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To define the molecular mechanism(s) of resveratrol 
inhibition of lipid peroxidation we have utilized model 
systems that allow us to study the different reactions 
involved in this complex process. Resveratrol proved 
(a) to inhibit more efficiently than either Trolox or 
ascorbate the Fe 2+ catalyzed lipid hydroperoxide- 
dependent peroxidation of sonicated phosphatidyl- 
choline liposomes; (b) to be less effective than Trolox 
in inhibiting lipid peroxidation initiated by the water 
soluble AAPH peroxyl radicals; (c) when exogenously 
added to liposomes, to be more potent than c~- 
tocopherol and Trolox, in the inhibition of peroxidation 
initiated by the lipid soluble AMVN peroxyl radicals; 
(d) when incorporated within liposomes, to be a less 
potent chain-breaking antioxidant than cr-tocopherol; 
(e) to be a weaker antiradical than cr-tocopherol in the 
reduction of the stable radical DPPH °. Resveratrol 
reduced Fe 3+ but its reduction rate was much slower 
than that observed in the presence of either ascorbate or 
Trolox. However, at the concentration inhibiting iron 
catalyzed lipid peroxidation, resveratrol did not sig- 
nificantly reduce Fe 3+, contrary to ascorbate. In their 
complex, our data indicate that resveratrol inhibits lipid 
peroxidation mainly by scavenging lipid peroxyl 
radicals within the membrane, like c~-tocopherol. 
Although it is less effective, its capacity of sponta- 
neously entering the lipid environment confers on it 
great antioxidant potential. 

Keywords: Resveratrol, lipid peroxidation, iron, AAPH, 
AMVN, phosphat idylchol ine l iposomes 

Abbreviations: AAPH, 2,2'-azobis(2-amidinopropane hydro-  
chloride); AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile); 
DPPH °, 2,2-diphenyl-l-picrylhydrazyl;  LOOH, lipid 
hydroperoxide;  Mes, morphol ineethanesulphonic  acid; 
PC, phosphat idylchol ine 

I N T R O D U C T I O N  

Resveratrol  (3,5,4'-trihydroxystilbene) is a natu-  
rally occurr ing phytoalexin  found  in juice and  
wine f rom dark  skinned grape  cultivars, Ill which  

has been  repor ted  to exert  a var ie ty  of p h a r m a -  
cological effects. For example ,  it alters the 
CD95 s igna l ing-dependent  apoptos is  in h u m a n  
t u m o r  cells, E21 suppresses  cell t ransformat ion  

and  induces  apoptos is  th rough  a p53-dependen t  
pa thway,  I31 arrests prol iferat ion and  induces  dif- 

ferentiat ion of the promyelocyt ic  cell line HL- 
60, I41 inhibits cyclooxygenase-2 t ranscr ipt ion lsl 

and  affects a rachidonate  metabol ism.  I6'71 These 

activities m a y  be impor tan t  for the anti-cancer, ~sJ 
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106 B. TADOLINI et al. 

anti-inflammatory t91 and anti-platelet I1°1 proper- 
ties of resveratrol. 

Originally, this molecule attracted interest as 
the likely active ingredient of wine that might 
explain the "French paradox", i.e. the apparent 
compatibility of a high fat diet with a low inci- 
dence of coronary atherosclerosis. ~111 Its inhibi- 
tory effect on the pathogenesis of atherosclerosis 
was attributed to the protection, in vitro, of human 
LDL against copper-catalyzed oxidation. [12"131 
This protection resulted greater than that exerted 
by the natural chain-breaking antioxidant ~- 
tocopherol. I12-141 The in vitro efficiency of resver- 
atrol was found to be more due to its copper 
chelation than to free radical scavenging. I15"161 
However, recent results obtained in vivo, cast 
doubts on resveratrol effectiveness in preventing 
serum lipid peroxidation. 117'181 Moreover, a few 
reports question the proposed molecular mecha- 
nism responsible for its action. [12'15] 

It thus appears that the experimental data so 
far obtained give an unclear picture of both the 
relative antioxidant potency of this compound 
and its mechanism(s) of action. These informa- 
tions would be important to ascertain whether the 
pharmacological effects attributed to resveratrol 
may be related to its antioxidant activity or to 
other molecular mechanisms not involving the 
free radical-dependent pathways of cell prolifera- 
tion, differentiation and apoptosis. [19-21] To con- 
tribute to the comprehension of resveratrol action 
we studied its effect on model liposomes and in 
experimental systems, previously well character- 
ized,[22 24] that are suitable to define the target 
and molecular mechanism(s) of the antioxidant 
action of this naturally occurring agent with 
antioxidant capacity. 

