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Virgin olive oil has a high resistance to oxidative deterioration due to its tryacylglycerol composition
low in polyunsaturated fatty acids and due to the presence of a group of phenolic antioxidants
composed mainly of polyphenols and tocopherols. We isolated several phenolic compounds of extra
virgin olive oil (phenyl-ethyl alcohols, lignans, and secoiridoids) by semipreparative high-performance
liquid chromatography (HPLC) and identified them using ultraviolet, atmospheric pressure chemical
ionization, and electrospray ionization MS detection. The purity of these extracts was confirmed by
analytical HPLC using two different gradients. Finally, the antioxidant capacity of the isolated
compounds was evaluated by measuring the radical scavenging effect on 1,1-diphenyl-2-picrylhydrazyl
radical, by accelerated oxidation in a lipid model system (OSlI, oxidative stability instrument), and by
an electrochemical method.
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INTRODUCTION A classification of the antioxidants based on their mechanism
of action can be established as follows: primary antioxidants,
synergistic, and secondary antioxidaris Polyphenols are one
of the main groups of phenolic compounds acting as primary
antioxidants (AH) to inhibit oxidation in VOO. They mainly

S L 2 act as chain breakers by donating a radical hydrogen to
inevitable, the oxidation process can be delayed by ant'OX'damsaIkylperoxyl radicals (RO formed during the initiation step

tha’g ephance Fhe QX|dat|ve stab!llty by preventlng the propagatlon of lipid oxidation and subsequently forming a stable radica) (A
of lipid peroxidation or removing free radicals. Antioxidants . .
through the reaction (8):

are reported as molecules, which, when present even at low
concentrations, significantly prevent oxidation (3).

Olives and olive-derived products are an important part of
the Mediterranean diet and are recognized as a valuable source Qlive oil hydrophilic extracts contain a large number of
of natural phenolic antioxidantg). VOO, one of the few oils phenolic compounds including simple phenols, lignans, and
consumed without any chemical treatment, has a high resistancesecoiridoids (9), which exhibit antioxidant properties. To
to oxidative deterioration mainly due to two reasons: First, its evaluate the antioxidant contribution that these individual
fatty acid composition is characterized by a high monounsat- phenolic compounds have in olive oil, it is important to either
urated-to-polyunsaturated fatty acid ratio, and second, it containssynthesize or isolate individual polyphenols for their analysis.
many minor compounds with powerful antioxidant activity ~Synthesis is currently not practical, so isolation procedures must
among which polyphenols stand o&, ). As a consequence pe used.
of their fundamental chemical and antioxidant properties, the  Much literature is available on the development of methods
phenolic compounds continue to attract considerable researchfor the analysis, isolation, and identification of polyphenols in
efforts. olives and olive oils (49—20). Typically, these methods have
been applied to monitoring differences between olive varieties
* To whom correspondence should be addressed. T890547338121.  and changes during ripening and oil processing. The isolation

Oxidative stability is a central parameter in the estimation of
extra virgin olive oil (VOO) quality, as it gives a reliable
evaluation of the susceptibility of the oil to oxidative degenera-
tion, which is the main cause of its damade 2). Although

ROO + AH — ROOH+ A*

Fa§iu+3905f73f8é348- E—mail: lorenzo.cerretani2@unibo.it. of polyphenols has been performed to assess the properties of
¥ Umgg:& 8f Bcr)?(;];n; the two main_parts of the polar fraction (_)f VOO as antioxidants
8 University of Teramo. after separation by solid phase extracti@d)( but only a few
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Figure 1. Chromatogram of extra VOO sample under optimized conditions using semipreparative HPLC. Detection was performed at 280 nm. Peak

identification numbers: 1, hydroxytyrosol; 2, tyrosol; 3, elenolic acid (was detected at 240 nm); 4, deacetoxy oleuropein aglycon; 5, (+)-pinoresinol; 6,
1-(+)-acetoxypinoresinol; 7, oleuropein aglycon; 8, ligstroside aglycon.

data are available to the date to assess the individual antioxidantvater with a conductivity of 18.2 K2 was obtained by using a Milli-Q
properties of these compounds directly isolated from extra VOO. system (Millipore, Bedford, MA).

