4880 J. Agric. Food Chem. 2006, 54, 4880-4887 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Protective Effects of Extra Virgin Olive Oil Phenolics on
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The antioxidant activity of the phenolic fraction of extra virgin olive oil was assessed in samples that
had a decreasing content of antioxidants in the presence and absence of copper ions as a catalyst
of autoxidation. The oxidation process was evaluated by measuring primary and secondary oxidation
products. Changes in phenols and tocopherols were investigated by high-performance liquid
chromatography. Both the total phenol content and their antioxidant activity were monitored by
spectrophotometric assays (with Folin—Ciocalteu and ABTS** reagents). The important role of phenolic
compounds (particularly the o-diphenols) in protection from autoxidation was confirmed. However,
the tocopherols were more quickly consumed in oils that had the lowest content of o-diphenols, which
also showed evidence of an ability to chelate copper. In particular, a dramatic decrease was observed
in the isomeric form of decarboxymethyl-oleuropein aglycone after addition of the metal, despite its
significant increase in samples stored in the absence of copper.

KEYWORDS: Virgin olive oil; phenolic compounds; lipid oxidation; antioxidant activity; metal-chelating
ability

INTRODUCTION compounds have been identified in extra virgin olive oil:

During storage, fatty acids contained in extra virgin olive oil Pheno“c acids (hydroxybenzoic and hydroxycinnamic deriva-
undergo oxidative degradation with a progressive accumulation tlves)_, phenyleth_yl alcohols (f[yros_ol and hyd_roxyty_rosol), fla-
of odorless molecules, such as hydroxyperoxides and secondary©nids (apigenin and luteolin), lignanst{l-pinoresinol and
products. Lipid oxidation occurs by the interaction of lipids with  ()-1-acetoxypinoresinol], and secoiridoids.(The secoiridoids
molecular oxygen by a self-catalyzed mechanism. However, &€ aglyconic derivatives of oIeL_Jropeln and I|gstrQS|Qe, the most
because the activation energy of the reaction is high, the important and abundant constituents of extra virgin olive oil.
initiation of lipid oxidation is due mostly to the decomposition - €nolic compounds belonging dediphenolic category, such
of hydroperoxides using metal catalysts such as copper and iron2S 0leuropein aglycon, decarboxymethyl-oleuropein aglycon, and
or by exposure to light. The high oxidative stability of extra HYdroxytyrosol, are mainly responsible for the oxidative resis-
virgin olive oil is mainly due to its fatty acid composition, in {@nce of extra virgin olive oil §). Phenolic compounds can
particular to the monounsaturated-to-polyunsaturated ratio, andi"hibit oxidation by a variety of mechanisms based on radical
to the presence of minor compounds that also have a majorSc@venging, hydrogen atom transfer, and metal-chelating at-
role in preventing oxidation. This means that extra virgin olive ibutes (7—10). The presence of metals in extra virgin olive
oil has a longer shelf life as compared to other edible vegetable !l iS due to endogenous factors linked to plant metabolism,
oils, with long-term preservation of its intrinsic nutritive and ~€X09€nous fa_c_tors such as o_I|\_/e contamination by_ agrlcultl_JraI
hedonistic propertied¢-6). In addition to lipophilic antioxidants ~ Practices (fertilizers and pesticide use), or during oil extraction
such as tocopherols, extra virgin olive oil also contains various (by contact between olive paste and metallic surfaces in crushing
polar phenolic compounds that contribute significantly to its 2nd malaxation steps) or oil storage (depending on the type of
taste (bitter and pungency),(2), prolonged shelf life, and its ~ container usedjil, 12). Endogenous and exogenous metals can
beneficial effects on human health (anticancer, antioxidant, and € dissolved in oils as fatty acid salts3). Transition metals,
antiinflammatory properties) (). Several classes of phenolic SUCh @s iron and copper, can catalyze the decomposition of

hydroperoxides according to their oxidatiereduction potential
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ions to their lowest oxidation state (for example3Fe- Fe&¢*
or C¥t — Cu") where they are more active to catalyze
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Table 1. Absorption Maxima (UV) and Fragmentation Patterns (ES
Interface in Positive Polarity) of Benzyl-Ester Derivatives Analyzed by