MATERIALS AND METHODS 

Chemicals 

Morpholineethanesulphonic acid (Mes), FeC12, 
FeC13, ascorbic acid, Trolox, c~-tocopherol, 2,2- 
diphenyl-l-picrylhydrazyl (DPPH°), resveratrol 
and all other chemicals, of the highest grade 

available, were purchased from Sigma-Aldrich 
(Milano, Italy). Egg phosphatidylcholine was 
from Lipid Products (Redhill, U.K.) and 1,10- 
phenanthroline was from Merck (Darmstadt, 
Germany). The thermolabile azo compounds 
2,2'-azobis(2-amidinopropane hydrochloride) 
(AAPH) and 2,2'-azobis(2,4-dimethylvaleroni- 
trile) (AMVN) were obtained from Polysciences 
Inc. (Warrington, PA, USA). All reagents were 
prepared in Chelex resin-treated distilled water 
whose pH was brought to 6.5 with HC1. 

Liposome Preparations 

The standard sonicated egg yolk phosphatidyl- 
choline liposomes (PC) were prepared as pre- 
viously described. [22-24] The phospholipids 
(about 18 mg), dried under nitrogen, were added 
with 6 ml distilled water, vortex mixed for 10 min 
and stored at 4°C for lh .  This suspension was 
subsequently sonicated with a titanium probe 
sonicator (Labsonic 2000) for 2min. The vesicle 
dispersion was then transferred to a small- 
volume extrusion apparatus (produced by 
Avestin, Ottawa, Canada) which allowed the 
extrusion of large unilamellar vesicles through 
standard 19mm polycarbonate filters with 
0.1 mm pore size. Usually samples were subjected 
to 37 passes through two filters mounted in 
tandem in the mini-extruder, as recommended 
by Hope et al. L251 This procedure makes possible 
the preparation of large unilamellar vesicles 
(LUVETs) with an average diameter close to the 
pore size. All extrusion procedures were con- 
ducted at 20°C. The multilamellar liposomes 
containing the azo derivative initiator of lipoper- 
oxidation, AMVN, were prepared in a round 
bottom tube by adding in the following order: 
AMVN and, when present, the antioxidant 
to test followed by PC. [26] After each addition 
the solvent was carefully removed with a stream 
of nitrogen in ice. The thin film obtained after 
evaporation was vortex mixed for 10min with 
an aliquot of 5 mM Mes buffer pH 6.5, 0.1 mM 
EDTA in order to obtain 2 mM AMVN, 8 mM PC 
and the amount of antioxidant as defined in the 
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RESVERATROL AND LIPID PEROXIDATION 107 

legends to figures. Appropriate blanks lacking the 
thermal initiator were also prepared. Lipid per- 
oxidation was triggered by incubating the solu- 
tions in a water bath at 41°C. The reaction vessels 
were kept under air in the dark. In the experi- 
ments using water soluble AAPH, the initiator 
(17 mM) was added to the vortex mixed liposome 
suspension at the beginning of the measurement, 
therefore no special care was taken during lipo- 
some preparation. The phospholipid content of 
the liposome suspensions was determined by the 
method of Marinetti. ~27j 

F e  2+ D e t e r m i n a t i o n  

Measurement of Fe 2+ concentration was made by 
the o-phenanthroline method according to Mahler 
and Elowe. ~281 All assays were carried out in 1 ml 
of 5mM Mes buffer, pH 6.5. The reactions, 
initiated by FeC12 addition, were conducted at 
room temperature, stopped by the addition of 
0.2 ml 25 mM 1,10-phenanthroline and A515 was 
immediately read. The concentrations of the 
components of the reaction mixtures and the 
incubation conditions are given in the figure 
legends. Fe 3+ reduction was determined by mea- 
suring Fe 2+ generated in I ml of 5 mM Mes buffer, 
pH 6.5 in the presence of 0.2ml 25mM 1,10- 
phenanthroline. 