The aim of this work was to evaluate the antioxidant activity Samples.Commercial extra VOO samples were used for this study
of different single phenolic compounds of VOO by chemical (from Bertolli, Unilever Bestfoods Italia S.p.A., Inveruno-MI, Italy).
methods (1,1-diphenyl-2-picrylhydrazyl, DPPH), by accelerated Triolein was used as glyceridic matrix without phenolic compounds
oxidation in a lipid model system (OSI, oxidative stability for OSI stuc#es' and Wa§ obtained from FIuI.<a (Buchs, Switzerland).
instrument), and by an electrochemical method [flow injection _ -9uid—Liquid Extraction (LLE) of Phenolic Compounds from
analysis (FIAy-amperometry and cyclic voltammetry] and to Olive Oils. A LLE system was used to extract the phenolic compounds

. . NS ’ present in VOO. According to Carrasco-Pancorbo et24),(60 g of
compare the information to obtain insight of the chemical groups oil (4£0.001 g) was dissolved in 60 mL of hexane, and the solution
involved in the antioxidant mechanisms.

was extracted successively with four 20 mL portions of methanol/water
(60:40, v/v) solution. The combined extracts of the hydrophilic layer
MATERIALS AND METHODS were brought to dryness in a rotary evaporator under reduced pressure

Apparatus. High-performance liquid chromatography (HPLC) analy- and a temperature of 4’(03.. Finally, the r¢3|due was redlssolvgd in 0.5
ses were performed with a HP 1100 series (Agilent Technologies, Palo ML 0f methanol/water (50:50, v/v) and filtered through a Qu20filter.
Alto, CA), equipped with a binary pump delivery system, degasser,  |solation of Polyphenols Using Semipreparative HPLC.In the
autosampler, diode array UWis detector, and a mass spectrometer semipreparative HPLC_: analysis for the |soIat|on_of the s_lngle_phenollc
detector. The semipreparative HPLC column used was a Phenomenexxompounds, the mobﬂe_ phases were water with acetic 'aCId (0.5%)
Luna (Gg) column, 10um i.d., 25 cmx 10 mm, and the flow rate (phase_A) and acetonltrlle (phas_e_ B), and the solvent gradlent changed
was 3 mL/min. The analytical HPLC column used was @ Kina according to the following conditions: from 0 to 30 min, 95% A:5%
column, 5um i.d., 25 cmx 3.0 mm (Phenomenex, Torrance, CA), B to 80% A:20% Bg from 30 to 40 min, 80% A:20% B to 70% A:30%
with a Gis precolumn (Phenomenex) filter. The mobile phase flow rate B; from 40 to 50 min, 70% A:30% B to 65% A:35% B; from 50 to 60
was 0.5 mL/min. min, 65% A:35% B to 50% A:50% B; from 60 to 70 min, 50% A:50%

The electrochemical behavior of the compounds studied was B t0 5% A:95% B; from 70 to 75 min, 5% A:95% B to 95% A:5% B.

evaluated using hydrodynamic and cyclic voltammetry. The hydro-  The injection volume for the isolation of the reference compounds
dynamic voltammetry was performed in FIA, and cyclic voltammetry was 100uL of extracts obtained from extra VOO in methanol/water
was performed using stop flow voltammetry. The apparatus consisted 50:50 (v/v) using the LLE system. The analyses were carried out at
of a Minipuls |l peristaltic pump (Gilson, France), a high-pressure room temperature. The wavelengths were set at 240, 280, and 330 nm.
injection valve model 7125 (Rheodyne, Rohnert Park, CA) equipped In this way, we have used semipreparative reverse phase HPLC to
with a 20uL loop, an electrochemical cell model UniJet (BAS, West isolate the following polyphenols from VOOs: hydroxytyrosol (CAS
Lafayette, IN) using a glassy carbon working electrode, and Autolab no. 10597-60-1), tyrosol (CAS no. 501-94-0), elenolic acid, deacetoxy
potentiostat (Ecochemie, Amsterdam, Netherlands). oleuropein aglycon (named decarboxymethyl oleuropein aglycon also),
Reagents, Stock Solutions, and Reference Compound3opac (+)-pinoresinol (CAS no. 487-36-5):H)-1-acetoxypinoresinol, oleu-
(3,4-dihydroxyphenylacetic acid) was acquired from Sigma Aldrich (St. ropein aglycon, and ligstroside aglycon. The analysis of these com-
Louis, MO), and oleuropein (oleuropein glucoside) was obtained from pounds was then done with an analytical column to check the purity
Extrasynthése (Genay, France). The stock solution containing these twoof the isolated compounds and to confirm their identity, using the same
analytes was prepared in methanol/water (50:50, v/v) and in methanol gradient used in the semipreparative HPLC method plus another
at a concentration of 50@g/mL for each one. These compounds were gradient. A chromatogram obtained using semipreparative HPLC is
used to do the calibration curves. DPPH and Trolox were acquired from shown inFigure 1.
Sigma Chemicals Co. (St. Louis, MO). Methanol antlexane (HPLC Analysis of the Isolated Compounds Using Analytical HPLC.
grade) were from Merck (Darmstadt, Germany). Doubly deionized After isolation, the analysis of these compounds was done with the
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analytical HPLC column to check the purity of the isolated compounds
and to confirm their identity, using the same gradient used in the
semipreparative HPLC method. The injection volume wagll0The

Carrasco-Pancorbo et al.

