for 24 hours 
with 50 µM resveratrol and then incubating for 1 hour 
with 750 µM, H2O2. When compared with control 
group, the reduced glutathione level decreased sig-
nificantly in the H2O2 group (p<0.05) and increased 
significantly when compared with resveratrol + H2O2 
group (p<0.05) (Fig. 1A). Resveratrol had no effect 
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on the oxidized glutathione levels (p>0.05) (Fig. 1B). 
Normally, the reduced glutathione level in the cells 
is regulated by two mechanisms: the synthesis rate 
and the extracellular export. GSH level is affected 
by cellular thiol balance changes or various agents18. 
The vast majority of intracellular glutathione (>98%) 
includes cytosol and a small amount of the nucleus re-
duced form (GSH) of glutathione conjugates (GS-R), 
mercaptides [Cr, Cu (I), Cu (II), Se, Zn], thioether, 
thioester and oxidized disulfide dimer forms (GSSG). 
As a powerful reductive agent, glutathione supplies 
protons or acts as a nucleophilic conjugate cofactor for 
the antioxidant pathways. GSH is transformed to oxi-
dized glutathione (GSSG), which is an electron do-
nor and reduces free radicals. GSH captures reactive 
products such as reactive oxygen and nitrogen prod-
ucts. GSH gives electrons and directly deactivates 
superoxide anion, hydroxyl radical, peroxynitrite and 
singlet oxygen. Also, glutathione detoxifies hydroper-
oxide, peroxynitrite and lipid peroxides by catalyzing 
glutathione peroxidase and peroxiredoxin reactions33. 

In our study, when the findings of reduced gluta-
thione and oxidized glutathione, which are the major 
components of oxidative stress and antioxidant bal-
ance, were compared, an increase in oxidized glu-
tathione to correspond to a decrease in the level of 
reduced glutathione was not observed during treat-
ment with H2O2 (p>0.05). This may be explained 
by the possibility that reduced glutathione may have 
been transformed into glutathione conjugates rather 
than into oxidized glutathione. In our study, we de-
termined a decrease in the intracellular glutathione 
level in the damage model created by hydrogen perox-
ide. This may be due to the fact that GSH moved out 
of the cell, formed glutathione-S-conjugates, or was 
oxidized to GSSG. Subsequently, GSSG is reduced to 
GSH by NADPH dependent glutathione reductase.

Resveratrol and resveratrol + hydrogen peroxide 
groups showed significant increase in intracellular 
GSH (p<0.05). Resveratrol stimulates the increase in 
the intracellular GSH pool. This is directly due to the 
intracellular effect of resveratrol because resveratrol is 
removed before treating the cells with hydrogen per-
oxide. Preincubation with resveratrol increased the 
GCLC protein expression. It has been suggested that 
resveratrol increases GSH level via GCLC induction. 
On the other hand, the increase in cellular GSH con-

centration increases the glutathione peroxidase protein 
expression. Furthermore, the increase of glutathione 
reductase protein expression by resveratrol leads to in-
creased GSH formation from GSSG, produced during 
GPx-catalyzed reduction of H2O2 in HCAE cells.

In our study, resveratrol induced glutamate-
cysteine ligase, glutathione peroxidase and gluta-
thione reductase protein expression in HCAE cells 
(p<0.05). Resveratrol increased the level of the glu-
tamate-cysteine ligase enzyme protein more than the 
level of the glutathione reductase protein. This may be 
due to the fact that the GSH/GSSG ratio is regulated 
by the glutamate-cysteine ligase mediated GSH bio-
synthesis.

The above results demonstrated that resveratrol 
prevented cell injury induced by hydrogen peroxide in 
HCAE cells. 

