
INTRODUCTION
Resveratrol (trans-3,5,4’-trihydroxystilbene) is a polyphenol

phytoalexin present in a variety of plant species, including white
hellebore (Veratrum grandiflorum O. Loes), Polygonum
cuspidatum, grapes, peanuts and mulberries (1-3). Resveratrol
attracted little interest until 1992, when it was postulated to
explain some of the cardioprotective effects of red wine (4).
Since then, accumulating reports have shown that resveratrol can
prevent or slow the progression of a wide variety of diseases,
including cancer (5), cardiovascular disease (2), ischaemic
injuries (6, 7), and Alzheimer’s disease (8), as well as enhance
stress resistance (9) and extend the lifespans of various
organisms from yeast to vertebrates (1).

Resveratrol is a polyphenolic compound and has been shown
to be a scavenger of hydroxyl, superoxide, and metal-induced
radicals (2). However, the direct antioxidant effects of resveratrol
are rather poor; resveratrol is less potent than other well-established
antioxidants, such as ascorbate and cysteine (2). A 50% scavenging
(EC50) of superoxide anion produced the xanthine/xanthine oxidase
(XXO) system has been observed at a resveratrol concentration of

245 µM (10). The superoxide-scavenging activity of resveratrol at
a concentration of 10 µM is only 2.8% (10).

Pretreatment with 100 µM of resveratrol for 2 h failed to
protect rat cardiac H9C2 cells from XXO-induced cytotoxicity.
A resveratrol treatment for 72 h, however, produced a marked
cytoprotection against the same injury, even at lower
concentrations (11). These data suggest that the protective
effects of resveratrol against oxidative injury are likely to be
attributed to the upregulation of endogenous cellular antioxidant
systems rather than the direct reactive oxygen species (ROS)
scavenging activity of the compound. Indeed, long-term (>48 h)
treatment of H9C2 cells with resveratrol increases the activity of
cellular antioxidant systems including superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx) and the content of
glutathione (GSH) (11).

It is well established that resveratrol protects against cardiac
ischemia/reperfusion injury (2). In addition to adenosine receptor
activation (2) and stimulation of nitric oxide (NO) release (12),
induction of antioxidative enzymes is also implicated in this
resveratrol-mediated pharmacologic preconditioning effect. Both
in vivo and in vitro treatment with resveratrol leads to an induction
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of cardiac thioredoxin-1 (Trx-1), Trx-2, and heme oxygenase-1
(HO-1) (13-17). The cardioprotective effect of resveratrol can be
abolished by cisplatin, a blocker of the Trx family (17), or by tin-
protoporphyrin IX (SnPP), an HO-1 inhibitor (13).

Induction of antioxidative enzymes by resveratrol has also
been reported for vascular tissues. Incubation of rat aortic
segments leads to an upregulation of catalase, and HO-1 (9). In
cultured aortic smooth muscle cells, resveratrol increases the
mRNA expression of catalase, glutathione S-transferase (GST),
and NAD(P)H:quinone oxidoreductase-1 (NOQ1) (18).
Treatment of endothelial cells with resveratrol prevents
apoptotic cell death induced by TNF-α or by ox-LDL. The
protective effect of resveratrol is attenuated by inhibition of
GPx, suggesting a role for antioxidant systems in the
antiapoptotic action of resveratrol (9). In human coronary
arteriolar endothelial cells, resveratrol enhances angiogenesis
by upregulation of Trx-1, which sequentially induces HO-1 as
well as VEGF (13).

In the present study, we provide evidence that resveratrol
downregulates NADPH oxidase subunit Nox4, and upregulates
SOD1 and GPx1in human endothelial cells.

MATERIAL AND METHODS

Cell culture
Human umbilical vein endothelial cells (HUVEC) were

isolated by collagenase digestion as described (19) and cultured
in M199 medium containing 1% FCS and ECGS/H-2
(Promocell, Heidelberg, Germany). HUVEC-derived EA.hy 926
cells were kindly provided by Dr. Cora-Jean Edgell (Chapel Hill,
NC, USA). EA.hy 926 cells were grown under 10% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich,
Deisenhofen, Germany) supplemented with 10% FCS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100
µg/ml streptomycin, and 1x HAT (hypoxanthine, aminopterin
and thymidine) (Invitrogen, Karlsruhe, Germany) (20).
Resveratrol (trans-3,4’,-5-trihydroxystilebene; empirical
formula C14H12O3; CAS-Nummer 501-36-0) was obtained from
Sigma-Aldrich. Cells were treated with resveratrol or its solvent
control dimethyl sulfoxide (DMSO).

