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Antioxidant Properties of Low Molecular Weight Phenols
Present in the Mediterranean Diet
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The antioxidant capacity of low molecular weight phenols found in olive fruit and in virgin olive oil
has been investigated. The radical scavenging activity of some of the investigated phenols is higher
than that of the most used antioxidants, and among them, 3,4- or 2,5-dihydroxyl phenols are also
able to chelate copper ions leading to chelates that are only slightly active in the promotion of free
radical reactions. The ability of tested phenols to reduce Cu(ll) and their activity—structure relationships
was also studied, showing that their reducing capacity is connected to the presence of a specific
ligand of the reduced ion. The number of reduced ions per mole of phenol is lower than that calculated
for some flavonols and isoflavones so exerting a lower prooxidant action. This fact may be important
in vivo when free transition metal ions are involved in oxidation processes.
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INTRODUCTION identifying new antioxidants (13). In fact, the oxidative dete-

rioration of fats and oils in foods is responsible for rancid odors
and flavors, with a consequent decrease in nutritional quality
and safety caused by the formation of secondary, potentially

bi lecul h . th ol di toxic compounds. The addition of antioxidants is required to
lomolecules when present in excess; they are implicated In preserve flavor and color and to avoid vitamin destruction.

the aemlogy of s_everal dlsez_ises and ang,lg)( For the b_alance Furthermore, oxidation reactions are not an exclusive concern
of the physiological generation of free radicals, organisms have ¢, tha food industry; antioxidants are widely believed to be

evolved a wide arrayfof enzymatic andhn?nenzy matic endog- ecessary to prevent deterioration of other oxidable goods, such
enous antioxidant defenses, 6). Nevertheless, in situations ¢ cosmetics. pharmaceuticals, and plastics.

of increased free radical generation, the reinforcement of From this point of view, olive mill wastewaters (OMWW)
e_nd_ogen_ous ant|OX|dant_s may be part|c_u|ar_|y important in produced in large quantities during the processing of olive olil,
diminishing the cumulative effects of oxidatively damaged may be a powerful source of natural antioxidants. Low molec-

molecules. S . ular weight phenols (Figure 1) identified in olive oils are also
A large body of epidemiological studies shows that the presentin OMWW.

(breast and colon cancers) in the Mediterranean countries is |°Whydroxytyrosol, the main phenols identified ®lea europaea
as compared with more northern European societies (7). It was|__ tissues, are known (1012), but few studies have been made
suggested that this is largely due to the relatively safe and evengn the antioxidant activities of other low molecular weight
protective dietary habits of this southern area where olive oil is phenols present in olives and olive oil as well as in fruits, herbs,
the principal source of fat7(-9). The formulation of an  yegetables, cereals, and other plant materials characteristic of
antioxidant/atherosclerosis hypothesis stimulated experimentalihe Mediterranean diet.
and epidemiological studies on the possible role of antioxidants, | this work, we have evaluated the antioxidant properties
including olive oil phenols, in the protection from CHD observed f the main low molecular weight phenols identified in olive
in the Mediterranean area. Animal and in vitro studies suggest 4j| and also present in OMWW. In particular, their ability to
that the high concentration of phenolic antioxidants in extra scavenge free radicals by donating a hydrogen atom is inves-
virgin olive oil may contribute to the healthy nature of the tigated. Moreover, we have studied another antioxidant mech-
Mediterranean diet (see review§—12). anism of these compounds, which may result from the inter-
On the other hand, the growing interest in the substitution of action between phenols and metal ions (especially copper)
synthetic food antioxidants by natural ones has fostered researcheading to chelate generation that is only slightly active in the
on vegetable sources and on the screening of raw materials forpromotion of free radical reactions (14—16).
Phenolic compounds such as flavonoids have been reported
*To whom correspondence should be addressed. Tel and F89- to show prooxidant effects, which have been related with their
081-7257300. E-mail: nucci@dafne.ibpe.na.cnr.it. iron and copper reducing activities. These reduced metals can

Free radicals are continuously generated in small amounts
by normal processes of metabolism. Many of them serve useful
physiological functions, 2), but they can also damage the
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No. Compounds Substituents Structures

benzoic acids
1 3-hydroxybenzoic acid 3-OH
2 p-hydroxybenzoic acid 4-OH oo
3 3,4-dihydroxybenzoic acid 3,4-OH
4 gentisic acid 2,5-OH
5 vanillic acid 3-OCH,, 4-OH
6 gallic acid 3,4,5-0OH
7 syringic acid 3,5-0CH,, 4-OH

cinnamic acids
8 cinnamic acid
9 o-coumaric acid 2-OH
10 p-coumaric acid 4-OH COOH
11 caffeic acid 3,4-OH ¢
12 ferulic acid 3-OCH,, 4-OH
13 sinapinic acid 3,5-0OCH,, 4-OH

phenylethanols
14 tyrosol 4-OH 4®/\/ "
15 dihydroxytyrosol 3,4-OH

phenylacetic acids
16 p-hydroxyphenylacetic acid 4-OH
17 3,4-dihydroxyphenylacetic acid 3,4-OH ©/\COOH
18 4-hydroxy-3-methoxyphenylacetic acid 3-OCH,, 4-OH

HO.

complex phenols m oo, m oo
19 oleuropein o o ° ] ]C:O
20 mono-aldehydic elenolate oleuropein aglycon