Oxygen Consumption 

Lipid peroxidation was measured, indirectly, by 
monitoring oxygen consumption with a Clark- 
type electrode. Reaction mixtures containing 
5 mM Mes buffer, pH 6.5 and the liposomes were 
continuously stirred in a 3ml sealed chamber 
where the 02 electrode was immersed via a sealed 
port. Additions were made via a resealable port 
on top of the chamber. 

Oxidation Index of Liposomes 

Lipid peroxidation was measured by determin- 
ing the oxidation index of the liposomes. ;291 The 
samples containing 100-150gg phospholipid 

were extracted with I ml butan-l-ol. Phases were 
separated by centrifugation at 3000rpm for 
10 min and the 200-300 nm ultraviolet spectrum 
of the upper organic phase was recorded against 
appropriate blanks containing all reagents but 
liposomes. The oxidation index of the liposomes 
was determined by the A234 nm/A215 n m  ratio. 

DPPH ° Reduction 

Antioxidant solution in methanol (0.75 ml) was 
added to 1.5ml of DPPH ° solution (20mg/1 in 
methanol). The blank contained 0.75 ml methanol. 
The decrease in absorbance of DPPH ° was 
determined at 517nm after 5min incubation at 
room temperature. The percentage of DPPH ° 
reduction was calculated as follows: Reduction 

a I a  [30,31] percentage = 1 - Z ~ c o m p o u n d / Z ~ b l a n  k .  

RESULTS 

Iron Catalyzed Lipid Peroxidation 

PC liposomes prepared by sonolysis, when 
incubated with increasing concentrations of FeC12 
in 5 mM Mes buffer, pH 6.5, oxidize the metal 
(Figure 1). The pattern of Fe 2+ oxidation by PC 
liposomes, after 10 rain incubation, was biphasic: 
as FeC12 concentration was increased, at first Fe 2+ 
oxidation increased, reached a maximum then 
decreased. The addition to the reaction mixture 
of resveratrol (50 ~tM) in ethanol inhibited Fe 2+ 
oxidation by PC liposomes whereas an equimolar 
amount of c~-tocopherol was ineffective. Also 
Trolox and ascorbate strongly reduced Fe 2+ 
oxidation. The extent of the inhibition exerted 
by resveratrol, Trolox and ascorbate on lipid per- 
oxidation, measured both as Fe 2+ oxidation and 
increase of the oxidation index of liposomes, was 
dose-dependent (Figure 2) and resveratrol, with 
an IC50 value of 0.5 pM was the most effective. 

As shown in Figure 3, incubation of 150 ~tM 
FeCI3 in 5mM Mes buffer, pH 6.5 with the 
antioxidants under test resulted in its reduction 
to Fe2+: in the presence of 100 ~M either ascorbate 
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FIGURE 1 Effect of resveratrol on the peroxidation of PC 
liposomes. Increasing concentrations of FeCI2 were incu- 
bated with PC liposomes (150~tg phospholipid), in 5mM 
Mes buffer, pH 6.5 in the absence ( , )  and presence of 
50~tM resveratrol (A), the ethanol vehicle (final concen- 
tration in the assay 43mM) of the drug (D), 50~tM 
(~-tocop2herol (C)), 50~tM Trolox (@), 50~tM ascorbate (V). 
The Fe + oxidized by the liposomes after 10 min incubation 
was measured. Values plotted are means of triplicate assay 
with the same PC liposome preparation; SE never exceeded 
5% of the mean. The results are representative of ten experi- 
ments with different PC liposome preparations. 

or  Trolox a r a p i d  k ine t ic  b e h a v i o u r  w a s  o b s e r v e d  

w h e r e a s  c~- tocopherol  a n d  r e sve ra t ro l ,  a t  the  s a m e  

c o n c e n t r a t i o n ,  r e a c t e d  m o r e  s lowly .  In  a s i m i l a r  

m a n n e r  r e s v e r a t r o l  c o u l d  r e d u c e  C u  2+ to C u  1+ 

( resu l t  no t  shown) .  