Real-time RT-PCR for mRNA expression analyses
Gene expression at mRNA level was analyzed with

quantitative real-time RT-PCR using an iCyclerTM iQ System
(Bio-Rad Laboratories, Munich, Germany). Total RNA was
isolated from cultured endothelial cells using an E.Z.N.A. total
RNA kit (Omega Bio-tek, Norcross, GA, USA). Total RNA (80 ng)
was used for real-time RT-PCR analysis with the QuantiTect™
Probe RT-PCR kit (Qiagen, Hilden, Germany). TaqMan Gene
Expression Assays (pre-designed probe and primer sets) were
obtained from Applied Biosystems (Foster City, CA, USA) for
analyzing mRNA expression (assay ID Hs00276431_m1,
Hs00166575_m1 and Hs00829989_gH for human Nox4, SOD1
and GPx1, respectively). The mRNA expression levels of the target
genes were normalized to TATA box binding protein (TBP) mRNA
(Applied Biosystems, assay ID Hs00427620_m1) (20).

Western blot for GPx1 protein analyses
Confluent EA.hy 926 cells were incubated with resveratrol

for 24 h, and then total protein was isolated. Western blotting
was performed using 30 µg of protein sample and antibodies
against GPx1 (AF3798, R&D Systems, Wiesbaden, Germany;
1:1000); SOD1 (SOD-100, Stressgen, Hamburg, Germany;

1:2000), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotechnology, California, USA; 1:5000).
Briefly, protein samples were separated on 15% SDS-
polyacrylamide gels and transferred onto nitrocellulose
membranes. Blots were blocked for 1 hour at room temperature
with 5% powdered milk in TBS (10 mM Tris HCl, pH 7.4, 150
mM NaCl) with 0.1% Tween 20, and then incubated with the
primary antibodies in 5% powdered milk in TBS with 0.1%
Tween 20 over night at 4°C. Blots were washed three times in
TBS/Tween 20 (0.1%) and then incubated with a horseradish
peroxidase-conjugated secondary antibody in 5% powdered
milk and 0.1% Tween 20 in TBS for 1 hour at room temperature.
After washing, immunocomplexes were developed using an
enhanced horseradish peroxidase/luminol chemiluminescence
reagent (PerkinElmer Life Sciences, Boston, MA, USA)
according to the manufacturer’s instructions (21).

Detection of ROS
Cells were plated in 96-well plates (2.5 x 104 cells/well) and

treated with 100 µM resveratrol for 24h. Then, cells were washed
(HBSS) and incubated with 500 µM of the luminol derivative L-
012 (Wako Chemicals, Germany) in HBSS at 37°C for 15 min
before addition of 2,3-dimethoxy-1,4-naphthoquinone (DMNQ,
10 µM, Calbiochem, Darmstadt, Germany). Then, ROS-induced
chemiluminescence was determined every 5 min for a total of 60
min using a Centro LB960 plate luminometer (Berthold
Technologies, Germany) (22-24).

Statistics
Statistical differences between mean values were determined

by analysis of variance (ANOVA) followed by Fisher’s
protected least-significant-difference test for comparison of
different means.

RESULTS

Resveratrol decreases Nox4 mRNA expression in human EA.hy
926 endothelial cells

Treatment of EA.hy 926 endothelial cells with resveratrol
led to a concentration- and time-dependent decrease in Nox4
mRNA expression (Fig. 1). A downregulation of Nox4 could be
observed with resveratrol at a concentration as low as 10 µM. At
a resveratrol concentration of 60 µM, Nox4 mRNA was reduced
to about 55% after 24 h. A maximal reduction of Nox4 mRNA
(to about 33% of control) was seen with 100 µM resveratrol.