hydroperoxide decomposition. As suggested by Yamamoto andHPLC-DAD/MSD

Niki (15), it is mainly the metal in the lowest oxidation state
that induces lipid peroxidation, since the reaction is much faster.
Previous investigations have examined the effect of iron on the
antioxidant activity of extra virgin olive oil phenolic extracts
in bulk oil and in oil-in-water emulsions with emphasis on the
interactions between iron or copper ions and phenolic com-
pounds 16—19). The aim of the present study was to investigate
the protective effects on the oxidative stability of virgin olive

oil samples of the phenolic fraction in the presence and absence 3c

of copper ions. For this purpose, we have determined how
copper ions or heat affect olive oil composition, including

changes in the content of phenolic compounds, tocopherols, fatty

acid methyl esters (FAMESs) analysis, primary and secondary
autoxidation products, oxidative stability, bitterness index, and
antioxidant activity. The depletion in polar phenolic compounds
in extra virgin olive oil is our major goal in studying their
protective effects on oxidative stability in the presence of copper,
which has not been previously investigated.

MATERIALS AND METHODS
Apparatus. All high-performance liquid chromatography (HPLC)

major fragments ESI positive

peak benzyl-ester Amax miz mliz mlz
no. derivatives (nm) M+1*  [M+Na]* [M+K]*
1 keto-linolenic acid 279 383 405 421
2 hydroxy-linoleic acid 225 387 409 425
keto-linoleic acid 277 385 407 423
keto-linoleic acid 277
3b keto-linoleic acid 277
keto-linoleic acid 279
4 hydroxy-oleic acid 256 389 411 427
5 keto-oleic acid 210-224 387 409 425

keto-oleic acid

tography (GC) analysis after alkaline treatment; this was obtained by
mixing 0.05 g of oil dissolved in 2 mL ofi-hexane with 1 mL of 2 N
potassium hydroxide in methanol according to Chris28)( One
microliter of the upper phase was injected into a split (split ratio 1:20)
GC port set at 240C; a fused silica capillary column (50 m length,
0.25 mm i.d.), coated with CPSil-88 (0.2%n film thickness, Varian,
Palo Alto, CA), was utilized. A flow rate of 1.25 mL mif of helium

as a carrier gas was used. The FID detector was at@4The initial

analyses were performed using a HP 1100 Series instrument (AgilentOven temperature was kept at 120 for 1 min and raised to 240C

Technologies, Palo Alto, CA) equipped with a binary pump delivery
system, degasser, autosampler, diode array-U¥ detector (DAD),

mass spectrometer detector (MSD), and fluorescence detector (FLD).

All solvents were HPLC grade and filtered through a Q.48 nylon
filter disk (Lida Manufacturing Corp., Kenosha, WI) prior to use. All

at a rate of 4.0C/min and maintained for 4 min.

Primary Autoxidation Products. Evaluation of primary autoxida-
tion products was carried out by determination of the peroxide value
(PV) and conjugated dienes K3, (conjugated dienes calculated from
absorbance reading at 232 nm) according to the official methods

analyses were carried out at room temperature. Spectrophotometricdescribed in European Regulation EEC 2568/91 and the following

determinations were carried out using an s 1610 instrument

amendments (21). PV was expressed as mequikgO* of oil. The

(Shimadzu Co., Kyoto, Japan), which had a six slot shuttle and a systemKzzz value was calculated from absorbance readings of oil samples after

for temperature control of working conditions. FAMEs analysis was
performed using a GC Clarus 500 Perkin-Elmer (Wellesley, MA)
equipped with a flame ionization detector (FID).

Reagents and StandardsThe standards used for spectrophotometric
phenol quantification (gallic acid), for HPLC quantification (3,4-
dihydroxyphenylacetic acid), for evaluation of antioxidant capacity of
phenolic extracts (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid, Trolox), and for oxidized fatty acid (OFA) quantification
(tricaproin and triheptadecanoin) were obtained from Sigma-Aldrich
(St. Louis, MO) as were ABTS [2,Aazinobis(3-ethylbenzothiazoline)-
6-sulfonic acid, diammonium salt] and sodium benzyloxyde in benzyl
alcohol. All solvents used were analytical or HPLC grade (Merck &
Co. Inc., Darmstadt, Germany).