S o n i c a t e d  PC l i p o s o m e s  w e r e  i n c u b a t e d  in  

5 m M  M e s  buffer ,  p H  6.5, w i t h  125 ~tM FeC12 

(Table I). P e r o x i d a t i o n  w a s  e v a l u a t e d  b y  c h a n g e  

in  t he  o x i d a t i o n  i n d e x  of l i p o s o m e s .  A f t e r  a r a p i d  

p e r o x i d a t i o n  d u r i n g  the  f irst  2 ra in  i n c u b a t i o n ,  the  

ra te  of  the  p r o c e s s  d e c r e a s e d ;  a d e l a y e d  a d d i t i o n  

of  100~tM FeC13 af te r  2 m i n  i n c u b a t i o n  a n d  a 

f u r t h e r  i n c u b a t i o n  u p  to 10 min ,  e x e r t e d  a s t i m u -  

l a t o r y  effect w h i c h  w a s  c o u n t e r a c t e d  b y  the  s i m u l -  

t a n e o u s  a d d i t i o n  of each  of  the  a n t i o x i d a n t s  

u n d e r  test.  PC l i p o s o m e s  w e r e  a l so  i n c u b a t e d  

w i t h  100 ~tM FeC13 in the  a b s e n c e  of FeC12 (Table I); 

in th is  e x p e r i m e n t a l  c o n d i t i o n  no  p e r o x i d a t i o n  

o c c u r r e d  and ,  a m o n g  the  a n t i o x i d a n t s  t e s ted ,  o n l y  

a s c o r b a t e  c o u l d  el ici t  l i p i d  p e r o x i d a t i o n  w h e r e a s  

the  o the r s  w e r e  unef fec t ive .  

100  
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FIGURE 2 Effect of resveratrol concentration on the perox- 
idation of PC liposomes. PC liposomes (150 ~tg phospholipid) 
were incubated in 5mM Mes buffer, pH 6.5 with 100~tM 
FeC12 and increasing concentrations of resveratrol (A), 
Trolox (@), ascorbate (V). Panel A. Peroxidation was eval- 
uated by measuring, after 10 min incubation, Fe 2 ~ oxidized 
by the liposomes. Panel B. Peroxidation was evaluated by 
measuring the oxidation index of the liposomes. The values 
plotted are means of triplicate assay with the same PC lipo- 
some preparation; SE never exceeded 15% of the mean. The 
results are representative of four experiments with different 
PC liposome preparations. 

Azo Compound Initiated Lipid Peroxidation 

The  p e r o x i f l a t i o n  of PC l i p o s o m e s  w a s  t r i g g e r e d  

b y  the  d e c o m p o s i t i o n  of  the  h y d r o p h i l i c  a z o  

c o m p o u n d  A A P H .  A A P H  ( 1 7 m M )  w a s  exoge-  

n o u s l y  a d d e d  to PC l i p o s o m e s  (8 m M )  in 5 m M  

M e s  buffer ,  p H  6.5, 0.1 m M  EDTA. P e r o x i d a t i o n  

w a s  m o n i t o r e d  b y  m e a s u r i n g  the  o x y g e n  u p t a k e  

a s s o c i a t e d  to th is  p r o c e s s  ( F i g u r e  4). PC l i p o s o m e s  

w e r e  o x i d i z e d  at  a c o n s t a n t  rate.  In  the  p r e s e n c e  

of  the  w a t e r  so lub l e  c h a i n - b r e a k i n g  a n t i o x i d a n t  

Trolox (3 a n d  10~tM) a c lea r  i n d u c t i o n  p e r i o d  

o c c u r r e d  a n d  af te r  a l l  the  a n t i o x i d a n t  h a d  b e e n  

d e p l e t e d ,  the  r eac t i on  p r o c e e d e d  at  the  s a m e  

ra te  o b s e r v e d  in its absence .  R e s v e r a t r o l  (10 a n d  
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FIGURE 3 Fe 3+ reduction by resveratrol. FeC13 (150~M) 
was incubated in 1 ml of 5 mM Mes buffer, pH 6.5 contain- 
ing 5 mM 1,10-phenanthroline, with 100 gM resveratrol (A), 
the ethanol vehicle (final concentration in the assay 86 mM) 
of the drug (V~), 100gM c~-tocopherol (O), 100gM Trolox 
(0 )  and 100gM ascorbate (V). At the time stated A515 was 
read. Values plotted are means of triplicate assay; SE never 
exceeded 5% of the mean. The results are representative of 
three experiments. 
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FIGURE 4 Effect of resveratrol on the peroxidation of PC 
liposomes initiated by AAPH. PC liposomes (15raM phos- 
pholipid) prepared by vortex mixing for 10min in 5mM 
Mes buffer, pH 6.5, 0.1 mM EDTA were incubated at 40°C 
with 17mM AAPH in the absence (line a) or presence of 
either c~-tocopherol (3 ~tM line b, 10 ~M line c) or resveratrol 
(10 gM line d, 20 gM line e). Peroxidation was evaluated by 
oxygen consumption. The results are representative of four 
experiments. 