20
o]
O-Glucose HOH,C "%H

non-polyphenol

21 ascorbic acid )ﬁ
CH, oH

others * (R e
22 trolox aoon CHy
23 BHT " oo by me (CHCHEHEHCH,
24 a-tocopherol "o o

Figure 1. Structures of the studied low molecular weight phenolic compounds. In each table, the compounds are identified by arab numbers on the first

column.

catalyze the production of hydroxyl radicals through the Fenton acid, 3,4-dihydroxycinnamic acid (caffeic acid), 4-hydroxy-3-meth-

reaction (17,18) and lipid radicals through the decomposition
of preformed lipid hydroperoxidesl®). As a matter of fact,

oxycinnamic acid (ferulic acid), 4-hydroxy-3,5-methoxycinnamic acid
(sinapinic acid), 23-hydroxyphenyl-ethanol (tyrosolp-hydroxyphen-

the ability of simple phenols to reduce copper ions and their ylacetic acid, 3,4-dihydroxyphenylacetic acid, 3-methoxy-4-hydroxy-
activity—structure relationships were also investigated.

phenylacetic acid, ascorbic acid;tocopherol, BHT, trolox, and BC
were from Sigma (St. Louis, MO). Oleuropein was from Extrasysghe
(Genay, France). Oleuropein aglycone and hydroxytyrosol were

MATERIALS AND METHODS

Chemicals.Ferric chloride, copper(ll) sulfate, and DMPD were from
Fluka (Fluka Chimica, Milano, ltaly); 3-hydroxybenzoic acig;
hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,5-dihydroxybenzoic
acid (gentisic acid), 4-hydroxy-3-methoxybenzoic acid (vanillic acid),
3,4,5-trihydroxybenzoic acid (gallic acid), 3,5-methoxy-4-hydroxyben-
zoic acid (syringic acid), cinnamic acid;coumaric acidp-coumaric

obtained according to the procedure reported ir2@fAll chemicals
used were of analytical grade.

Measurement of Antioxidant Activity by DMPD Method. The
radical hydrogen donor ability of antioxidants was measured colori-
metrically using the DMPD method?0Q, 21). At acidic pH (0.1 M
sodium acetate buffer, pH 5.25) in the presence of an oxidant solution
of 0.1 mM FeCi, DMPD (1.0 mM) made a stable red radical cation



Antioxidant Properties of Phenols J. Agric. Food Chem., Vol. 51, No. 24, 2003 6977

(DMPD"), which was a useful reagent to investigate the radical taple 1. Radical Scavenging Activity (ECso) and Inverse Antioxidant

scavenging activity. One milliliter of this solution was put down in a  poyer (AP) of the Tested Phenols Determined by the DMPD Method?
1 cm light path quartz cuvette, and its absorbance at 505 nm &€ 25

was measured; the optical density that was obtained represented the compd AP, ECso
uninhibited signal, which remained constant up to 12 h at room 1 90.6+05 808+ 122
temperature. Antioxidant activity was determined by adding different b ND at 13.8 mg/mL AE (%) = 14.7
concentrations of antioxidant in ethanol (from 10 to/8Q to 1 mL of 3¢ 1.25 + 0.02 ECp=429+112
the above DMPB solution; absorbance at 505 nm after 15 min at 4 0.059 + 0.002 (5.71+ 1.65) x 1072
25 °C was revealed by a double beam Cary 1E thermostated spectro- 5 128+0.1 42.8+4.9
photometer (Varian, Victoria, Australia) equipped with a Peltier 6 0.0426 + 0.0006 (551£0.68) x 1072
temperature control. 7 0.124 +0.002 (1.09£0.18) x 101
. ) ) . gb ND at 0.44 mg/mL AE (%) =0
The above reaction mechanism consisted of abstracting a hydrogen ¢ 759 + 0.080 9.93 + 1.40
atom from a phenol donor to give the DMPRnd a phenoxyl radical. 10 1.46 +0.03 1.13+0.15
The reaction involved a color change producing a bleaching of the 11 0.0210 + 0.0002 (1.95 +0.30) x 102
solution proportional to the antioxidant amoungl). This reaction 12 0.0376 + 0.0003 (2.00 +£0.09) x 1072
was fast, and its stable end point was taken as a measure of antioxidant 13 0.0316 + 0.0008 (116 £0.12) x 102
activity. Ethanol in water for the dosage did not exceed 6.0%, and in 140 ND at 13.8 mg/mL AE (%) =0
these experimental conditions, the absorbance of the uninhibited radical 15 0.286 +0.002 1.56£0.16 5
cation solution did not change. 16¢ 84128+88 BCoo = (4352 1.34) x 10*
Y - 17 0.0443 + 0.0006 (3.44+0.32) x 102
The antioxidant efficiency (AE) was calculated for each sample by 18b ND at 8.2 mg/mL AE (%) = 22.8
considering the absorbance at 505 nm as a percentage of uninhibited 19 0.337 +£0.005 (1.04 £0.09) x 10 *
radical cation solution absorbance, according to eq 1: 20 0.574 +0.006 (1.37+0.16)x 1071
21 0.0575 +0.0011 (2.99 £ 0.30) x 102
22 0.139 +£0.004 (6.61+0.87) x 1072

AE (%) = [1 — (Axo/A))] x 100

] o ] ) 2 Data are expressed as means + standard deviation of at least four independent
whereAo is the uninhibited radical cation absorbance an@ # the experiments. ® The AP, and ECso values cannot be determined due to the low
absorbance measured 15 min after the addition of antioxidant samples pnenol solubility, and the calculated AE (%) value is referred to as the maximum