Resveratrol increases GPx1 mRNA expression in human EA.hy
926 endothelial cells

Treatment of EA.hy 926 endothelial cells with resveratrol led
to a concentration- and time-dependent increase in GPx1 mRNA
expression (Fig. 2). An upregulation of GPx1 mRNA could be
observed as early as 6 h after incubation with 60 µM resveratrol.
A maximal upregulation of GPx1 mRNA (about 230% of control)
was reached after 24 h incubation with 60 µM resveratrol.

Resveratrol increases SOD1 mRNA expression in human EA.hy
926 endothelial cells

Treatment of EA.hy 926 endothelial cells with resveratrol
led to an increase in SOD1 mRNA expression. At a
concentration of 100 µM, SOD1 mRNA was upregulated to
about 1.6-fold after 24 h (Fig. 3).
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Effects of resveratrol on mRNA expression of redox genes in
HUVEC

Native HUVEC were incubated with resveratrol at
concentrations from 1 to 100 µM for 24 h and mRNA expression
was analyzed with real-time RT-PCR. A concentration-
dependent reduction of Nox4 mRNA was observed at resveratrol
concentrations ≥ 10 µM. mRNA expression of GPx1 and SOD1
was upregulated in a concentration-dependent manner (Fig. 4).

Resveratrol increases SOD1 and GPx1 protein expression in
human EA.hy 926 endothelial cells

EA.hy 926 cells were treated with resveratrol at
concentrations from 10 to 100 µM for 24 h. Proteins expression
of GPx1 and SOD1 was analyzed with Western blotting. As
shown in Fig. 5, a concentration-dependent upregulation of
GPx1 and SOD1 protein expression by resveratrol could be seen
(Fig. 5). No reliable antibodies for human Nox4 were
commercially available at this time. Therefore, we could not
perform Western blot analyses for Nox4.

Resveratrol prevents DMNQ-induced oxidative stress in human
EA.hy 926 endothelial cells

EA.hy 926 cells were pre-treated with 100 µM resveratrol or
its solvent control DMSO for 24 h. Then, cells were stimulated
with DMNQ (25) and ROS levels were measured by L-012
chemiluminescence. As shown in Fig. 6, resveratrol pretreatment
completely abolished DMNQ-induced oxidative stress.

DISCUSSION
The present study demonstrates that resveratrol decreases

the expression of the ROS-producing enzyme Nox4, and at the
same time, increases the expression of ROS-inactivating
enzymes, SOD1 and GPx1, in human endothelial cells.

Increased oxidative stress plays an important role in the
pathogenesis of cardiovascular diseases such as hypertension,
atherosclerosis or vascular diabetic complications (26). In the
vascular wall, ROS can be produced by several enzyme systems,
including NADPH oxidases, xanthine oxidase, uncoupled
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Fig. 1. Resveratrol decreases Nox4 mRNA expression in human
EA.hy 926 endothelial cells in a concentration- (A) and time-
dependent (B) manner. Cells were treated with resveratrol and
Nox4 mRNA expression was analyzed by quantitative real-time
RT-PCR. Columns represent mean ± SEM, n=9. *P<0.05,
**P<0.01, ***P<0.001, compared with control.
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Fig. 2. Resveratrol increases GPx1 mRNA expression in human
EA.hy 926 endothelial cells in a concentration- (A) and time-
dependent (B) manner. Cells were treated with resveratrol and
GPx1 mRNA expression was analyzed by quantitative real-time
RT-PCR. Columns represent mean ± SEM, n=9. *P<0.05,
**P<0.01, ***P<0.001, compared with control.



endothelial NO synthase, enzymes of the respiratory chain, and
cytochrome P450 monooxygenases (26). Although all these
enzymes contribute to the oxidative burden, evidence is
accumulating that an initial generation of ROS by NADPH
oxidases triggers the release of ROS by the other enzymes (27,
28). Moreover, NADPH oxidases are likely to be the
predominant source of ROS in the vasculature. In diseased
human coronary arteries, about 60% of total vascular superoxide
is derived from NADPH oxidases (29).

The NADPH oxidase enzyme complex consists of two essential
membrane-bound subunits, gp91phox and p22phox, which
compose flavocytochrome b558, and several cytosolic regulatory
components (30). In the vasculature, several homologous proteins
of the NADPH oxidase catalytic subunit gp91phox/Nox2 are
expressed. These include Nox1, Nox2, Nox4, and Nox5 (30, 31). In
HUVEC and HUVEC-derived EA.hy 926 cells, the expression
level of Nox4 is 100-fold higher than that of Nox1, Nox2, or Nox5,
suggesting that Nox4 is the major source of ROS in these cells (32).