compounds under study were found in extra VOO samples at similar
concentrations (or in the same order of magnitude).
Electrochemical Study of these Single Phenolic Compound$he

wavelengths were set at 240, 280, and 330 nm. The detection was madelectrochemical behavior of the studied phenols was measured [in

using MS as well, and the analyses were carried out using an
electrospray (ESI) interface operating in positive mode using the
following conditions: drying gas flow, 9.0 L/min; nebulizer pressure,
35 psi; drying gas temperature, 350; capillary voltage, 3000 V; and

equimolar solution (1@M; approximately between 1.38 and 4.16 ppm
depending on the molecular weight of the compound)] using hydro-
dynamic voltammetry performed in FIA. Three replicate injections for
each potential step were performed in the potential interv@0® mV

fragmentor voltage, 60 V; and also using atmospheric pressure chemicalvs Ag/AgCl; the increasing potential step was 25 mV, and the flow

ionization (APCI) interface operating in negative mode using the
following conditions: drying gas flow, 9.0 L/min; nebulizer pressure,
30 psi; drying gas temperature, 38Q; vaporizer temperature, 450
°C; capillary voltage, 3000 V; and fragmentor voltage, 60 V. The
polarity of ESI and APCI and all of the parameters of MS detector
were optimized using the height of the MS signal for the phenolic
compounds isolated previously from the methaneater extracts of
extra VOO as an analytical parameter.

rate was 15QL/min. The buffer was phosphate in a concentration of
50 mM at a pH of 7.4 with 50 mM KCI. Twenty microliters of sample
was injected in the flowing buffer, and the current produced in the
electrochemical oxidation was recorded.

The cyclic voltammograms of the single phenolic compounds were
performed using a stop flow approach. This procedure allowed the use
of smaller amounts of sample (a fact that is interesting because of the
limited avaibility of HPLC fractions). The voltammetric scans were

Using the same mobile phases, another gradient was used to confirmPerformed in the range-100 to+700 mV vs Ag/AgCl with a scan

the purity of the isolated compounds keeping in mind the fact that they

rate of 50 mV/s. The anodic peaks offered an insight into the

only produced one peak in the chromatograms. The solvent gradient&lectrochemistry of the single phenolic compounds.

changed according to the following conditions: from 0 to 10 min, 90%
A:10% B to 70% A:30% B; from 10 to 20 min, 70% A:30% B to 65%
A:35% B; from 20 to 30 min, 65% A:35% B to 55% A:45% B; from
30 to 40 min, 55% A:45% B to 50% A:50% B; from 40 to 45 min,
50% A:50% B to 5% A:95% B; from 45 to 48 min, 5% A:95% B to
95% A:5% B.

Quantification of Isolated Compounds.Three standard calibration
curves were done to quantify the isolated phenolic compounds using
two commercial reference compounds, DOPAC (3,4-dihydroxyphenyl-
acetic acid) and oleuropein (oleuropein glucoside). Tyrosol and
hydroxytyrosol were quantified using the calibration curve of DOPAC
at 280 nm; {)-pinoresinol, {+)-1-acetoxypinoresinol, deacetoxy
oleuropein aglycon, oleuropein aglycon, and ligstroside aglycon were
quantified with the calibration curve of oleuropein obtained at 280 nm.
However, the curve of oleuropein at 240 nm was used for the
guantification of elenolic acid. The analyses were carried out using
the analytical HPLC column and the gradient of 75 min.

Radical Scavenging Activity of Isolated Phenolic Compounds.
The DPPH radical scavenging activity of the isolated compounds was
evaluated following the Parejo et aR3) and Brand-Williams et al.
(24) analytical protocols, modified according to that of Rotondi et al.
(25). Briefly, 2.9 mL of DPPH (10Q:M) in methanol/water (80:20,
v/v) solution was added to 0.1 mL of the solution of the isolated
phenolic compound to be tested. After 30 min at°Z3 absorbance

A classification of the antioxidant power (AOP) of the evaluated
phenols was proposed considering as a major feature the oxidation
plateau regions of the hydrodynamic voltammograms; when a com-
parable oxidation potential was recorded, the higher current produced
at that potential was considered as an index of energetically favored
oxidation (higher AOP).

RESULTS AND DISCUSSION

Confirmation of the Purity of the Isolated Phenolic
Compounds in VOO. With the use of two different gradients
in the analytical scale column and performing the detection at
three wavelengths and also using MS (ESI interface operating
in positive mode and APCI interface operating in negative
mode), we were able to confirm the purity of these isolated
compounds.Table 1 shows the retention time, absorption
maxima, and the fragmentation patterns using the two interfaces
for all of these described compounds, andFigure 2, the
chromatographic profiles of an extra VOO and individual
isolated compounds obtained using an analytical column are
shown. For the isolation of elenolic acid, we worked at 240
nm, but it is also added in the figure in order to show the analysis
of all of the isolated compounds using the gradient of 75 min.