The concentration of antioxidant necessary to bleach the red radical phenol concentration soluble in the tested conditions. ¢ The ECso cannot be

cation by 50% (Aky) was calculated by eq 2: determined due to the short range of phenol solubility.
1/AE (%)= a+ Sy x 1/ug whereas ascorbic acid and trolox resulted in good radical
scavengers.

wherea and Syo, are the intercept and the slope of the linear plot of ~ The investigated phenols were grouped in serfiégufe 1),
1/AE (%) values vs Mg of antioxidants in the reaction mixture, —and marked differences in each phenol series were observed.
respectively. For each phenol, the radical scavenging activitggfEC ~ In each series, the monosubstituted phenols (compoin2ls
which is the ratio of the Ak value to the initial DMPD concentration, 9, 10, 14, and16) exhibited a very poor radical scavenging
was determined. The Egdescribes the global activity of a compound  activity; on the contrary, a higher number of substituents
toward DMPD, and to obtain more information on the antioxidant (compoundss, 7, 11,13, 15, and17), and in particular the 3,4-
activity, we also made use of the inverse antioxidant power)(AP and the 2,5-dihydroxyl substitutions (compourgjsh, 11, 15
parameter calculated as AR Syo that described the antioxidant and 17) ir’10reased the radical scavenging activiféihile, 1)’
activity in function of the antioxidant concentration. So, when thgsEC ’ . )
and AR values were lower, the antioxidant capacity was greater. Nev.erthgless, the-methylation of the .3-h.ydroxyl grou.p C‘?‘USEd
a significant decrease of the antioxidant capacity in 3,4-

Measurement of Cu(ll) Reduction. Cu(l) formation was monitored . . . -
using the specific Cu(l) chelator BC. On chelation, a characteristic substituted benzoic and phenylacetic acids (composnaisd

increase infugowas seen (22). Cu(ll) (40M final concentration) was 18) whereas a slight_ decrease in the cinnamic acids_ series
added to 40M BC in PBF in absence or in the presence of various (COmpoundd2and13) is observed. As concerns the substituent

amounts of antioxidant (from 5 to 5.), and theA,s was monitored in the 1-position, a significant difference among the cinnamic

as a function of time against the appropriate reference. Cu(l) was acids 8—13, which present a conjugated diene due to the

quantified using the absorption coefficiengo = 12 540+ 500 Mt monounsaturated alkylic group, in comparison to the other

cm* (23). Ethanol for the dosages did not exceed 5.0%, not influencing phenol series, must be emphasized. Only slight differences

the absorbance of the Cu(l) chelate. occurred on E and AR between the compount® and its
Copper Chelating Capacity. The metal chelating capability of the  derijvative 20.

tested compounds was measured by CuSOlutions in PBF (10 mM, Measurement of Cu(ll) Reduction. Aiming to test the ability

pH 7.4) containing 50:M of the tested compounds were prepared in  of the different phenols series to reduce Cu(ll), experiments
a quartz cuvette (1.0 mL final volume). The absorption spectra were were carried out according to eq 3.

recorded in the range of 200—800 nm at 120 nm/min with a spectral
acquisition spacing of 0.1 nm. All of the compounds were soluble under .
these conditions. Scans with 25.0, 50.0, 75.0, and 1OBICCUSO, Pheq + Cu(ll) = Phy, + Cu(l)

were taken after 5 s and 30 min and compared to the tested compound

alone. A 2.5-fold EDTA concentration was added in order to verify The copper reduction was measured over periods of 3 and

the chelation reversibility (1&4). 30 min.Table 2 shows the results of the production of cuprous
ion by reaction between phenols and cupric ion in aqueous
RESULTS solution.

In benzoic and phenylacetic acids series, the increasing
Measurement of Antioxidant Activities. The obtained number of hydroxyls on the aromatic ring (compourédand
results are given ifable 1. Making reference to natural and 17) and the 2,5-dihydroxyl substitution (compou#ddl are
synthetic antioxidants such as BHT amdocopherol, they were  important determinants for high Cu(ll) reduction potency (Table
not tested by DMPD for their poor solubility in aqueous solution 2), as supported by the evidence that the monohydroxyl phenols
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Table 2. Reduction of Cu(ll) by Phenols?

Cu(Il)/phenol molar ratio of

Cu(l) («M) after 3 min of incubation Cu(l) (M) after 30 min of incubation
compd 81 41 211 81 41 21 Cu(l)/phenol®

1 0.18£0.12 0.36 £0.10 0.43+0.10 0.82+£0.18 0.73+0.18 0.69£0.19 03x02
2 0.23+0.12 0.25+0.11 0.46 £0.10 0.67+0.19 0.50 +0.20 1.01+0.16 01+00
3 7.99+0.50 184+1.33 34.30 £ 2.60 14.81+0.94 33.23+241 33.04+2.39 3.0+£05
4 20.47 £ 1.50 3554270 3554 +£2.70 19.93+1.35 32.13+2.32 33.11+240 34+08
5 9.88 £0.65 20.28 +1.48 31.84+2.40 1151 +£0.68 22.92+1.58 32.68 +2.36 3002
6 22.34 +1.65 35.74 +2.72 35.81+272 23.86 + 1.66 33.76 + 2.45 34.12 +2.49 54+13
7 9.48 +0.62 20.43+1.50 34.73 +£2.64 10.13 £ 0.56 20.57 £1.40 32.90+2.28 20+02
8 0.60+0.19