Samples A blend of extra virgin olive oils P.O.D “Chianti Classico”
(unfiltered), obtained from the Tuscany region (cvs. Frantoio, Moraiolo,
and Leccino), was used for this study. This sample was termed VOOA.

Reduction of Phenols Concentration in the Oil.Phenols were
partially removed from VOOA by one cycle (VOOB) and two cycles
(VOOC) of methanol washing according to the following protocol:
Three hundred milliliters of VOOA was filtered through a paper filter
filled with anhydrous sodium sulfate and added to 150 mL of methanol
in a separation funnel. After agitation for 1 min, the alcoholic phase

they were diluted in isooctane resulting in a 1% solution of the sample,
placed into a 1 cmcuvette, and analyzed at the corresponding
wavelength.

Evaluation of Oxidative Stability under Forced Conditions. An
eight-channel oxidative stability instrument (OSI) (Omnion, Decatur,
IL) was used. A 5.0+ 0.1 g amount of oil sample was heated at 110
°C under atmospheric pressure, and air (150 mLof flow rate)
was allowed to bubble through the oil. Under these conditions, the
lipoperoxidative process reached its final steps, and the short chain
volatile acids that were produced were recovered and measured
conductometrically in distilled water. The time required to produce a
sudden increase of the conductivity (due to volatile acid formation)
determined an induction period (OSI time), expressed in hours and
hundredths of hours, which was defined as a measure of the stability
of an oil.

Secondary Autoxidation Products. Determination of OFA was
carried out according to Rovellini and Corte&2§ by HPLC-DAD
analyses after transesterification with 1.0 M sodium benzyloxyde in
benzyl alcohol; the chromatograms were recorded at 255 nm. The results
were expressed as percentage considering benzyl heptadecanoate as
an internal standard. These compounds were tentatively identified based
on their UV—vis and mass spectrdidble 1) obtained by HPLC-DAD/

was separated and the washed oil was evaporated under vacuum at 46SI-MSD and literature data (23).

°C to eliminate the solvent. Thirty grams of anhydrous sodium sulfate
was then added to the resulting oil, mixed for 10 min, and filtered
through a paper filter.

Sample Storage.Oil samples (45 mL) were poured in 100 mL
polypropylene open bottles to ensure constant oxygen availability having
16.6 cn? of free surface area. A set of open bottles for each sample
was placed in an oven and kept at®Dduring the experimental period
(42 days). After 3 weeks, copper standard in Certipur oil (Merck) was
added to three oil matrices to obtain a sample concentration of 1 mg
kgt of oil. Three bottles were periodically analyzed. All analyses were
performed in triplicate.

Fatty Acid Composition. The fatty acid composition of oil samples
at the beginning was determined as FAMESs by capillary gas chroma-

Extraction of Polar Phenolic Extracts. The phenolic fraction was
extracted from the oil by a liquid/liquid extraction method according
to Pirisi et al. (24). The dry extracts were redissolved in 0.5 mL of
methanol/water (50:50, vol/vol) solution and filtered through a:0r2
nylon filter (Whatman Inc., Clinton, NJ) before HPLC. To carry out
the antioxidant test and quantify the total phenol (TP) content by
spectrophotometric analysis, the dry extract was ket 5 mLflask
with the same solvent mixture. The extracts were frozen and stored at
—43°C.

Determination of TPs.The TP content in the polar fraction extracted
from olive oil samples was measured by colorimetric (TP) and
chromatographic (TPH) methods. First, TPs were determined using
Folin—Ciocalteu reagent and determining the absorbance at 750 nm
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Table 2. Absorption Maxima (UV) and Fragmentation Patterns (ES Interface in Positive Polarity) of Phenolic Compounds Analyzed by
HPLC-DAD/MSD