In the literature, the protective effect of resveratrol 
in different cells is shown by mRNA expression and/
or activities of the enzymes related to the glutathi-
one cycle in vitro. Rat aorta smooth muscle cells were 
preincubated with 25, 50 and 100 µM resveratrol for 
24, 48 and 72 hours and it was found to induce GSH 
levels and to increase the glutathione reductase, gluta-
thione peroxidase, superoxide dismutase, catalase and 
NAD(P)H:quinone oxireductase-1 activities. These 
data are thought to support the cardioprotective ef-
fects of resveratrol26. It was found that resveratrol 
induced antioxidant enzymes in rat cardiomyocytes 
(glutathione reductase, glutathione peroxidase, super-
oxide dismutase, catalase, glutathione-S-transferase 
and NAD(P)H:quinone oxireductase-1) and increased 
resistance to oxidative stress25.

We believe that it is logical to evaluate the mecha-
nism of the protective effects of resveratrol by ana-
lyzing the glutathione levels and glutamate-cysteine 
ligase, glutathione peroxidase and glutathione re-
ductase levels via nuclear factor E2-related factor 2 
(Nrf2) transcription in HCAE cells in vitro. 

Rubiolo et al.34 found that preincubation with 
resveratrol (25, 50 and 75 µM; 6, 24 and 48 hours) 
protected primary rat hepatocytes from oxidative 
stress by increasing the glutathione reductase, gluta-
thione peroxidase, superoxide dismutase, catalase and 
NAD(P)H:quinone oxireductase-1 and glutathione-
S-transferase activities. When compared with con-
trol cells, Nrf2 transcription factor was increased in 
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the cells pretreated with resveratrol (50 µM; 6, 24 
and 48 hours). The Nrf2 protein expression and in-
creased mRNA were correlated with high activities 
of phase II enzymes and antioxidants after preincu-
bation with resveratrol. Brito et al.16 showed that the 
cardioprotective effect of 50 µM resveratrol in bovine 
aorta endothelial cells (14 h incubation) was due to 
its regulatory role in cellular redox state (increasing 
intracellular GSH level and reducing peroxynitrite) 
besides the classical antioxidant effect. Resveratrol 
(50 µM, 30 minutes) reverses the total glutathione 
decrease due to hydrogen peroxide (100 µM H2O2; 
30 minutes) in primary cortical astrocyte cells35. Kode 
et al.14 showed the effects of tobacco extracts such as 
a decrease in GSH levels and GCLC activities to be 
reversed by 10 µM resveratrol. These results corre-
late with our data. Signal pathways of resveratrol to 
increase the antioxidant enzymes and phase II en-
zymes in human coronary artery endothelial cells are 
not clear. Further studies are needed to highlight the 
mechanisms of resveratrol in inducing protein expres-
sion of antioxidant enzymes. 

Recently, Nrf2 has been described. Nrf2 is a tran-
scription factor and under normal conditions, it is lo-
cated in the cytoplasm with the actin binding protein 
kelch-like ECH associating protein 1 (Keap 1). As the 
cell is exposed to oxidative stress or electrophilic com-
pounds, Nrf2 dissociates from its repressor protein 
(Keap 1), and after migrating to the nucleus, it binds 
to the antioxidant responsive elements and then acti-
vates phase II detoxifying and antioxidant genes14,36-38. 
Nrf2 regulates the expression of many antioxidant 
genes, including glutamate-cysteine ligase (GCL), 
hemeoxygenase-1 (HO-1) and NAD(P)H quinone 
oxidoreductase 1 (NQO1)39-42.

In conclusion, our in vitro study is the first one 
showing that resveratrol increases the glutathione 
level and glutamate-cysteine ligase, glutathione per-
oxidase-1 and glutathione reductase enzyme protein 
expressions in HCAE cells. This feature of resveratrol 
facilitates the understanding of some mechanisms of 
its cardioprotective effect and supports the develop-
ment of new therapeutic strategies. 

Acknowledgments

This study was supported by a grant (KB.SAG.047) 
from Dokuz Eylul University Funding Committee for 
Scientific Research, İzmir, Turkey. We acknowledge 
the support of the ARLAB (Research Laboratory) of 
Dokuz Eylül University Medical School. 

References
  1. STONE JR, COLLINS T. The role of hydrogen perox-

ide in endothelial proliferative responses. Endothelium 
2002;9(4):231-8. 