TABLE I Antioxidants and FeC13 influence on the peroxidation of PC liposomes 

Assay condition Oxidation index A234/A215 

PC liposomes 0.21 ± 0.03 
PC liposomes +125 gM FeC12 t2 0.39 ± 0.02 
PC liposomes +125 gM FeC12 +100 ~tM FeCI3 0.76 ± 0.02 
PC liposomes +125 gM FeC12 +100 gM FeC13 +1 ~tM resveratrol 0.24 ± 0.06 
PC liposomes +125 ~tM FeC12 +100 ~tM FeC13 +1 ~tM Trolox 0.33 ± 0.03 
PC liposomes +125 gM FeC12 +100 gM FeC13 +50 gM ascorbate 0.37 ± 0.02 
PC liposomes +125 ~tM FeC12 t]0 0.42 ± 0.03 
PC liposomes +100 gM FeC13 0.22 ± 0.03 
PC liposomes +100 gM FeC13 --1 gM resveratrol 0.20 ± 0.03 
PC liposomes +100 gM FeC13 +1 gM Trolox 0.21 ± 0.02 
PC liposomes +100 gM FeC13 +50 laM ascorbate 0.76 ± 0.02 

PC liposomes (140 ~tg phospholipid) were incubated in 5 mM Mes buffer, pH 6.5 and peroxidation was evaluated by 
measuring their oxidation index after 10 min incubation (unless stated). The values plotted are means of triplicate 
assay with the same PC liposome preparation. The results are representative of three experiments with different 
PC liposome preparations. 

20 ~tM) reduced the peroxidation rate with respect 
to the control experiment; however an induction 
period was not observed at the concentrations 
tested. The peroxidation of PC liposomes was also 
initiated by the thermal decomposition of the lipid 
soluble azo initiator AMVN incorporated in PC 
liposomes (Figure 5). The effect of the comparti- 
mentation of the antioxidant was also evaluated. 
Peroxidation was monitored by measuring 

change in the oxidation index of liposomes. 
Control liposomes were oxidized at a constant 
rate. When 10 gM resveratrol was exogenously 
added to the reaction mixture it reduced the 
peroxidation rate with respect to the control 
experiment; the exogenous addition of 10 pM c~- 
tocopherol was less effective. Exogenously added 
ascorbate (100 gM) caused a modest decrease in 
the peroxidation rate (result not shown) whereas 
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FIGURE 6 Effect of resveratrol concentration on DPPH" 
reduction. DPPH ° (30 ~tg in methanol) were incubated with 
increasing concentrations of either resveratrol (&) or 
c~-tocopherol (C)) for 5min. The percentage of DPPH ° 
reduction was calculated as follows: Reduction percentage- 
1 -  Acompound/ablan k. Values plotted are means of triplicate 
assay; SE never exceeded 5% of the mean. The results are 
representative of five experiments. 

FIGURE 5 Effect of resveratrol on the peroxidation of PC 
liposomes initiated by AMVN. PC liposomes (8 mM phos- 
pholipid) containing 2 mM AMVN were prepared by vortex 
mixing for 10min in 5mM Mes buffer, pH 6.5, 0.1mM 
EDTA. Peroxidation was evaluated by change in the oxida- 
tion index of liposomes. Panel A. The PC liposome suspen- 
sion was incubated at 41c'C in the absence (1) or presence 
of 101~M resveratrol (-A- incorporated, ..A.. exogenously 
added), 10~M c~-tocopherol (-C)- incorporated, ..O.. exo- 
genously added), 101~M Trotox (@ exogenously added). 
Panel B. The PC liposome suspension was incubated at 
41°C in the absence ( I )  or presence of 4~tM resveratrol (A 
incorporated), 4 I~M c~-tocopherol (0  incorporated), 4 I~M 
resveratrol and 4 ~tM (~-tocopherol (0  incorporated). At the 
stated time 50[t l  of the suspension were added to lml  
butan-l-ol. Peroxidation was evaluated by measuring the 
oxidation index of the liposomes. Values plotted are means 
of triplicate assay with the same PC liposome preparation; 
SE never exceeded 15% of the mean. Student's t-test for 
difference of means for paired samples was performed. All 
treatments gave significantly different values from corre- 
sponding controls (p<0.01), except exogenously added 
c~-tocopherol in Figure 5A (p < 0.05). The results are repre- 
sentative of four experiments with different PC liposome 
preparations. 