9 5.25+0.28 10.40 £ 0.70 17.44 +1.26 9.44 £0.51 16.41 +1.07 2541178 14+£07
10 7.14+0.43 13.56 £0.95 22.82 +1.68 9.54 +0.52 18.16 +1.21 28.26 +2.01 20+02
11 5.06 £0.27 12.10+0.83 28.26 £2.12 7.66 +0.37 18.73+1.25 32.79+2.36 17+£03
12 1143 +£0.78 24.21+1.80 3430+26 12.80£0.78 26.80 +1.89 3316 +2.40 2404
13 14.64 +1.03 28.72+2.16 36.34+£2.76 19.20+1.29 32.81+2.87 34.10+2.48 37+13
14 6.12+0.35 11.72+0.79 12.83+£0.89 9.7+0.53 18.18+1.21 16.52 +£1.08 26+04
15 4.17+0.20 10.09 = 0.67 14.05+0.99 7.43+0.35 1772 +1.17 25.09+1.76 24+03
16 399+0.18 7.71+0.48 14.13£0.99 6.25+0.26 12.26 £0.74 21.92+151 18+0.2
17 1854 +£1.34 34.25+2.60 34.92 +2.65 27.06 +1.92 33.74 £ 2.45 33.90 +2.46 42+16
18 11.64 +£0.79 22.81+1.68 34.37+2.61 13.63+0.84 25.30 £ 1.77 32.78 +2.37 41+04
19 9.85+0.65 18.89 £ 1.45 34,93 £2.65 1827 +1.21 32.80+2.37 33.15+2.40 39+06
20 478 +0.25 10.43£0.70 22.87+1.69 9.66 £ 0.53 19.90 + 1.34 33.99 +2.47 2201
21 452+0.23 7.85+0.49 1412 £0.99 5.89+0.23 10.52 £ 0.60 18.91+1.26 1.0+0.2
22 9.36 £0.61 2325172 34.67 £2.63 9.10+£0.48 22.62 +1.56 3272237 3.0x02
23 5.73+0.32 13.92+0.98 33.77+2.56 10.48 £0.59 22.96 +1.59 33.83+2.77 2804
24 3.2+112 7.20+0.44 34.62 +2.63 488 +1.15 8.98 +0.47 33.14+240 3.8+03

2 Data are reported as Cu(l) («M) concentrations calculated after 3 and 30 min of incubation at different Cu(ll)/phenol molar ratios. The initial concentration of Cu(ll) was
40.0 uM. Results are expressed as means (n = 4) + standard deviation. ® Data are calculated after 30 min of incubation and expressed as Cu(l)/phenol molar ratios.

1,2, and16 show the lower activity whereas a slight difference The spectra of remaining compounds have shown differences
is observed between mono- and dihydroxyl-substituted cinnamicin the presence of CuSOIn particular, the interactions of
acids (compoundd—11). Contrary to that expected, dihydroxy- copper ions with compoun8 at different Cu(ll)/phenol molar
phenylethanol (15) reveals a lower reducing activity than ratios produced a bathochromic shift in the band at 288 nm of
hydroxyphenylethanol (14). about 20 nm while a hypsochromic shift (14 nm) in the 250
The o-methylation of the hydroxyl group gives rise to nm band is observed. On the addition of EDTA at 2.5-fold Cu-
different effects on Cu(ll) reduction. Small differences between (IlI) concentration, the original spectrum of compouBavas
3,4-substituted benzoic acids (compourddand5) are noted recovered even after 30 min.
wherea®-methylated cinnamic acids show an increased reduc- The bands at 259 and 212 nm of compouhdshowed
ing capacity in the function of theo-methylation degree  bathochromic shifts of about 40 and 21 nm, respectively, but a
(compoundd.1—-13). An opposite effect on the Cu(ll) reduction  residual band at 212 nm with a lower absorbance at 0.5:1 Cu-
is observed for phenylacetic (compoundg and 18) and (I1)/phenol molar ratio was observed. On treatment with EDTA,
trisubstituted benzoic acids (compour&land7). As concerns the spectra returned to their original positions but the band at
the substituent in the 1-position, phenylethanols (compounds212 nm had a lower absorbance. After 30 min in the presence
14 and 15) and nonmethylated cinnamic acids (compou@ds of 2:1 Cu(ll)/phenol molar ratio, very broad bands were noted

and10) show the lowest reducing capacity. and the addition of EDTA produced only a broad band at 263
According to this test, ascorbic acid is a relatively poor nm. The compoun@ spectrum has displayed a similar behavior
reductant as compared to some tested phefiablé 2). For in the presence of copper ion§able 3), but we did not note

the other reference antioxidants (compourziz—24), this a residual band at lowest the Cu(ll) concentration.

capacity is strictly linked to their concentration; in fact, only at In the presence of caffeic acid (compouht)), copper ions

a 2:1 copper-to-phenol ratio do they quantitatively reduce the caused red shifts in the observed three bands at 311, 286, and

Cu(ll) ion. 216 nm of about 3236, 19, and 47 nm, respectively, with a
Copper Chelating Capacity. The direct interaction of the  residual broad band with lower absorbance persisting at-216

tested compounds with copper ion at pH 7.4 was assessed by214 nm. EDTA addition regenerates the original spectra, but