NADPH oxidase-mediated ROS production is regulated at
two levels: gene expression of the NADPH oxidase subunits and
enzymatic activity. Activation of the NADPH oxidase enzyme
complex requires the assembly of the cytosolic regulatory
subunits (p47phox, p67phox, p40phox and Rac) with the
membrane-bound cytochrome b558 (27). Previous studies have
demonstrated that resveratrol diminishes endothelial ROS
production, probably by inhibiting membrane translocation of
the regulatory subunits (33, 34). Our study provides the first
evidence that resveratrol also decreases the expression levels of
Nox4, which is the predominant Nox isoform in endothelial
cells. This represents a novel mechanism for the decrease in
NADPH oxidase-mediated ROS production by resveratrol.

Reports on the effect of resveratrol on SOD isoforms are
controversial. In cardiac H9C2 cells (11) and in aortic smooth
muscle cells (18), resveratrol has been shown to increase the
activity of SOD. A recent study, however, found no changes in
protein levels of SOD1 or SOD2 in rat aortic segments ex vivo-
treated with resveratrol up to 100 µM for 24 h (9). The effects of
resveratrol on SOD could be cell- and isoform-specific. In
human lung fibroblasts, resveratrol shows no significant effect
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shown are representative of three independent experiments.
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on the expression or activity of SOD1, whereas it dramatically
and progressively induces mitochondrial SOD2 expression and
activity (35). So far, there are no reports on the regulation of
endothelial SOD1 by resveratrol. In the present study, we show
for the first time that resveratrol upregulates the mRNA and
protein expression of SOD1 in human endothelial cells.

GPx1 is the most abundant selenoperoxidase and a key
antioxidant enzyme in many cell types including endothelial
cells. GPx1 consumes reduced glutathione to convert hydrogen
peroxide to water and lipid peroxides to their respective alcohols
(36). It also acts as a peroxynitrite reductase (37). GPx1-
overexpressing mice are more resistant, whereas GPx1 knockout
mice are more susceptible to prooxidant-induced lethality than
are wild-type mice (38).

Because of its major role in the prevention of oxidative
stress, GPx1 is likely to be an important antiatherogenic enzyme.
In fact, GPx1 activity is decreased or absent in carotid
atherosclerotic plaques, and this reduced GPx1 activity has been
linked to the development of atherosclerotic lesions in humans
(39). In patients with coronary artery disease, the low activity of
red blood cell GPx1 is associated with an increased risk of
cardiovascular events independently from traditional risk
factors, and an increase in GPx1 activity reduces cardiovascular
risk (40). GPx1-deficient mice showed increased cell-mediated
oxidation of LDL (41). Furthermore, GPx1 deficiency causes
endothelial dysfunction (42, 43) and endothelial progenitor cell
dysfunction (44) in mice. GPx1 deficiency is accompanied by
increased periadventitial inflammation, neointima formation,
and collagen deposition surrounding the coronary arteries (45).
Finally, deficiency of GPx1 accelerates atherosclerotic lesion
progression in apolipoprotein E-deficient mice (46, 47). These
data demonstrate that GPx1 is a major intracellular antioxidant
enzyme in protecting against vascular oxidative stress.

A recent study demonstrates that ex vivo treatment of rat
aortic segments with resveratrol leads to upregulation of GPx1
protein expression (9). Our results show that resveratrol
increases the expression of endothelial GPx1. Whether such a
GPx1 upregulation also takes place in vascular smooth muscle
cells remain unclear.

At present, the mechanisms by which resveratrol regulates
gene expression are less understood. Resveratrol is a putative
activator of sirtuin 1 (SIRT1) (48), a NAD+-dependent histone
deacetylase. SIRT1 facilitates the formation of heterochromatin,
the more tightly packed form of chromatin associated with histone
hypoacetylation and gene repression. Multiple non-histone targets
have also been described for SIRT1. These include some
transcription factors or cofactors such as the tumor suppressor p53,
the Forkhead box class O (FOXO) transcription factors, nuclear
factor κB (NF-κB) and peroxisome proliferator-activated receptor-
γ co-activator 1α (PGC-1α) (49, 50). Whether these mechanisms
are involved in the regulation of Nox4, GPx1 and SOD1 by
resveratrol reported in the present study is still unknown.