Calibration Curves. Standard calibration graphs were pre-

was measured at 515 nm and compared to a control sample preparegared for two reference compounds: DOPAC and oleuropein
without adding phenolic compounds [with 0.1 mL of methanol/water (oleuropein glucoside) at two wavelengths. It was impossible

(50:50, v/v) solution]. The radical scavenging activity was expressed
as TEAC (Trolox equivalent antioxidant capacity) based on a calibration
curve (? = 0.9971).

Oxidative Stability of Oil Samples. The oxidative stability of the

phenolic compounds was also evaluated by the OSI, using an eight-
channel OSI (Omnion, Decatur, IL). The instrumental conditions were .

set following the analytical protocol described by Jebe et2#);(to
obtain the OSI, a stream of purified air (120 mL mirair flow rate)
was passed through the sample of oil-free phenolic compounds (with

to use the standards (isolated phenolic compounds) obtained
with semipreparative HPLC to investigate method linearity
because the quantity obtained of each compound using HPLC
was not enough to be weighed and to determine the exact weight
of each one; this fact caused all of the compounds quantified
in this work to be expressed in terms of two commercial
standards (DOPAC and oleuropein glucoside).
The detection limit (DL), quantification limit (QL), and

50 or 218 mg/kg of each compound individually), and the effluent air precision [as relative standard deviation (RSD) of the intermedi-
for the oil sample was then bubbled through a vessel containing ate concentration value of the linear range] of this method were
deionized water. The effluent air contained volatile organic acids swept calculated for the studied analytes using the method proposed
from the oxidizing oil, which increased the conductivity of the water. py Curie (27).
The temperature to carry out this test was 200 The OSI index (or Al calibration curves showed good linearity between different
OSI time) was expressed in hoursn4). ~ concentrations depending on the analytes studied. Each point
As we have commented before, triolein was used as a glyceridic of the calibration plot was repeated three times in the same way.
matrix without phenolic compounds for OSI studies. We prepared e cajibration plots indicate good correlation between peak

triolein spiked with the individual phenolic compounds as follows: 0.25 . . . -

or 1.09 mg of each isolated compound dissolved in methanol was added® €3S and analyte concentratlons, regression coefficients were
to 5 g oftriolein for doing the experiments in the OSI. We added these higher than 0.990 for oleuropein and DOPAC at the two
quantities to check the results at two different concentrations of each Wavelengths. All of the features of the proposed method are
analyte (50 or 218 mg/kg in each case). After homogenization by Summarized infable 2.

intensive shaking, the solvent was evaporated using nitrogen. We Radical Scavenging Activity (DPPH Test) The H-transfer
decided to add these quantities of the isolated compounds because theeactions are monitored by UWis spectroscopy recording the
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Figure 2. Chromatograms of extra VOO sample and the isolated phenolic compounds under optimized conditions using analytical HPLC. Detection was
performed at 280 nm (only in the analysis of elenolic acid, number 3, the detection was performed at 240 nm).

Table 1. Retention Times, Absorption Maxima, and the Fragmentation Patterns Using the Two Interfaces for All of the Compounds under Study?

major fragments APCI negative major fragments ESI positive
t Amax molecular M- [2M - M- other M+ [2M + M+ [2M + [M=H,0 other

analyte (min) (nm) mass H- H]~ H,0]~ fragments H* HI* Na]* NaJ* +H]* fragments

HYTY 11.64 232/280 154 153.1 137.1 225.1 137.1

TY 17.74 230/276 138 nondetectable in APCI 1211 183.1

EA 35.75 240 242 241.1 243.1 485.1 265.1 507.2 225.1

DAOA 40.25 234/282 320 319.2 639.1 301 195 343.1 137.1

163.1

PIN 45.41 234/280 358 357.2 359.1 381.2 739.0 3411 398.7
403.1

ACPIN 46.57 234/280 416 415.1 831.1 4171 398.4 385.1
485

OA 53.11 236/282 378 3771 755.1 3791 401.1 4171
137.1
225.1

LA 59.65 230/276 362 361.2 344 363.1 385.1 121.1
225.1

aHYTY, hydroxytyrosol; TY, tyrosol; EA, elenolic acid; DAOA, deacetoxy oleuropein aglycon; PIN, (+)-pinoresinol; ACPIN, (+)-1-acetoxypinoresinol; OA, oleuropein
aglycon; LA, ligstroside aglycon.

decay of the DPPH visible absorption bargdx = 515 nm in is the extent and nature of the hydroxylation pattern of the
MeOH) that reflects the conversion of the DPPH radical into aromatic rings. We can establish a classification of these
the corresponding colorless hydrazyne (DPPH-H) by the anti- compounds according to their AOP. In decreasing order, with
oxidant. The antioxidant potential of the isolated phenolic 218 ppm of each compound, we have hydroxytyrosol
compounds is shown iTable 3; the test was done at two deacetoxy oleuropein aglycon oleuropein aglycor> (+)-
different concentrations for each compound (50 and 218 ppm). pinoresinol> ligstroside aglycor> tyrosol > elenolic acid>