major fragments ESI positive

peak phenolic Amax miz miz miz other

no. compound (nm) M+1]* [M + NaJ* [M+K]J* fragments

| hydroxytyrosol 232/280 137.1

Il tyrosol 230/276 121.0

] vanillic acid 228/260/294 169.1 191.1

\% isomeric forms of 232/282 343.1 359.1 137.1

\Y decarboxymethyl-oleuropein aglycon

Vi isomeric form of oleuropein aglycon 2321280 379.1 401.1 417.1 137.1

Vil decarboxymethyl-ligstroside aglycon 2347280 3271 3431 121.0

VIl isomeric form of oleuropein aglycon 2321280 379.1 401.1 417.1 137.1

IX ligstroside aglycon 230/276 363.1 385.1 401.1 121.0
(25); the results were expressed as mg gallic acid kg (calibration have suggested that hydroxytyrosol, oleuropein aglycon, and

curve, r? = 0.998). Second, TPH determination was carried out by decarboxymethyl-oleuropein aglycon have stronger antioxidant
HPLC-DAD/ESI-MSD equipped with a reverse phasglina column activities thano-toc when testing in bulk oil. Molecules with

(5um, 25 cmx 3.00 mm i.d.; Phenomenex, Torrence, CA) according e . . .
to Rotondi et al. (26). Phenolic compounds detected at 280 nm were an-grthto dlftlytljtroxyl gtruftu[ﬁ’ are chatractte(glzed .by hl%h anlp
quantified using a calibration curve constructed with 3,4-dihydroxy- ©Xidant activities (6). In the current study, nine phenolic
phenylacetic acid (Sigma-Aldrich Inc.J(= 0.999). Phenolic com- ~ compounds representing different classes of simple phenols

pounds were tentatively identified based on their-ts and mass ~ (SPs) and secoiridoid derivatives (SIDs) were identified in

spectra (Table 2) obtained by HPLC-DAD/ESI-MSD. chromatographic data based on retention times and UV and mass
Determination of Bitterness Index. Evaluation of the index of  spectra. In particular, hydroxytyrosol (HYTY), tyrosol (TY),

bitterness (IB) in polar extracts was carried out spectrophotometrically and vanillic acid (VA), two isomeric forms of decarboxymethyl-

at 225 nm according to Gutierrez Rosales et al. (27). _ oleuropein aglycon (DOA1 and DOA?2), and oleuropein aglycon
Chromatog_raphlc A_naIyS|s of Tocopherols. One gram of oil (OLA1 and OLA2), decarboxymethyl-ligstroside aglycon (DLA),

sample was dissolved in 10 mL pihexanea., -, andy-tocopherols and ligstroside aglycon (LA) were identified. The oleuropein

a-toc, -toc, andy-toc, respectively) were determined by HPLC/FLD . . S . . . . .
(analysi[i using ngP Hypgrsil colﬁ)mn (@n, 100 mmx )é.oo mm and ligstroside aglycon derivatives differ in their elenolic acid

Agilent Technologies) in isocratic conditions witthexane/2-propanol  fing structure (open or closed), in the number of aldehydes, and
(95.5:0.5 v/v) as the mobile phase at a flow rate of 1.2 mL/min. The by the presence or absence of a carboxy-methyl group. The sum
injection volume was %L, and fluorimetric detection was usetkf, of components witho-diphenolic structure (HYTY, DOAL,
excitation length, 290 nn¥erm, emission wavelength, 330 nm). Three.  DOA2, OLAL, and OLA2) was indicated asDPH. This latter
calibratiorclj curves ere congtﬁJcted wigh_standard sccf)lzut_ions of each ¢|ass showed a good correlation= 0.91, p < 0.001) with
compound (a-4-, andy-toc, r = 0.991,r* = 0.986, and* = 0.997, OSI (31). Among the SPs identified, tyrosol showed a noticeable
respectively) and used for quantification. . . .

increase during the 6 week storage period. In the presence of

Measurement of Antioxidant Activity. The radical-scavenging . hiaher than in th | ith
capability of phenolic extracts was evaluated by ABT&dical cation copper, its content was higher than in the same samples without

assay according to Re et ak8) method with detection at 734 nm.  the m_etal. Tyrosol, as p_r?ViOUSW_ reportéd 18), shows a_|a9|_<
Results were expressed in Trolox equivalent using its calibration curve Of radical scavenger activity. In this case, as expected, significant