In summary, the present study describes some novel effects
of resveratrol. By decreasing the expression of Nox4 and by
enhancing the expression of GPx1 and SOD1, resveratrol (and
its derivatives) represents a unique approach to reducing
endothelial oxidative stress.

Acknowledgements: This work was supported by the
Collaborative Research Center SFB 553 (project A1 to H.L. and
U.F.) and by grant LI-1042/1-1 from the DFG (Deutsche
Forschungsgemeinschaft), Bonn, Germany. This article contains
parts of the doctoral thesis of G.S.. We thank Ute Godtel-
Armbrust, Gisela Reifenberg and Ursula Wollscheid for their
excellent technical assistance.

Conflict of interests: None declared.

REFERENCES
1. Baur JA, Sinclair DA. Therapeutic potential of resveratrol:

the in vivo evidence. Nat Rev Drug Discov 2006; 5: 493-
506.

2. Bradamante S, Barenghi L, Villa A. Cardiovascular
protective effects of resveratrol. Cardiovasc Drug Rev 2004;
22: 169-188.

3. Opie LH, Lecour S. The red wine hypothesis: from concepts
to protective signalling molecules. Eur Heart J 2007; 28:
1683-1693.

4. Siemann EH, Creasy LL. Concentration of the phytoalexin
resveratrol in wine. Am J Enol Vitic 1992; 43: 49-52.

5. Kundu JK, Surh YJ. Cancer chemopreventive and therapeutic
potential of resveratrol: mechanistic perspectives. Cancer Lett
2008; 269: 243-261.

6. Wang Q, Xu J, Rottinghaus GE, et al. Resveratrol protects
against global cerebral ischemic injury in gerbils. Brain Res
2002; 958: 439-447.

7. Sinha K, Chaudhary G, Gupta YK. Protective effect of
resveratrol against oxidative stress in middle cerebral artery
occlusion model of stroke in rats. Life Sci 2002; 71: 655-665.

8. Vingtdeux V, Dreses-Werringloer U, Zhao H, Davies P,
Marambaud P. Therapeutic potential of resveratrol in
Alzheimer’s disease. BMC Neurosci 2008; 9(Suppl 2): S6.

9. Ungvari Z, Orosz Z, Rivera A, et al. Resveratrol increases
vascular oxidative stress resistance. Am J Physiol Heart Circ
Physiol 2007; 292: H2417-H2424.

10. Hung LM, Su MJ, Chu WK, Chiao CW, Chan WF, Chen JK.
The protective effect of resveratrols on ischaemia-
reperfusion injuries of rat hearts is correlated with
antioxidant efficacy. Br J Pharmacol 2002; 135: 1627-1633.

11. 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: 39-48.

12. Wallerath T, Deckert G, Ternes T, et al. Resveratrol, a
polyphenolic phytoalexin present in red wine, enhances
expression and activity of endothelial nitric oxide synthase.
Circulation 2002; 106: 1652-1658.

13. Kaga S, Zhan L, Matsumoto M, Maulik N. Resveratrol
enhances neovascularization in the infarcted rat myocardium
through the induction of thioredoxin-1, heme oxygenase-1
and vascular endothelial growth factor. J Mol Cell Cardiol
2005; 39: 813-822.

14. Penumathsa SV, Koneru S, Samuel SM, et al. Strategic
targets to induce neovascularization by resveratrol in
hypercholesterolemic rat myocardium: role of caveolin-1,
endothelial nitric oxide synthase, hemeoxygenase-1, and
vascular endothelial growth factor. Free Radic Biol Med
2008; 45: 1027-1034.

15. Thirunavukkarasu M, Penumathsa SV, Koneru S, et al.
Resveratrol alleviates cardiac dysfunction in streptozotocin-
induced diabetes: role of nitric oxide, thioredoxin, and heme
oxygenase. Free Radic Biol Med 2007; 43: 720-729.

16. Das S, Fraga CG, Das DK. Cardioprotective effect of
resveratrol via HO-1 expression involves p38 map kinase
and PI-3-kinase signaling, but does not involve NFkappaB.
Free Radic Res 2006; 40: 1066-1075.