A number of structural features seem to be important in (+)-1-acetoxypinoresinol. Doing the same test with 50 ppm of
determining the antioxidant trend. The foremost consideration each compound, the order was practically the same: hydroxy-
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Table 2. Analytical Parameters of the Proposed Method

RSD (%) calibration
(intermediate DL QL range calibration
analyte value) (ug/mL) (ug/mL) (ug/mL)? equations 72

3,4-dihydroxyphenylacetic acid 3.65 0.22 0.73 2000 y=21.30x-20.91 0.9988

oleuropein glucoside, A = 280 nm 3.37 0.99 3.30 4000 y=4.65x—-4.02 0.9967

oleuropein glucoside, 2 = 240 nm 4.93 0.34 111 4000 y = 13.96x + 2464.60 0.9901

@From QL to the value in the table.
Table 3. Values of DPPH Test for the Isolated Phenolic Compounds form is due to the hydrolysis of oleuropein, ligstroside, and
at Two Different Concentrations and Order of Classification in Terms related compounds. At the two different concentrations that we
of Antiradical Power [Mean Values + SD (n = 6))2 studied, elenolic acid is one of the compounds that presents a

weaker antioxidant activity; this result suggests that radical
hydrogen donor ability is not easily attributable to compounds
containing the closed ring of elenolic acid. Also, Briante et al.

hydroxytyrosol 26.23 £0.56 1 5.03£0.10 L (14) showed in a previous paper that elenolic acid was a very

ARP ARP
(218 ppm)  classification (50 ppm)  classification

Z;SO?:C acid 8;8 : 882 s 8'%3 : 881 g poor antioxidant as compared to hydroxytyrosol.
deacetoxy 7.61+0.29 2 242 +0.14 2 OSI Results. For many yearsp-diphenols are reported as

oleuropein aglycon being the highest contributors to oxidative stability in VOOs

(+)-pinoresinol 1.35+0.08 4 1.08+£0.03 4 (5, 28). Most of the papers studying the influence of different
(+)-L-acetoxy- 060+0.03 8 0:30+001 6 variables on changes in polyphenols also determined the stabili
pinoresinol g . polyp . vy
oleuropein aglycon 6,11 +0.12 3 154+ 0.03 3 measure(_j b_y Rancimat (a method that works _accordlng to the
ligstroside aglycon  0.79 + 0.04 5 0.38 + 0.03 5 same principle as OSI), and good correlation coefficients
between the two parameters are found in all the studie28(—
2 ARP, antiradical power (in umolig). 30). Studies of individual compounds added to refined oils or

oils stripped of antioxidants demonstrate the important contribu-

tyrosol > deacetoxy oleuropein aglycon oleuropein aglycon tion of hydroxyt.yrosol in the effective inhibition_ qf oxidation

> (+)-pinoresinol > ligstroside aglycon> (+)-1-acetoxy- (30—33). Servili et al. §3) found thqt the oleos!d!c forms of

pinoresinol> elenolic acid> tyrosol. hydroxytyrosol have thg same antioxidant efflcu_ency as hy-
Phenolic compounds can be active as antioxidants for a droxytyrosol. However, in this study, the OSI test is applied to

number of potential factors. The most important is likely to be & glyceridic matrix-free phenolic compounds spiked with eight

by free radical scavenging in which the phenol can break the Singular phenolic compounds.

free radical chain reaction. The presence of different substituents  TO estimate the stability or susceptibily of a fat to oxidation,

in the phenol backbone structures modulates their antioxidantthe sample can be subjected to an accelerated oxidation test
properties, in particular their hydrogen-donating capacities. ~ Under standardized conditions and a suitable end point is chosen

We have proved that molecules withdihydroxy! function- to determine signs of oxidative deterioration. Several parameters

alities are characterized by high antioxidant activity because of (Such as temperature, metal catalysts, oxygen pressure, and
the formation of intramolecular hydrogen bonds during the Shaking) are manipulated to accelerate oxidation and the
reaction with the free radicals, but it is necessary to underline development of rancidity in oils and emulsions. The induction
that the electronic and steric effects of substituents near thePeriod (IP) is measured as the time required to reach an end
phenolic hydroxyl groups may be of importance in governing poin'F qf oxidation correspondi_ng to either a Ieyel pf detectable
the hydrogen-donating capacity of monohydroxyl phenols. fancidity or a sudden change in the rate of oxidation. Measure-
Electron-donating substituents in the ortho position tend to Ments of IP under standard conditions are generally used as an
weaken the O—H bond of phenol and provide extra stability to index of antioxidant effectiveness.
the phenoxyl radical. In our case, as commented before, to obtain the OSI time,
Hydroxytyrosol was the analyte that was found to exert the we used as instrumental conditions a temperature of °C10
strongest antioxidant activity. Between deacetoxy oleuropein and an air air flow rate of 120 mL mii. When the results of
aglycon and oleuropein aglycon, it was logical that the first was this test are observed (ifable 4), it can be seen that three of
more efficient as an antioxidant than oleuropein aglycon; the these compounds have antioxidant activity, and the others have
group—COOCH; in oleuropein aglycon caused a decrease in pro-oxidant effects. The OSI value for the triolein without any
the antioxidant capacity because it is not an electron donor phenolic compound was 9.08 h & 8); this time was longer
group. This fact could be observed when we studied the different when hydroxytyrosol, deacetoxy oleuropein aglycon, and