  2. PEREZ-VIZCAINO F, DUARTE J, ANDRIANTSITO-
HAINA R. Endothelial function and cardiovascular disease: 
effects of quercetin and wine polyphenols. Free Radic Res 
2006;40(10):1054-65.

  3. WANG YK, HUANG ZQ. Protective effects of icariin on 
human umbilical vein endothelial cell injury induced by H2O2 
in vitro. Pharmacol Res 2005;52(2):174-82.

  4. WASSMANN S, WASSMANN K, NICKENIG G. Mod-
ulation of oxidant and antioxidant enzyme expression and 
function in vascular cells. Hypertension 2004;44;381-6.

  5. SCHALLER B, GRAF R. Cerebral ischemia and reperfu-
sion: the pathophysiologic concept as a basis for clinical ther-
apy. J Cereb Blood Flow Metab 2004;24:351-71.

  6. VALKO M, LEIBFRITZ D, MONCOL J, CRONIN 
MTD. Free radicals and antioxidants in normal physiologi-
cal functions and human disease. Int J Biochem Cell Biol 
2007;39:44-84.

  7. COYLE CH, MARTİNEZ LJ, COLEMAN MC, SPITZ 
DR, WEINTRAUB NL, KADER KN. Mechanisms of 
H2O2-induced oxidative stress in endothelial cells. Free Radic 
Biol Med 2006;40(12):2206-13.

  8. CAI H. Hydrogen peroxide regulation of endothelial func-
tion: origins, mechanisms, and consequences. Cardiovasc Res 
2005;68(1):26-36.

  9. VRANESİĆ-BENDER D. The role of nutraceuticals in anti-
aging medicine. Acta Clin Croat 2010;49(4):537-44.

10. DELALLE-LOZICA N. Local therapy as basic anti-aging 
prevention. Acta Clin Croat 2010;49(4):529-36. 

11. BLANKENBERG S, RUPPRECHT HJ, BICKEL C. 
Glutathione peroxidase 1 activity and cardiovascular events 
in patients with coronary artery disease. N Engl J Med 
2003;349:1605-13. 

12. WIDLANSKY ME, GOKCE N, KEANEY JF, VITA JA. 
The clinical implications of endothelial dysfunction. J Am 
Coll Cardiol 2003;42:1149-60.

13. SAYIN O, ARSLAN N, GUNER G. Resveratrol  and the 
cardiovascular system. Turk J Biochem 2008;33(3):117-21.

14. KODE A, RAJENDRASOZHAN S, CAITO S, YANG 
SR, MEGSON IL, RAHMAN I. Resveratrol induces 



234 Acta Clin Croat,  Vol. 51,   No. 2,  2012

Oya Sayin et al. Resveratrol protects coronary endothelial cells

glutathione synthesis by activation of Nrf2 and protects 
against cigarette smoke-mediated oxidative stress in human 
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 
2008;294(3):L478-L488. 

15. LÓPEZ-VÉLEZ M, MARTINEZ-MARTINEZ F, 
Del VALLE-RIBES C. The study of phenolic compounds 
as natural antioxidants in wine. Crit Rev Food Sci Nutr 
2003;43(3):233-44. 

16. BRITO PM, MARIANO A, ALMEIDA LA, DINIS TC. 
Resveratrol affords protection against peroxynitrite-mediated 
endothelial cell death: a role for intracellular glutathione. 
Chem Biol Interact 2006;164(3):157-66.

17. CERESER C, GUICHARD J, DRAI J, BANNIER E. 
Quantitation of reduced and total glutathione at the fem-
tomole level by high-performance liquid chromatography 
with fluorescence detection: application to red blood cells 
and cultured fibroblasts. J Chromatogr B Biomed Sci Appl 
2001;752:123-32.

18.  BALLATORI N, KRANCE SM, NOTENBOOM S, 
SHI S, HAMMOND CL. Glutathione dysregulation and 
the etiology and progression of human diseases. Biol Chem 
2009;390(3):191-214. 