17. Das S, Khan N, Mukherjee S, et al. Redox regulation of
resveratrol-mediated switching of death signal into survival
signal. Free Radic Biol Med 2008; 44: 82-90.

18. Li Y, Cao Z, Zhu H. Upregulation of endogenous
antioxidants and phase 2 enzymes by the red wine
polyphenol, resveratrol in cultured aortic smooth muscle
cells leads to cytoprotection against oxidative and
electrophilic stress. Pharmacol Res 2006; 53: 6-15.

115



19. Li H, Burkhardt C, Heinrich UR, Brausch I, Xia N,
Forstermann U. Histamine upregulates gene expression of
endothelial nitric oxide synthase in human vascular
endothelial cells. Circulation 2003; 107: 2348-2354.

20. Steinkamp-Fenske K, Bollinger L, Xu H, et al. Reciprocal
regulation of endothelial nitric-oxide synthase and NADPH
oxidase by betulinic acid in human endothelial cells. J
Pharmacol Exp Ther 2007; 322: 836-842.

21. Xu H, Czerwinski P, Hortmann M, Sohn HY, Forstermann U,
Li H. Protein kinase C {alpha} promotes angiogenic activity
of human endothelial cells via induction of vascular
endothelial growth factor. Cardiovasc Res 2008; 78: 349-355.

22. Horke S, Witte I, Wilgenbus P, Kruger M, Strand D,
Forstermann U. Paraoxonase-2 reduces oxidative stress in
vascular cells and decreases endoplasmic reticulum stress-
induced caspase activation. Circulation 2007; 115: 2055-2064.

23. Li H, Hortmann M, Daiber A, et al. Cyclooxygenase 2-
selective and nonselective nonsteroidal anti-inflammatory
drugs induce oxidative stress by up-regulating vascular
NADPH oxidases. J Pharmacol Exp Ther 2008; 326: 745-753.

24. Li H, Witte K, August M, et al. Reversal of endothelial nitric
oxide synthase uncoupling and up-regulation of endothelial
nitric oxide synthase expression lowers blood pressure in
hypertensive rats. J Am Coll Cardiol 2006; 47: 2536-2544.

25. Shi MM, Kugelman A, Iwamoto T, Tian L, Forman HJ.
Quinone-induced oxidative stress elevates glutathione and
induces gamma-glutamylcysteine synthetase activity in rat
lung epithelial L2 cells. J Biol Chem 1994; 269: 26512-26517.

26. Forstermann U. Oxidative stress in vascular disease: causes,
defense mechanisms and potential therapies. Nat Clin Pract
Cardiovasc Med 2008; 5: 338-349.

27. Brandes RP, Kreuzer J. Vascular NADPH oxidases: molecular
mechanisms of activation. Cardiovasc Res 2005; 65: 16-27.

28. Griendling KK. Novel NAD(P)H oxidases in the
cardiovascular system. Heart 2004; 90: 491-493.

29. Guzik TJ, Sadowski J, Guzik B, et al. Coronary artery
superoxide production and nox isoform expression in human
coronary artery disease. Arterioscler Thromb Vasc Biol
2006; 26: 333-339.

30. Bedard K, Krause KH. The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol
Rev 2007; 87: 245-313.

31. Cave AC, Brewer AC, Narayanapanicker A, et al. NADPH
oxidases in cardiovascular health and disease. Antioxid
Redox Signal 2006; 8: 691-728.

32. Xu H, Goettsch C, Xia N, et al. Differential roles of
PKCalpha and PKCvarepsilon in controlling the gene
expression of Nox4 in human endothelial cells. Free Radic
Biol Med 2008; 44: 1656-1667.

33. Carluccio MA, Ancora MA, Massaro M, et al.
Homocysteine induces VCAM-1 gene expression through
NF-kappaB and NAD(P)H oxidase activation: protective
role of Mediterranean diet polyphenolic antioxidants. Am J
Physiol Heart Circ Physiol 2007; 293: H2344-H2354.

34. Chow SE, Hshu YC, Wang JS, Chen JK. Resveratrol
attenuates oxLDL-stimulated NADPH oxidase activity and
protects endothelial cells from oxidative functional
damages. J Appl Physiol 2007; 102: 1520-1527.