antioxidant capacities of+)-pinoresinol and +)-1-acetoxy- oleuropein aglycon were added to t#® g of triolein; however,
pinoresinol where-COOCH; is also present. We also observed the OSI time was shorter when triolein was spiked with elenolic
in these compounds that tremethylation (—OCH) of the acid, (+)-1-acetoxypinoresinol, ligstroside aglycon, tyrosol, and

hydroxyl group of the benzoic rings caused a decrease in the(+)-pinoresinol.

antioxidant capacity, because this group was not able to forma Among the isolated phenolic compounds with antioxidant

hydrogen bond, in comparison with molecules having a cat- activity, the classification in terms of AOP was, in decreasing

echolic group in their structure. Tyrosol and ligstroside aglycon order: hydroxytyrosol> deacetoxy oleuropein aglycor

are monosubstituted phenols and, as was expected, exhibited aleuropein aglycon. The pro-oxidant compounds can be ranked

very poor radical scavenging activity. according with the OSI index: K)-pinoresinol > tyrosol >
Elenolic acid is not a phenol, but undoubtedly, it is contained ligstroside aglycorr (+)-1-acetoxypinoresinot elenolic acid.

in the polar extract of VOO. Its presence in olive oil in a free These classifications are for the compounds added in a
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Table 4. OSI Results for the Eight Isolated Phenolic Compounds at
Two Different Concentrations and Their Classification in Terms of
Resistance Time to Oxidation [Mean Values + SD (n = 4)] ; (+)-pinoresinal
osl osl

(218 ppm)  classification (50 ppm)  classification z
hydroxytyrosol 16.25+0.61 1 11.40 £ 0.46 1 =4
tyrosol 3.20+0.12 7 5.15+0.21 7 g !
elenolic acid 7.98+0.29 4 8.55+0.28 5 3
deacetoxy 11.25+0.54 2 9.15+0.23 3
oleuropein aglycon
(+)-pinoresinol 3.12+0.09 8 4.86+0.23 8 0
(+)-1-acetoxy- 7.58 £0.20 5 8.71+£0.43 4
pinoresinol (+)-1-acetokypinoresinol
oleuropein aglycon  9.76 £ 0.39 3 9.53+£0.41 2
ligstroside aglycon ~ 3.50 +£0.13 6 711+0.21 6

0.0 0.2 0.4 0.6
E(V)

concentration of 50 mg/kg. For 218 mg/kg, the order for the
antioxidants was the same, but for the pro-oxidants, the order
was (+)-pinoresinol> tyrosol > ligstroside aglycorr elenolic
acid > (+)-1-acetoxypinoresinol. 0mv
Nevertheless, it is important to highlight that high temperature
stability tests have several limitations. First, because reactions
are very rapid and the concentration of hydroperoxide (ROOH)
decreases rapidly with increasing temperature, it is obvious that
phenolic antioxidants will become less effective with increasing
temperature. Second, because ROOH are the products of thez
reaction of alkylperoxy radicals with the antioxidant, their
immediate decomposition could even lead to chain propagation 5
rather than chain breaking under these conditions. Finally, side
reactions of oxidation or thermolabity of phenolic compounds
also have to be considered. However, the result of the OSI test
may help to understand how phenolic compounds act as
antioxidants and how their chemical structure contributes.
Electrochemical Results for the Single Phenolic Com-
pounds Studied.In a previous work, the correlation between
the oxidation potential measured in cyclic voltammetry and the 0.0 0.2 04 0.6
antioxidant activity was described (34). Our group proposed a E(V)
FIA—amperometry method to evaluate the radical scavenging rigyre 4. Cyclic voltammograms of hydroxytyrosol and tyrosol.
activity of phenolic extract of VOOZ2). The electrochemical
study of these phenolic compounds using a glassy carbonobserved that the-methylation - OCHS3) of the hydroxyl group
working electrode offers the possibility of investigating the of the benzoic rings caused a higher oxidation potential and a
functional (antioxidant) characteristics of the isolated phenols lower anodic current (seeigure 3). In these voltammograms,
without the use of a reactive compound. it is evident that the substitution of a hydrogen atom with an
Both cyclic voltammetry and hydrodynamic voltammetry acetoxyl group completely changes the electrochemical behavior
were performed on the single phenolic compounds obtained by of the molecule eliminating the occurrence of anodic peaks. The
semipreparative HPLC, and a classification of the AOP of the importance of an electron donating group was also evidenced
evaluated phenols was proposed on the basis of the electroby the cyclic voltammograms of tyrosol and hydroxytyrosol

Figure 3. Cyclic voltammograms of (+)-pinoresinol and 1-(+)-acetoxy-
pinoresinol.