UV/vis spectroscopy; the effect of stepwise increments of GuSO the absorbancies were lower; in particular, broad bands were

concentration on the spectral characteristics of each compoundhoted for the sample incubated for 30 min in the presence of

is analyzed in terms dfnax shift. The peak’s positions expressed  Cu(ll). Finally, only small differences in the spectra of the other

asAmaxin the phenol spectra in the absence and in the presencephenols (compound$ and 13—20) in the presence of copper

of different CuSQ concentrations are shown Trable 3. ions have been evidenced and indicated in the footnotes of
The tested compounds exhibited characteristic bands in theTable 3.

range of 200—350 nm. The peak’s positions in the spectra of Considering the reference antioxidants after the Cu(ll) ad-

compound, 5, 7—10, and12 did not change by the addition  dition, spectra with very broad bands (compo@4d and quite

of copper ions at different concentrations even after 30 min of linear bands (compoun@l) appeared, while a precipitate is

incubation (Table 3), with an indication that these compounds observed in the presence of BHT (compo@8). A band shift

did not form complexes with copper ions in the observed of about 16 nm appears for compoud after 30 min in the

conditions. presence of copper ion also after the EDTA addition.
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Table 3. Peak’s Positions, Expressed as Amax, in the Phenol Spectra in the Absence and the Presence of Different Concentrations of Cu(ll) after 5 s
and 30 min of Incubation

peak position (Amax in nm)

Cu(ll)/phenol molar ratio of

control 051(t=5¢) L1({t=59) 151(t=559) 21(t=59) 2:1 (t= 30 min) with EDTA@
10 287 288 288 288 288 290 288
2¢ 246 246 246 246 246 246 246
3 288, 250 307, 236 307, 236 308, 236 306, 236 307,239 288, 250
4 259, 212 295, 232, 214 299, 233 299, 233 300, 232 broad bands 2594, 2124
5 285, 251, 207 285, 251, 207 285, 251, 206 285, 251, 207 285, 251, 207 285, 251, 207 285, 251, 207
6 258, 211 296, 233 300, 233 300, 233 300, 233 broad bands 2584, 2114
7¢ 261, 210 261, 210 261, 210 261, 210 261, 210 261, 210 261, 210
8 269 269 269 269 268 268 269
9 312, 268, 213 312, 269, 213 312, 269, 212 312, 270, 313 312, 270, 314 312,270, 313 312, 269, 313
100 285 285 285 285 285 285 285
11f 311, 286, 216 343, 304, 263, 214 347,304, 263, 216 345, 305, 263, 217 346, 305, 263, 216 broad bands 311, 286, 214
12 310, 286, 215 310, 286, 215 310, 286, 215 310, 286, 215 310, 286, 215 310, 286, 215 310, 286, 215
139 306, 229 306, 228 306, 229 306, 229 306, 227 333,238 335", 239"
140 276 276 276 276 276 277 276
15 280 282 282 283 282 broad band 280
16¢ 277,224 277,224 276, 224 274,224 275, 224 276, 224 277,224
17 281 282 283 283 282 282 281, 280"
18 280 280 280 280 280 278 280
19 280, 231 281,232 282,233 282,232 281,232 279, 233 280}, 231
20K 280, 229 281, 230 281, 229 281, 229 282,230 280, 230 280, 230
21! 266 277 broad band - - - - -
22 289 289 290 290 289 273 274hm
23 278 279" 278
24 299 299 broad band 294 broad band 292 broad hand 292 broad band 233 broad hand 236mh

aThe EDTA concentration was 2.5-fold Cu(ll), and the values are referred to as the EDTA addition to the sample at t = 5 s. ° After the Cu(ll) addition, the Abs values
were lower and remained lower after EDTA addition. ¢ After Cu(ll) addition, the Abs values were higher and remained higher after EDTA addition. 4 For the samples at
t = 30, after EDTA addition, a very broad band at 263 nm was revealed. € The peak at 210 nm has a lower Abs in the presence of Cu(ll). fEDTA addition regenerates
the original spectrum with lower Abs values for the samples at t = 5 s, while broad bands were observed after 30 min. 9 For the samples at t = 5 s, the EDTA addition
produced a slight bathocromic shift in the 306 nm band of about 1.5-2 nm. " The value is referred to EDTA addition to the sample incubated for 30 min in the presence
of Cu(ll). " After Cu(ll) addition at about 305 nm appeared a small shoulder, which disappeared after the EDTA addition. | For the samples at t = 30 min, the EDTA addition
produced a slight bathocromic shift in the two bands (282 and 231 nm). ¥ After Cu(ll) addition, the Abs values were higher and slightly decreased after EDTA addition.' After
Cu(ll) addition, linear spectra appeared. ™ For the samples at t = 5 s, the EDTA addition produced a slight bathocromic shift of about 1.5-2 nm. " A precipitate was
observed in the presence of higher Cu(ll) concentrations.