35. Robb EL, Page MM, Wiens BE, Stuart JA. Molecular
mechanisms of oxidative stress resistance induced by
resveratrol: specific and progressive induction of MnSOD.
Biochem Biophys Res Commun 2008; 367: 406-412.

36. Lei XG, Cheng WH, McClung JP. Metabolic regulation and
function of glutathione peroxidase-1. Annu Rev Nutr 2007;
27: 41-61.

37. Sies H, Sharov VS, Klotz LO, Briviba K. Glutathione
peroxidase protects against peroxynitrite-mediated oxidations.
A new function for selenoproteins as peroxynitrite reductase.
J Biol Chem 1997; 272: 27812-27817.

38. Cheng WH, Ho YS, Valentine BA, Ross DA, Combs GF, Jr.,
Lei XG. Cellular glutathione peroxidase is the mediator of
body selenium to protect against paraquat lethality in
transgenic mice. J Nutr 1998; 128: 1070-1076.

39. Lapenna D, de Gioia S, Ciofani G, et al. Glutathione-related
antioxidant defenses in human atherosclerotic plaques.
Circulation 1998; 97: 1930-1934.

40. Blankenberg S, Rupprecht HJ, Bickel C, et al. Glutathione
peroxidase 1 activity and cardiovascular events in patients
with coronary artery disease. New Engl J Med 2003; 349:
1605-1613.

41. Guo Z, Van Remmen H, Yang H, et al. Changes in
expression of antioxidant enzymes affect cell-mediated
LDL oxidation and oxidized LDL-induced apoptosis in
mouse aortic cells. Arterioscler Thromb Vasc Biol 2001; 21:
1131-1138.

42. Dayal S, Brown KL, Weydert CJ, et al. Deficiency of
glutathione peroxidase-1 sensitizes hyperhomocysteinemic
mice to endothelial dysfunction. Arterioscler Thromb Vasc
Biol 2002; 22: 1996-2002.

43. Forgione MA, Weiss N, Heydrick S, et al. Cellular
glutathione peroxidase deficiency and endothelial
dysfunction. Am J Physiol Heart Circ Physiol 2002; 282:
H1255-H1261.

44. Galasso G, Schiekofer S, Sato K, et al. Impaired
angiogenesis in glutathione peroxidase-1-deficient mice is
associated with endothelial progenitor cell dysfunction. Circ
Res 2006; 98: 254-261.

45. Forgione MA, Cap A, Liao R, et al. Heterozygous cellular
glutathione peroxidase deficiency in the mouse:
abnormalities in vascular and cardiac function and structure.
Circulation 2002; 106: 1154-1158.

46. Lewis P, Stefanovic N, Pete J, et al. Lack of the antioxidant
enzyme glutathione peroxidase-1 accelerates atherosclerosis
in diabetic apolipoprotein E-deficient mice. Circulation
2007; 115: 2178-2187.

47. Torzewski M, Ochsenhirt V, Kleschyov AL, et al. Deficiency
of glutathione peroxidase-1 accelerates the progression of
atherosclerosis in apolipoprotein E-deficient mice.
Arterioscler Thromb Vasc Biol 2007; 27: 850-857.

48. Milne JC, Denu JM. The Sirtuin family: therapeutic targets to
treat diseases of aging. Curr Opin Chem Biol 2008; 12: 11-17.

49. Michan S, Sinclair D. Sirtuins in mammals: insights into
their biological function. Biochem J 2007; 404: 1-13.

50. Vakhrusheva O, Braeuer D, Liu Z, Braun T, Bober E. Sirt7-
dependent inhibition of cell growth and proliferation might
be instrumental to mediate tissue integrity during aging. J
Physiol Pharmacol 2008; 59(Suppl. 9): 201-212.
R e c e i v e d :  August 5, 2009
A c c e p t e d : September 10, 2009
Author’s address: Huige Li, MD, PhD, Department of

Pharmacology, Johannes Gutenberg University, Obere
Zahlbacher Strasse 67, D-55131 Mainz, Germany; Phone: +49
(6131) 3936929; Fax: +49 (6131) 3936611; 
E-mail: huigeli@uni-mainz.de

116