Trolox (10 IxM) dec reased  A M V N  in i t i a ted  l ip id  

p e r o x i d a t i o n  b u t  it was  less effective t h a n  resver-  

atrol  (F igure  5A). Howeve r ,  w h e n  resvera t ro l  

a n d  o~-tocopherol we re  i n c o r p o r a t e d  w i t h i n  the 

l iposomes ,  con t r a s t ing  resul t s  were  observed:  

wh i l e  resvera t ro l  effect d id  no t  s ign i f i can t ly  differ, 

a s t rong  i n h i b i t i o n  of the p e r o x i d a t i o n  rate a n d  a 

clear i n d u c t i o n  pe r iod  was  e v i d e n t  in  the p re sence  

of ~ - tocophero l  (F igure  5A a n d  B). W h e n  resver-  

atrol  (4 t~M) a n d  an  equa l  a m o u n t  of c~-tocopherol 

were  i n c o r p o r a t e d  toge ther  in  A M V N  c o n t a i n i n g  

PC l iposomes ,  the i n d u c t i o n  t ime  ascr ibable  to 

o~-tocopherol w a s  u n c h a n g e d  (F igure  5B). H o w -  

ever  a ve ry  s t rong  i n h i b i t i o n  of l ip id  p e r o x i d a t i o n  

w a s  obse rved ,  a p p a r e n t l y  r e su l t i ng  f rom the add i -  

t ive effects of the two  an t iox idan t s .  

D P P H  ° R e d u c t i o n  

The s table  rad ica l  D P P H  ° in m e t h a n o l i c  so lu t i on  

w a s  i n c u b a t e d  w i th  i nc r ea s ing  c o n c e n t r a t i o n s  of 

the a n t i o x i d a n t s  u n d e r  test. The r e d u c t i o n  of this  

c o m p o u n d  w a s  m o n i t o r e d .  As s h o w n  in  F igure  6, 

~ - tocophero l  p r o v e d  to be a be t te r  a n t i o x i d a n t  

t h a n  resverat rol .  

D I S C U S S I O N  

To assess the m o l e c u l a r  m e c h a n i s m s  of resver-  

atrol  i n h i b i t i o n  of l ip id  p e r o x i d a t i o n  we  have  first 
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utilized a well characterized experimental model 
that consists of PC liposomes whose peroxidation 
is triggered by FeCI2 in 5 mM Mes buffer, pH 
6.5. [22-24] AS shown in Figures i and 2 resveratrol 
apparently is a better antioxidant than Trolox and 
oz-tocopherol in inhibiting the Fe 2+ catalyzed lipid 
peroxidation. These results are consistent with 
those obtained by Frankel's group [12A31 and by 
Belguendouz et at. [151 when studying the effect of 
resveratrol on LDL oxidation by copper. The latter 
authors proposed the copper chelating property 
of resveratrol as the main cause of its higher 
capacity to inhibit LDL peroxidation. However, 
theirs [151 and Frankel's [121 observations that a 
complete inhibition of LDL oxidation occurred 
in the presence of 8-10 mol excess of the copper 
catalyst over resveratrol concentration, question 
this conclusion. Besides, our data obtained utiliz- 
ing Fe 2+, a metal catalyst which is not chelated by 
resveratrol, ~151 further weaken the hypothesis that 
the good antioxidant activity of resveratrol is 
mainly due to its metal chelating activity. 

We further studied the Fe 2+ catalyzed lipid 
peroxidation to verify the hypothesis that resver- 
atrol, with its three hydroxyl groups, may inter- 
fere with the oxidation state of the metal catalyst. 
It is known, in fact, that the extent and the kinetics 
of lipid peroxidation are strictly controlled by 
Fe2+/Fe 3÷ ratio: [23'24"32"331 they are maximal at the 
critical Fe2+/Fe 3+ ratio and decrease when it 
shifts to either lower or higher values (Figure 1). 
It is also known that superoxide dismutase, cata- 
lase, ascorbate and in general reducing agents, can 
influence lipid peroxidation by affecting iron 
reduction/oxidation and the formation of the 
permissive Fe2+/Fe 3+ ratio. [33'341 To assess this 
possibility we checked, first, whether resveratrol 
can reduce the metal catalyst. The results pre- 
sented in Figure 3 clearly demonstrates that 
resveratrol, although less effectively than ascor- 
bate and Trolox, can reduce Fe 3+. It is, thus, 
theoretically possible that resveratrol, like ascor- 
bate, may alter the Fe2+/Fe 3+ ratio. To test this 
possibility we performed two sets of experiments 
(Table I). In the first set, the effect of resveratrol 