19.  ZHANG Y, HANDY D, LOSCALZO J. Q. Adenosine-
dependent induction of glutathione peroxidase 1 in human 
primary endothelial cells and protection against oxidative 
stress. Circ Res 2005;96:831-7.

20.  ARTHUR JR. The glutathione peroxidases. Mol Life Sci 
2000;57:1825-35.

21. SONG IS, TATEBE S, DAI W, KUO MT. Delayed mecha-
nism for induction of gamma-glutamylcysteine synthetase 
heavy subunit mRNA stability by oxidative stress involving 
p38 mitogen-activated protein kinase signaling. J Biol Chem 
2005;280(31):28230-40.

22. SOLTANINASSAB SR, SEKHAR KR, MEREDITH MJ, 
FREEMAN ML. Multi-faceted regulation of gamma-glu-
tamylcysteine synthetase. J Cell Physiol 2000;182(2):163-70. 

23. GRIFFITH OW. Biologic and pharmacologic regulation 
of mammalian glutathione synthesis. Free Radic Biol Med 
1999;27(9-10):922-35.

24. MAHER P. The effects of stress and aging on glutathione 
metabolism. Ageing Res Rev 2005;4:288-314.

25. CAO Z, LI Y. Potent induction of cellular antioxidants and 
phase 2 enzymes by resveratrol in cardiomyocytes: protection 
against oxidative and electrophilic injury. Eur J Pharmacol 
2004;489(1-2):39-48.

26.  LI Y, CAO Z, ZHU H. Upregulation of endogenous anti-
oxidants and phase 2 enzymes by the red wine polyphenol, 
resveratrol in cultured aortic smooth muscle cells leads to cy-
toprotection against oxidative and electrophilic stres. Phar-
macol Res 2006;53:6-15.

27. SAYIN O, ARSLAN N, ALTUN ZS, GUNER GA. In vitro 
effect of resveratrol against oxidative injury of human coronary 
artery endothelial cells. Turk J Med Sci 2011;41(2):211-8.

28. JANG JH, SURH YJ. Protective effects of resveratrol on hy-
drogen peroxide-induced apoptosis in rat pheochromocytoma 
(PC12) cells. Mutat Res 2001;496(1-2):181-90.

29. CORTESE MM, SUSCHEK CV, WETZEL W, 
KRÖNCKE KD. Zinc protects endothelial cells from hydro-
gen peroxide via Nrf2-dependent stimulation of glutathione 
biosynthesis. Free Radic Biol Med 2008;44(12):2002-12.

30. HIGASHI Y, NOMA K, YOSHIZUMI M, KIHARA Y. 
Endothelial function and oxidative stress in cardiovascular 
diseases. Circ J 2009;73(3):411-8. 

31. ENDEMANN DH, SCHIFFRIN EL. Endothelial dys-
function. J Am Soc Nephrol 2004;15(8):1983-92.

32. De la LASTRA CA, VILLEGAS I. Resveratrol as an anti-
oxidant and pro-oxidant agent: mechanisms and clinical im-
plications. Biochem Soc Trans 2007;35:1156-60.

33. FRANCO R, SCHONEVELD OJ, PAPPA A, PANAYI-
OTIDIS MI. The central role of glutathione in the pathophys-
iology of human diseases. Arch Physiol Biochem 2007;113(4-
5):234-58.

34. RUBIOLO JA, MITHIEUX G, VEGA FV. Resveratrol 
protects primary rat hepatocytes against oxidative stress 
damage: activation of the Nrf2 transcription factor and aug-
mented activities of antioxidant enzymes. Eur J Pharmacol 
2008;591(1-3):66-72.

35. VIEIRA de ALMEIDA LM, PIÑEIRO CC, LEITE 
MC, BROLESE G, LEAL RB, GOTTFRIED C, GON-
ÇALVES CA. Protective effects of resveratrol on hydrogen 
peroxide induced toxicity in primary cortical astrocyte cul-
tures. Neurochem Res 2008;33(1):8-15.