(r? = 0.981). correlations were not found with regards to its content and the
oxidative stability of oil samples and the antioxidant power of
RESULTS AND DISCUSSION their phenolic fraction (tyrosol vs OSI and tyrosol vs ABTS,

respectively). Hydroxytyrosol showed an increase from start

procedure was very effective in decreasing the phenolic fraction time to 2 weeks of storage, followed by a decrease at 6 weeks
of samples; the total phenolic (TP and TPH) amdiphenol of _sto_rage and_ a tendency to degrade when COpper was added.
(0-DPH) co,ntents decreased about 50 and 85% for VOOB and This increase in SPs could result from hydrolytic activities on
VOOC, respectively (Table 3). The TP contents as determined the secoiridoid de_r vatives with more complex molecular
by the Folin—Ciocalteu at the beginning of the analyses were SIUCIUTeS, a behavior that has already been observed by other

368.0, 176.4, and 41.4 mg kifor VOOA, VOOB, and VOOC authors (32—34). Storage did not seem to have any significant
respe’ctively.’ ' ' " effects on the content of vanillic acid content, which was present

TP content determination by spectrophotometric (TP), chro- at low concen_trations. However, there was a significant decrease
matographic analysis (TPH), and the other determinations after storage in the content of DOAZ2, OLAL, DLA, OLA2, and
concerning the phenolic fraction (IB and ABTS) were effected LA This reduction was more noticeable among the most
in VOOC only at the beginning of the experiment. In fact, heat "€Presentative phenolic compounds (DOA2, DLA, and OLA2)
treatment strongly decreased the phenol content, and conselndicating their participation in the oxidative process. The
quently, it was not possible to determine these compounds atsignificant increase in DOAL concentrations during storage
later times. The phenolic fraction is very important for the suggested that DOA2 was isomerized to DOAL; however, when
quality of virgin olive oil (6,29), and its contribution to the ~ copper was added, DOA1 was consumed, perhaps due to its
oxidative stability is widely accepted; TPs and particularly the metal-chelating ability and a structure having two adjacent
oleuropein derivatives, which belong to the secoiridoid family, hydroxyl groups on a benzene ring, which adds support to this
were highly correlated with the oxidative stability of oil samples hypothesis. This mechanism could justify the lower quantity of
(r =0.87,p < 0.001), whereas tocopherols showed a positive primary and secondary oxidation products in VOOA as com-
lower correlation (= 0.82,p < 0.001). Previous reports (30) pared to VOOB in the presence of copper. In fact, after 6 weeks

Phenolic Content and CompositionThe methanol-washing



3

Table 3. Bitterness Index (IB), Antioxidant Activity (ABTS), and Phenol Content on Three Oil Samples Stored for 6 Weeks at 60 °C in the Presence and Absence of Copper [Mean Values (n