[

hydroxytyrosol

rrent (|

o

tyrosol

chemical results. where the presence of theOH group determines the appear-
Electron-donating substituents in the ortho position of ance of an anodic peak at250 mV (Figure 4). Finally,
phenolic molecules tend to weaken the-B® bond of phenol ligstroside aglycon is a monosubstituted phenol and, as was

and provide extra stability to the phenoxyl radical. It is important expected, exhibited a very poor electrochemical activity, and
to stress that the electrochemical oxidation of the phenolic elenolic acid, which is not a phenol, did not show electrochemi-
moiety goes through the formation of a phenoxyl radical. cal activity.
Therefore, it can be assumed that the AOP, measured on the Considering the results obtained in hydrodynamic voltam-
basis of electrochemical features (oxidation potential and metry experiments (data reportedTiable 5), it is possible to
current) of the phenolic molecules, may better describe the see some plateau regions for each molecule. The plateau regions
radical scavenging activity as previously hypothesized and correspond to the oxidation potential of a molecule moiety, thus
experimentally shown (235). indicating the energy required for the oxidation; this value is
Considering the results obtained in cyclic voltammetry inversely proportional to the AOP of the molecul 85). On
experiments, it is logical to deduce that between deacetoxy the basis of the lower oxidation potential, we have proposed an
oleuropein aglycon and oleuropein aglycon, the first has an AOP scale as follows: hydroxytyrosel oleuropein aglycon
higher AOP (lower oxidation potential) than the oleuropein > (+)-pinoresinol> deacetoxy oleuropein aglycon (+)-1-
aglycon. A similar electrochemical behavior was found when acetoxypinoresinob tyrosol> ligstroside aglycor~= elenolic
we studied the different AOPs oft)-pinoresinol and (+)-1- acid. This simple method, based on the electron-donating
acetoxypinoresinol where there is th€€ OOCH; too. We also capability of each molecule to the electrode, may contribute to
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(2) Del Carlo, M.; Saccheti, G.; Di Mattia, C.; Compagnone, D.;
Mastrocola, D.; Liberatore, L.; Cichelli, A. Contribution of the
phenolic fraction to the antioxidant activity and oxidative stability

Table 5. Plateau Potential Regions (E,) Evaluated by Hydrodynamic
Voltammetry (HV)2

Eox (HV) mV AOP of olive oil. J. Agric. Food Chem2004,52, 4072—4079.

vs Ag/AgCl classification (3) Halliwell, B. How to characterize a biological antioxidaRtee
hydroxytyrosol 0.12-017 1 Rgdical Res. Commuﬂ990,9, 1_—32. o _
tyrosol 0.35 6 (4) Briante, R.; Febbraio, F.; Nucci, R. Antioxidant properties of
elenolic acid inactive 7 low molecular weight phenols present in the Mediterranean diet.
deacetoxy oleuropein aglycon 0.15-0.30 4 J. Agric. Food Chem2003,51, 6975—6981.
(+)-pinoresinol 0.15-0.22-0.30 3 (5) Velasco, J.; Dobarganes, C. Oxidative Stability of virgin olive
(+)--acetoxypinoresinol 0.22 5 oil. Eur. J. Lipid Sci. TechnoR002,104, 661—676.
Fleurop_eln aglycon 0.15-0.20-0.30-0.40 2 (6) Kiritsakis, A. K. Olive Oil; AOCS Press: Champaign, IL, 1990.
igstroside aglycon inactive 7

(7) Rajalakhmi, D.; Narasimham, S. food AntioxidantsMadhavi,
D. L., Deshpande, S. S., Salunkhe, D. K., Eds.; Marcel Dekker:
New York, 1996; p 65.
(8) Morales, M. T.; Przybylski, R. Olive oil oxidation. IHandbook
of Olive Oil; Harwood, J., Aparicio, R., Eds.; Aspen Publish-
ers: Gaithersburg, MD, 2000; pp 459—490.
(9) Owen, R. W.; Mier, W.; Giacosa, A.; Hull, W. E.; Spielgelhalder,
B.; Bartsch, H. Phenolic compounds and squalene in olive oils:
The concentration and antioxidant potential of total phenols,
simple phenols, secoiridoids, lignans and squalEned. Chem.
Toxicol.2000,38, 647—659.
(10) Gutiérrez, F.; Albi, M. A.; Palma, R.; Rios, J. J.; Olias, J. M.
Bitter taste of virgin olive oil: Correlation of sensory evaluation
and instrumental HPLC analysié. Food Sci2000,54, 68-70.
(11) Brenes, M.; Garcia, A.; Garcia, P.; Rios, J. J.; Garrido, A.
Phenolic compounds in Spanish olive oilsAgric. Food Chem.
1999,47, 3535—3540.
2) Servili, M.; Baldioli, M.; Selvaggini, R.; Miniati, E.; Macchioni,
A.; Montedoro, G. High-performance liquid chromatography
evaluation of phenols in olive fruit, virgin olive oil, vegetation

4The AOP classification is based on the lower oxidation potential.

the understanding of the structure—function relationship of
radical scavengers.