and of the other antioxidants was studied in an 
experimental condition where a high FeCla con- 
centration inhibits lipid peroxidation; this inhibi- 
tion, as expected, is reverted by FeC13 addition 
(Table I). When the experiments were conducted 
in the presence of the antioxidants, the stimula- 
tion of lipid peroxidation by FeC13 was not 
observed. This result does not necessarily mean 
that the compounds, like ascorbate, exert their 
inhibition by reducing Fe 3+. It may be due to their 
ability to scavenge the lipid radicals generated 
in the presence of Fe 3+. Thus, we performed a 
second set of experiments where resveratrol and 
the other antioxidants were tested in an experi- 
mental condition where, in the absence of Fe 2+, 
FeC13 does not elicit lipid peroxidation (Table I). 
In this experimental condition the presence of a 
reducing agent, that favours the attainment of the 
critical Fe2+/Fe 3+ ratio, should result in a strong 
stimulation of lipid peroxidation. Of the anti- 
oxidant tested only ascorbate, as expected, was 
stimulatory. These results, in their complex, indi- 
cate that resveratrol, unlike ascorbate, does not 
appear to significantly exert its antioxidative 
potential by changing the oxidation state of the 
metal. 

We have previously shown that, in the experi- 
mental conditions utilized in this study, there is no 
generation of inorganic oxygen radicals able to 
initiate lipid peroxidation and, thus, only the lipid 
hydroperoxide (LOOH)-dependent peroxidation 
may take place. [23,24,35] This excludes the possibil- 
ity that the inhibition of lipid peroxidation exerted 
by resveratrol, and at large by the other antioxi- 
dants, occurs by scavenging inorganic oxygen- 
derived initiators such as O~ and °OH. Elsl 

The LOOH-dependent  initiation which occurs 
in our experimental conditions, is triggered by 
the reductive cleavage of LOOH present in the 
liposomes, by added FeC12. The organic alkoxyl 
radicals generated on the surface and within the 
liposomes initiate and support the propagation 
and chain-branching reactions of lipid peroxida- 
tion. The effectiveness of resveratrol in inhibiting 
the metal catalyzed lipid peroxidation, similarly 
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to Trolox and contrary to the exogenously added 
ct-tocopherol (Figures 1 and 2) suggests that this 
compound may exert some effect in the aqueous 
phase by scavenging water soluble/water inter- 
acting organic initiators. To assess this possibility 
we studied resveratrol effect on lipid peroxida- 
tion initiated by the water soluble-peroxyl radi- 
cals generated by the decomposition of the azo 
compound AAPH. The results presented in 
Figure 4 are consistent with those obtained by 
Belguendouz et al. I~51 when studying AAPH- 
mediated LDL oxidation. They indicate that 
resveratrol is less effective than Trolox in AAPH 
initiated lipid peroxidation and, thus, demon- 
strate that resveratrol, contrary t o  Trolox, [36] is a 
poor water soluble chain-breaking antioxidant. 

We have, then, assessed the possibility that 
resveratrol may interfere primarily with the lipid 
phase of peroxidation. To this aim, we studied its 
effect on the process initiated by the thermal 
decomposition of the lipid soluble azo initiator 
AMVN incorporated in PC liposomes. The effect 
of the compartmentation of the antioxidant was 
also verified. The results, reported in Figure 5A, 
point out some interesting aspects. First, resver- 
atrol proved to be more effective in inhibiting the 
lipid soluble organic radicals than Trolox. This is 
probably related to the chemical structure of the 
two compounds: Trolox is likely to scavenge only 
the organic radicals floating to the surface of the 
liposome I371 whereas resveratrol may enter the 
lipid phase and scavenge also the lipid soluble 
radicals. Second, when exogenously added, res- 
veratrol was more effective than o~-tocopherol in 
inhibiting lipid peroxidation (see also Figure 1); 
this agrees with the more potent antioxidant 
properties of wine phenolics compared to 
~-tocopherol reported by Frenkel's group [12'131 
when studying the copper catalyzed oxidation of 
human LDL. Third, by contrast, when the two 
antioxidants were incorporated within the lipo- 
somes a stronger inhibition of the peroxidation 
rate and a clear induction period was evident in 
the presence of c~-tocopherol. These results, on 
one hand, confirm the well known chain-breaking 