36. WARABI E, TAKABE W, MINAMI T, INOUE K, ITOH 
K, YAMAMOTO M. Shear stress stabilizes NF-E2-related 
factor 2 and induces antioxidant genes in endothelial cells: 
role of reactive oxygen/nitrogen species. Free Radic Biol Med 
2007;15;42(2):260-9. 

37. CHEN XL, DODD G, THOMAS S, ZHANG X, WAS-
SERMAN MA, ROVIN BH, KUNSCH C. Activation of 
Nrf2/ARE pathway protects endothelial cells from oxidant 
injury and inhibits inflammatory gene expression. Am J 
Physiol Heart Circ Physiol 2006;290(5):H1862-70.

38.  JONES CI, ZHU H, MARTIN SF, HAN Z, LI Y, 
ALEVRIADOU BR. Regulation of antioxidants and phase 
2 enzymes by shear-induced reactive oxygen species in en-
dothelial cells. Ann Biomed Eng 2007;35(5):683-93. 

39. ZHANG H, SHIH A, RINNA A, FORMAN HJ. Resvera-
trol and 4-hydroxynonenal act in concert to increase glutamate 
cysteine ligase expression and glutathione in human bronchial 
epithelial cells. Arch Biochem Biophys 2009;481(1):110-5.

40. ANDREADI CK, HOWELLS LM, ATHERFOLD PA, 
MANSON MM. Involvement of Nrf2, p38, B-Raf, and nu-
clear factor-kappa B, but not phosphatidylinositol 3-kinase, 
in induction of hemeoxygenase-1 by dietary polyphenols. Mol 
Pharmacol 2006;69(3):1033-40. 



Acta Clin Croat,  Vol. 51,  No. 2,  2012 235

Oya Sayin et al. Resveratrol protects coronary endothelial cells

41. KATO K, TAKAHASHI K, MONZEN S, YAMAMO-
TO H, MARUYAMA A, ITOH K, KASHİWAKURA I. 
Relationship between radiosensitivity and Nrf2 target gene 
expression in human hematopoietic stem cells. Radiat Res 
2010;174(2):177-84.

42. KWEON MH, IN PARK Y, SUNG HC, MUKHTAR 
H. The novel antioxidant 3-O-caffeoyl-1-methylquinic acid 
induces Nrf2-dependent phase II detoxifying genes and al-
ters intracellular glutathione redox. Free Radic Biol Med 
2006;40(8):1349-61.

Sažetak

ZAŠTITNI UČINCI RESVERATROLA OD OŠTEĆENJA LJUDSKIH ENDOTELNIH STANICA 
KORONARNE ARTERIJE IZAZVANOG VODIKOVIM PEROKSIDOM IN VITRO

O. Sayin, N. Arslan i G. Guner 

Oksidativni stres definira se kao neravnoteža između nastanka i razgradnje reaktivnih kisikovih vrsta. Cilj ove studije 
bio je istražiti može li resveratrol zaštititi ljudske endotelne stanice od oštećenja vodikovim peroksidom in vitro. U ovoj in 
vitro studiji na endotelnim stanicama koronarne arterije učinci resveratrola na sadržaj glutationa određeni su visokotlač-
nom tekućinskom kromatografijom. Učinci resveratrola na ekspresiju proteina enzima glutamat cistein ligaze, glutation 
peroksidaze-1 i glutation reduktaze određeni su metodom Western blot. Resveratrol je statistički značajno povećao sadržaj 
reduciranog glutationa (p<0,05). Resveratrol je povećao i ekspresiju proteina enzima glutamat cistein ligaze, glutation pe-
roksidaze-1 i glutation reduktaze (p<0,05). Svi dobiveni rezultati potvrđuju da resveratrol ima zaštitni učinak od oštećenja 
endotelnih stanica koronarne arterije. Rezultati ove studije daju smjernice prema novim terapijskim pristupima koji bi se 
rabili za zaštitu od oksidativnog stresa koji se razvija u bolestima krvožilnog sustava.

Ključne riječi: Resveratrol; Ljudske endotelne stanice koronarne arterije; Oksidativno oštećenje