We should underline the differences among the results of the
three tests. The reason for these discrepancies may be that while
the DPPH test values the capacity of a group to block a radical
(antiradical activity), the other test (OSI) allows the evaluation
of the behavior of these groups also in the presence of oxygen
(antioxigen and antiradical activity). To show the different
behavior, we can use as an example the obtained values for
lignans. The result of the chemical method (DPPH) showed that
both lignans [{)-pinoresinol and-f)-1-acetoxypinoresinol] are
antioxidants and-)-pinoresinol exerted a stronger antioxidant
activity than (+)-1-acetoxypinoresinol; on the other hand, the (
result of the OSI test showed that both lignans have a
pro-oxidant effect, but this pro-oxidant action is remarkable in
the case of{)-pinoresinol. To justify this result, it is important waters, and pomace and 1D- and 2D-nuclear magnetic resonance
to consider their chemical structures, which contain one atom characterizationJ. Am. Oil Chem. Sod.999,76, 873—882.
of oxigen in each central ring; this atom, in conditions of thermal  (13) Andrewes, P.; Busch, J. L. H. C.; de Joode, T.; Groenewegen,
stress, could cause the opening of the ring; therefore, the lignans A.; Alexandre, H. Sensory properties of virgin olive oil poly-
could act as pro-oxidants. TReCOOCH; group in the {+)-1- phenols: Identification of deacetoxy-ligstroside aglycon as a key
acetoxypinoresinol hinders the opening of the ring and causes contributor to pungencyl. Agric. Food Chem2003 51, 1415~
a weaker pro-oxidant effect. 1420. _ _ _

The electrochemical study of these phenolic compounds using (14) Briante, R.; La Cara, F.; Tonziello, M. P.; Febbraio, F.; Nucci,

a glassy carbon working electrode offers the possibility of R. Antloxlldant act|V|.ty of the main bloactl.ve denvapves from
investigating the functional (antioxidant) characteristics of the oleuropein hydrolysis by hyperthermophilfglycosidase.J.

. . . . . Agric. Food Chem2001,49, 3198—3203.

isolated phenols \(\/lthout the use of a reactive compound; their (15) Fogliano, V.; Ritieni, A; Monti, S. M.: Gallo, M.: Medaglia,
resulst are very similar to those obtained using the DPPH test.

In conclusion, in this work, the antioxidant capacity of simple
phenols, lignans, and secoiridoids has been investigated. The
antioxidant activity was evaluated by DPPH, OSI, and an
electrochemical method and was closely related to the chemical
structure of the isolated phenolic compounds. thermogravimetric analysis]. Agic. Food Chem1998, 46,

The ability to act as a hydrogen donor and the inhibition of 4465—4469.
oxidation are enhanced by increasing the number of hydroxyl (17) Mateos, R.; Dominguez, M. M.; Espartero, J. L.; Cert, A.
group in the phenols. We verified that, as is generally assumed, Antioxidant effect of phenolic compounde-tocopherol, and
the presence of a single hydroxyl group confers a limited amount other minor components in virgin olive oll. Agic. Food Chem.
of antioxidant activity. On the other hand, the presence of an 2008,51, 7170—7175.

o-diphenol enhances the ability of the phenolic compounds to (18) McDonald, S.; Prenzler, P. D.; Antolovich, M.; Robards, K.
P . y P P Phenolic content and antioxidant activity of olive extraétsod
act as antioxidants.

: Chem.2001,73, 73-84.
The results obtained for the three tests show that hydroxy- (19) Morello, J.-R.; Vuorela, S.: Romero, M.-P.: Motilva, M.-J.;

tyrosol, deacetoxy oleuropein aglycon, and oleuropein aglycon Heinonen, M. Antioxidant activity of olive pulp and olive oil

are the strongest in the classification in terms of AOP. It is very phenolic compounds of the Arbequina cultivdr.Agic. Food

interesting to observe the results obtained for the OSI test, where Chem.2005,53, 2002—2008.

several of the compounds under study showed antioxidant (20) Lavelli, V.; Bondesan, L. Secoiridoids, tocopherols, and anti-

activity, and the others showed pro-oxidant effects. oxidant activity of monovarietal extra virgin olive oils extracted
from destined fruitsJ. Agric. Food Chem2005 53, 1102~
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