antioxidant potency of this compound which 
was confirmed by its better antioxidant potency 
in scavenging the lipid soluble DPPH ° radical 
(Figure 6). On the other hand, the results empha- 
size the inability of c~-tocopherol to spontaneously 
localize within the liposomes where it exerts 
its effect and the need to consider the solubility 
characteristics of the compounds under test 
when comparative studies are conducted. In their 
complex these data indicate that resveratrol is 
likely to exert its inhibitory effect on lipid 
peroxidation mainly by entering the lipid phase 
and scavenging lipid soluble radicals. However, 
its relatively low potency as chain-breaking 
antioxidant may let believe as modest its con- 
tribution to the plasma antioxidant capacity 
in vivo and draw some doubt on its protective 
effect in cardiovascular diseases. To help in 
appraising such contribution we studied the 
effect of equimolar concentrations of resveratrol 
and c~-tocopherol on AMVN initiated lipid per- 
oxidation (Figure 5B). When the two antioxidants 
were incorporated together in PC liposomes, the 
induction time ascribable to c~-tocopherol was 
unchanged suggesting that resveratrol can not re- 
generate the active form of the vitamin. However, 
a very strong inhibition of lipid peroxidation was 
observed apparently resulting from the additive 
effects of the two antioxidants. Resveratrol in rat, 
is quickly adsorbed reaching a peak plasma con- 
centration (about 80 ~tM) approximately 60 min 
after wine ingestion (80~tg/kg); I38~ after pro- 
longed administration (daily dosage of natural 
resveratrol 40 ~tg/kg for 15 days) plasma concen- 
tration reaches a "steady state" of about 30 ~tM, [38] 
value comparable to that of c~-tocopherol (about 
10~tM in rat I391 and 15-25~tM in human[4°]). 
Apparently, thus, a regular consumption of red 
wine containing 2-6  mg/1 resveratrol can provide 
plasma with a concentration of this antioxidant 
able to effectively and significantly contribute to 
the control of oxidative stress. 

In conclusion, our data confirm previous 
evidences for inhibition of lipid peroxidation by 
resveratrol. However, our results clarify, for the 
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first t ime,  tha t  the ma jo r  m o l e c u l a r  m e c h a n i s m  

re spons ib l e  of resvera t ro l  i n h i b i t i o n  of l ip id  per-  

ox ida t ion  is ne i the r  a s c a v e n g i n g  of p r i m a r y  

i no rgan ic  in i t ia tors  no r  a m o d u l a t i o n  of me ta l  

catalysis  b y  che la t ion  or r educ t ion .  Resvera t ro l  

i n t e rac t ing  w i t h  the  l ipophi l ic  e n v i r o n m e n t ,  

appea r s  to exert  its effect b y  s c a v e n g i n g  o rgan ic  

ini t ia tors ,  like a - tocophe ro l  does.  In  spi te  of its 

re la t ive ly  lower  p o t e n c y  as c h a i n - b r e a k i n g  ant i -  
ox idan t ,  its b ioava i l ab i l i ty  I341 a n d  so lub i l i ty  I15"161 

m a y  a l low this mo lecu l e  to reach in  p l a s m a  a n d  

t issues  such  concen t r a t i ons  to s ign i f ican t ly  con-  

t r ibu te  to the a n t i o x i d a n t  defence  in vivo. Besides,  

its phase  pa r t i t i on  character is t ics  I161 m a y  spon ta -  

n e o u s l y  local ize it in  m e m b r a n e s  a n d  l ipopro-  

teins,  b y p a s s i n g  the complex  m a c h i n e r y  that  

str ict ly cont ro l  their  compos i t ion .  I4ll In  these  

l ipophi l i c  c o m p a r t m e n t s  resvera t ro l  m a y  inf lu-  

ence  ce l lu lar  p h y s i o l o g y  affect ing free radica l -  

d e p e n d e n t  p a t h w a y s .  

A c k n o w l e d g e m e n t s  

This  s t u d y  was  s u p p o r t e d  b y  g ran t s  f rom 

MURST, Italy. 
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