DISCUSSION oxyl substituents in the ortho-position, with respect to a hydroxyl

Phenolic compounds can be active as antioxidants by a9rOUP On the aromatic ring, confer more effective antioxidant
number of potential pathways. The most important is likely to activity if compared to that of monohydroxylated phenols. The

be by free radical scavenging in which the phenol can break antioxidant capacities of these compounds is as follows:

the free radical chain reaction. The presence of different © > 2 in benzoic acids series ari ~ 12> 10 in cinnamic
substituents in the phenol backbone structures modulates theiCids series (T_able 1). _

antioxidant property, in particular their hydrogen-donating  Molecules withortho-dihydroxyl and/ompara-hydroxyl func-
capacity. The DMPD test provides information on this capacity tionalities are characterized by high antioxidant activizy)(

of the studied compounds. The results illustrate that in each Put it is necessary to underline that the electronic and steric
investigated series the antioxidant activity increases with the effects of substituents near the phenolic hydroxyl group may
number of hydroxyls on the aromatic ringgble 1). Radical b€ of importance in governing the hydrogen-donating capacity
scavenging occurs by reducing the active oxygen species andpof monohyqlroxyl phenols. Electron-donating substituents in the
or lipid peroxyl radicals by means of hydrogen atom donation ©rtho-position tend to weaken the O—H bond of phenol and
from the free hydroxyls, giving rise to phenoxyl radica®s). provide extra stability to the_phenoxyl rad|c:_;1I. Furthermore,
Furthermore, as demonstrated for flavonoi@l§)( the ortho- replacement of the-OH substituent by-OCHg increased the
dihydroxyl structure (catechol) and a 2',3'-double bond in liposolubility of phenols 28); therefore, these compounds could
conjugation with a 4carboxyl function enhance the radical act as lipid soluble free radical scavengers.

scavenging capacity. As a consequence, cinnamic acid deriva- Interestingly, the DMPD assays show that a large number of
tives 9—13 are good hydrogen donors (Table 1). radical cations per molecule of phenol was reduced. It seems

As concerns the presence of methoxyl groups, our data that for some phenols the number of electrons involved in their
suggest that the methylation of the 3- and 5-hydroxyl group Oxidation is higher than that expected from the number of
decreases the antioxidant activity of phenolic compounds. The hydroxyl groups. On this matter, it has been suggested that
AP values calculated for compoun8s7, and18 were larger phenolic compounds, when they are oxidized, generally undergo
then those of the corresponding di- and trinydroxylated phenols polymerization reactions, which can reproduce oxidab(e@H
3, 6, and 17, respectively, whereas only a slight increase is moieties in phenol polymeric products explaining the higher
observed between the antioxidant capacities of caffeic itid  radical scavenging activities of the studied phen@)(
and its 3-methoxyl derivative compouri®. Furthermore, in Another possible mechanism for the antioxidative activity of
aqueous solution, the electron-donating properties of the meth-phenolic compounds is the chelation of the metal ions in
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oxidation systems using a transition metal ion such as copperAs matter of fact, the absorption spectra of compo2iis24,

or iron. Transition metals are strongly implicated in the which do not chelate but reduce copper ion, are irreversibly
production of highly reactive hydroxyl radicals by the super- modified by Cu(ll) ion addiction.

oxide driven Fenton reaction as well as in the direct reductive Considering that the number of reduced copper ions per
decomposition of lipid hydroperoxides to provide alkoxyl and mojecule of phenolTable 2) is lower than that calculated for
lipid peroxyl radicals as propagation radica®®). Thus, metal  some flavonols and isoflavone34), phenols could exert lower
chelation by phenols could be considered as prevention means)rooxidant effects on promoting Fenton or Haber—Weiss
of the lipid peroxidation either by sequestering metal ions into g5ctions. Cuprous ion is more reactive toward hydroperoxide

inert complexes unable to decomposgOpior by restricting han the cupric ion; hence, a reductant, which reduces Cu(ll) to
the access of metal ions toward lipid hydroperoxides, which Cu(l), may well act as a prooxidar24).

are consistently produced in living cell3] 32).
The protonated phenolic group is not a particularly good
ligand for metal cations, but once deprotonated, an oxygen centefCONCLUSION

is generated that possesses a high charge density, a so-called yiqative stress is involved in the pathology of cancer,

“hard” !|gand. Although the pKvalue of most phenqls IS atherosclerosis, malaria, and rheumatoid arthritis and could play

the region of 9.6-10.0, in the presence of suitable cations such e in neurodegenerative diseases and aging processes (

as Fe(lll) or Cu(ll), the proton is dl_splaced at mpch lower pH 13). On the other hand, the protection by fruits and vegetables

values (5.6-8.0). Thus, F“eta' chelation by phenolic compounds against several diseases has been attributed to various antioxi-
can occur at physiological pH (33). dants and vitamins. Dietary phenolic compounds have generally

For chelation, bidentate ligands behave as much more peen considered as nonnutrients, and their possible benefit to
powerful metal cations scavengers than monodentate ligandsj,;man health has only recently been considered.

as a consequence, phenolic compounds with a catechol structure
bind Fe(lll) tightly at pH 7.0, whereas phenol does n&8)(

Our results on the metal chelating ability at physiological pH
of some phenols confirm this hypothesis. On the basis of
spectrophotometric studies in the presence of copper Taide

3), the formation of metatphenol chelates is followed by the
appearance of new peaks only in the spectra of phenols
cgrrl)taining theo-3,4-dth;/droxy strﬁcture (comppoun656, fl, powerful scavengers of stable free radic_al cation DMPD

15, and17), but only for compoun@®, the formation of a chelate Furthermore, they_ do not chelate_ Copper 1on, suggestlng_that
was reversible even after 30 min. Following up the addition of they may exert their antioxidant activity primarily by scavenging
Cu(ll) ions, spectral changes occur on copper ion binding to €€ radical differently from phenols with a 3,4- or 2,5-
the above-mentioned compounds, although the peaks shift iSQ|hydroxyI substituents, which are also able to chelate copper
much less pronounced for compouridsand17 than for6 and IORS:

11 (Table 3). After 30 min in the presence of copper ions, by ~ As concerns the prooxidant activity, our studies show that
titrating out the bound ions, new spectra appear, showing thatthe reducing capacity of simple phenols is connected to the
these compounds have not reverted to their original forms beforepresence of a specific ligand of the reduced ion. This statement
Cu(ll) ion interaction, being oxidized.6). Our data on the Cu-  may be important in vivo when free transition metal ions are
(1) reduction point out that these compounds with a catechol involved in oxidation processes. In the healthy human body,
structure are susceptible to oxidation (Table 2); nevertheless, metal ions appear largely sequestered in forms that are unable
we observe a reversible formation of a chelate after few secondsto catalyze free radical reactioB). However, injury to tissues

In this work, the capacity to be active in vitro, as antioxidants,
of simple phenolic acids and other phenolic compounds usually
found in olive fruit and in virgin olive oil has been investigated.
In particular, the radical scavenging activity of some phenols
is higher than that of the most used antioxidant ascorbic acid
and trolox. Compoundg, 10, 12, 13, 19, and20 behave as

of incubation in the presence of Cu(ll) iofigble 3). Metal— may release iron or coppedf) and catalytic metal ions have
catechol complexes are able to undergo intramolecular electronbeen measured in atherosclerotic lesiogig)( On this matter,
transfer reactions according to eq 4. further investigations into the antioxidant and prooxidant

activities by biophenols present in the Mediterranean diet as

R o R o R o well as into their absorption and bioavailability are required.
\Cu" = \Cu' \Cu'
/ J / /
o o o ABBREVIATIONS

The equilibrium positions of such reactions are influenced _ PMPD. N,N-dimethyl-p-phenylenediamine dihydrochloride;
by the presence of other ligands, and catechol complexes ofSH T 2.6-ditert-butyl-4-methylphenol; trolox, 6-hydroxy-
copper show such ligand dependeng@)( We suppose that in 2,5,_7,8-t_etramethylchroman-z-carboxyllc acid; BC, bathocu-
the presence of a specific Cu(l) chelator, such as BC, the Cu-Proine disulfonate.

(Il) ions are fastly reduced, as demonstrated by the high
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in absence of a specific Cu(l) ligand, CuHphenol complexes

with different stabilities can be observed (Skeble 3). Q) Suz_uki, Y. J,; Form_an, H.J; Seyaniar_L A. Oxidants as stimulators
The reduction studies also show that monohydroxyl and of signal transductiorf-ree Radical Biol. Med1997,22, 269—

. . 285.
mono- and bimethoxyl phenols are able to reduce Cu(ll) ion (2) Babior, M. B. Phagocytes and oxidative stréss. J. Med200Q

but their spectra displayed only small modifications after the 109. 33-44.
addition of copper ions at physiological pH. Also, in these cases,  (3) Halliwell, B.; Gutteridge, J. M. CFree Radicals in Biology and
the presence of a specific Cu(l) chelator may promote the Cu- Medicine; Oxford University Press: Oxford, 1999.

() reduction reaction. The data on the chelating and reducing (4) Beckman, K. B.; Ames, B. N. The free radical theory of aging.
capacities of the reference antioxidants reinforce this hypothesis. Physiol. Rev1998,78, 547—581.



Antioxidant Properties of Phenols

(5) Sies, H. Strategies of antioxidant deferteer. J. Biochem1993,
215, 213-219.

(6) Fridovich, I. Superoxide anion radicab'Q, superoxide dismutase
and related matterdl. Biol. Chem.1997,272, 18515—18517.

(7) Keys, A. Mediterranean diet and public health: personal reflec-
tions. Am. J. Clin.1995,61, 1321S—1323S.

(8) Trichopoulou, A.; Katsouyanni, K.; Stuver, S.; Tzala, L.;
Gnardellis, C.; Rimm, E.; Trichopoulos, D. Consumption of olive
oil and specific food groups in relation to breast cancer risk in
Greece. J. Natl. Cancer Inst995,87, 110—116.

(9) Lipworth, L.; Martinez, M. E.; Angell, J.; Hsieh, C. C,;
Trichopoulos, D. olive oil and human cancer: an assessment of
the evidencePrev. Med.1997,26, 181—190.

(10) Visioli, F.; Galli, C.; Galli, G.; Caruso, D. Biological activities
and metabolic fate of olive oil phenoEur. J. Lipid Sci. Technol.
2002,104, 677—684.

(11) Visioli, F.; Poli, A.; Galli, C. Antioxidant and other biological
activities of phenols from olives and olive oMed. Res. Rew.
2002,22 (1), 65—75.

(12) Tuck, K. L., Hayball, P. J. Major phenolic compounds in olive
oil: metabolism and health effectd. Nutr. Biochem2002,13,
636—644.

(13) Moure, A.; Cruz, J. M.; Franco, D.; Dominguez, J. M.; Sineiro,
J.; Dominguez, H.; Nitez, M. J.; Parajo, J. C. Natural antioxi-
dants from residual sourceBood Chem2001,72, 145—171.

(14) Morel, I; Cillard, P.; Cillard, J. Flavonoid-metal interactions in
biological systems. lifflavonoids in Health and Disease; Rice-
Evans, C., Packer, L., Eds.; Marcel Dekker: New York, 1998;
pp 163—177.

(15) van Acker, S. A. B. E.; van den Berg, D. J.; Tromp, M. N. J. L.;
Griffioen, D. H.; van Bennekom, W. P.; van der Vijgh, W. J.
F.; Bast, A. Structural aspects of antioxidant activity of fla-
vonoids.Free Radical Biol. Med1996,20, 331—342.

(16) Brown, J. E.; Khodr, H.; Hider, R. C.; Rice-Evans, C. A.
Structural dependence of flavonoid interaction with*Cions:
implications for their antioxidant propertieBiochem. J1998,
330, 1173-1178.

(17) Rowley, D. A.; Halliwell, B. Superoxide-dependent and ascor-
bate-dependent formation of hydroxyl radicals in the presence
of copper salts: a physiologically significant reactioffth.
Biochem. Biophysl983,225, 279—284.

(18) Koppenol, W. H. The centennial of the Fenton reactioree
Radical Res1993,15, 645—651.

(19) Tadolini, B.; Cabrini, L.; Menna, C.; Pinna, G. G.; Hakim, G.
Iron (Il) stimulation of lipid hydroperoxide-dependent lipid
peroxidation.Free Radical Res1997,27, 563—576.

(20) Briante, R.; La Cara, F.; Tonziello, M. P.; Febbraio, F.; Nucci,
R. Antioxidant activity of the main bioactive derivatives from
oleuropein hydrolysis by hyperthermophiliglycosidase J.
Agric. Food Chem2001,49 (7), 3198—3203.

(21) Fogliano, V.; Verde, V.; Randazzo, G.; Ritieni, A. Method for
measuring antioxidant activity and its application to monitoring
the antioxidant capacity of wined. Agric. Food Chem1999,
47, 1035—-1040.

J. Agric. Food Chem., Vol. 51, No. 24, 2003 6981

(22) Lynch, S. M.; Frei, B. Reduction of copper, but not iron, by
human low-density lipoprotein (LDL). Implications for metal
ion-dependent oxidative modification of LDL]. Biol. Chem.
1995,270(10), 5158—5163.

(23) Patel, R. P.; Svistunenko, D.; Wilson, M. T.; Darley-Usmar, V.
M. Reduction of Cu(ll) by lipid hydroperoxides: implications
for the copper-dependent oxidation of low-density lipoprotein.
Biochem. J1997,322, 425—-433.

(24) Lebeau, J.; Furman, C.; Bernier, J. L.; Duriez, P.; Teissier, E.;
Cotelle, N. Antioxidant properties of di-tert-butylhydroxylated
flavonoids.Free Radical Biol. Med2000, 29 (9), 900—912.

(25) Husain, S. R.; Cillard, J.; Cillard, P. Hydroxyl radical scavenging
activity of flavonoids.Phytochemistryi 987,26, 2489—2491.

(26) Bors, W.; Heller, W.; Michel, C.; Saran, M. Flavonoids as
antioxidants: determination of radical-scavenging efficiencies.
Methods Enzymoll990,186, 343—355.

(27) Fang, J.; Lu, M.; Chen, Z.; Zhu, H.; Li, Y.; Yang, L.; Wu, L.;
Liu, Z. Antioxidant effects of resveratrol and its analogues against
the free-radical-induced peroxidation of linoleic acid in micelles.
Chem. Eur. J2002,8 (18), 4191—4198.

(28) Valko, K. The role of chromatography in drug desigmends
Anal. Chem1987,6, 214—219.

(29) Hotta, H.; Sakamoto, H.; Nagano, S.; Osakai, T.; Tsujino, Y.
Unusually large numbers of electrons for the oxidation of
polyphenolic antioxidantBiochim. Biophys. Act2001,1526,
159-167.

(30) Halliwell, B.; Aeschbach, R.; Lolinger, J.; Aruoma, O. |. The
characterization of antioxidantSood Chem. Toxicoll995,33
(7), 601-6017.

(31) Minotti, G.; Aust, S. D. Redox cycling of iron and lipid
peroxidation.Lipids 1992,27, 219—-226.

(32) Kehrer, J. P. Free radical as mediators of tissue injury and disease.
Crit. Rev. Toxicol.1993,23, 21-48.

(33) Haider, R. C.; Liu, Z. D.; Khodr, H. H. Metal chelation of
polyphenols Methods EnzymoR001,335, 190—203.

(34) Mira, L.; Fernandez, M. T.; Santos, M.; Rocha, R.; Florencio,
M. H. Interactions of flavonoids with iron and copper ions: a
mechanism for their antioxidant activitifree Radical Re2002
36 (11), 1199—-1208.

(35) Halliwell, B.; Gutteridge, J. M. C. The antioxidants of human
extracellular fluids Arch. Biochem1990,280, 1-8.

(36) Halliwell, B.; Gutteridge, J. M. C.; Cross, C. E. Free radicals,
antioxidants and human disease: where are we nawab.
Clin. Med.1992,119, 598—620.

(37) Smith, C.; Mitchinson, M. J.; Arudma, O. |.; Halliwell, B.
Stimulation of lipid peroxidation and hydroxyl radical generation
by the contents of human atherosclerotic lesidischem. J.
1992,286, 901—905.

Received for review May 7, 2003. Revised manuscript received
September 12, 2003. Accepted September 16, 2003.

JF034471R