TPH
171a

0-DPH
106a

SIDs
160 a

SPs
11.4 cde
12.0cd
14.4 be

LA
752a

OLA2
208a

DLA
525a

OLA1l
525a

DOA2
724a
4170

DOAl

VA
1.95b
2.01ab
2.05a

TY
3.48 def
3.73de
4.83 cd
8.02b

HYTY
5.93 bede

6.22 b
7.51ab

ABTS
1.17 ab
119a

P
3682

B
0.37ab
0.34a

weeks

samples
VOOA

122 b

115 b
85.6 C
68.9d

77.1b
69.4¢
40.7e
23.21g

110b

101¢
69.1de
50.0fg

16.4 ab
189a

7.08 ab
6.34b
4.69¢c
4.71c

16.9b

15.0b
7.97cd
5.06 cde

31.7b
32.4b
30.1bc
26.5cd

3.42cd
3.90 be
4.28b

3.99 be

8.12 ef
4.40 ef

3l2c

150 g
8.87¢

11.81b

1392a
5.36 de

2.06a
205a

12.43a

6.37 abcd
4.43 cdef

1.05 ab
0.93 abc
0.89 bc

332ab
316b
223¢
176 cd

0.35a
0.18 bc
0.15 bc

VOOA
VOOA
VOOA
VOOA + Cu
VOOB

Phenols on Oxidative Stability of Virgin Olive Oil

OT VDV O
0o~
S N~ oo
OIS ™A
T O Do o
0 © N~ N~ ©
SHO Hd O
T ONAA
— =
oD —
O ON O
~NDOOMmmA A
—
— D ©
DO TG
o0TP BN Co
No oo dw
A
OoOoTT OO
N~ © N LM
WO ™Moo
@
088T ww
R R RV E=]
SN
o~ O Mo
— Do
T O Do
o 00 < 3 O
N
@
TTPT T @
© O N
oo A
— e
0D
CT omo
DAN ™
RN
3}
oo Po
— OO o
baNX Yo
A< 0O
T o o0TTT
O MmN
A
— “
Do oa®
LO 00 00 00 — —
N oo o
“— T
D O
T O D u
< ™ O M~
IXB S8
L6 0 ™M
TTDL e
O O0OT VD u
O~ MO O
cocoocococo
= — OO
Sowomas
O MOS0
NN~ NS
—
o @
S0 0T T O
00 0O LD O WO M
coocococo

O 1N wOwo

VOOB
VOOB
VOOB
VOOB + Cu
\Yelole]

a+Cu, copper addition. Different letters (a—e) in the same column indicate significantly different values (p < 0.05). ® These determinations were carried out for VOOC only at time 0, since during heating the decrease of phenolic molecules

was so drastic that it was not possible to determine them at later times.
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Figure 1. TT content of the three oil samples (VOOA, VOOB, and VOOC)
as a function of storage time at 60 °C.

(-]

of storage, VOOA contained about twice the amount of DOA1
with respect to VOOB.

After 6 weeks, only VOOA and VOOB to which copper had
been added showed a brown precipitate, which was more
abundant in the former. To explain this observation, we propose
two types of interactions: phenol-copper or pectin/protein-
copper. In 1994, Lercker et al3%) reported the presence of
dispersed and suspended particles, probably protein substances,
that constitute the “veiling” of extra virgin olive oils. The
methanol-washing step carried out on VOOB may reduce both
the phenols and the pectins/proteins present in the dispersion
suspension of VOOA, leading to a precipitate that is quantita-
tively less abundant.

Tocopherol Content and Composition.Following 6 weeks
of storage, the total tocopherol (TT) and particularly thé&oc
content (Table 4) decreased about 90, 80, and 75% in VOOC,
VOOB, and VOOA, respectively. In VOOC, boffrtoc and
y-toc disappeared completely after 6 weeks of storage, whereas
after this period their levels fell 100% in both VOOB and
VOOA in the presence of copper. The consumption of TTs was
more consistent in samples that contained lesser amounts of
polar phenolic compounds (Figure 1), suggesting their role as
antioxidants through donation of a phenolic hydrogen atom to
lipid free radicals, by a chain-breaking electron donor mecha-
nism. As shown inFigure 1, after 1 week, the TT content
decreased by about 30% in all samples, although there may have
been a lag phase from 1 to 2 weeks of storage that was more
evident in VOOA. To explain this behavior, it can be hypoth-
esized that polar phenols with amtho-dihydroxyl structure,
particularly DOA2, are able to reduce the oxidized forms of
tocopherols (tocopheryl radicals and quinones).

Primary and Secondary Autoxidation Products.As stated
in the Materials and Methods, the fatty acid composition was
determined only for oil samples at time 0 as FAMEs. The fatty
acid composition of VOOA (extra virgin olive oil used to obtain
the other two samples VOOB and VOOC after phenolic
reduction treatment) was not significantly different from VOOB
and VOOC and showed a high oleic/linoleic ratio (14.2),
suggesting a good oxidative stability of the lipid matrix (data
not shown).

It is well-known that the primary derivatives of fatty acids
oxidation can be evaluated by the PV test and the absorbance
measurement at 232 nm, which is relative to the conjugated
double bonds present in hydroperoxid&ssp) (seeTable 4).
During autoxidation, hydroperoxides undergo decomposition
reactions that give rise to hydroxy, keto, epoxy, and epidioxy
fatty acids 86). On the basis of literature da22(23) and UV
and MSD spectra obtained by HPLC-DAD/ESI-MSD, we were
able to identify and quantify nine species of OFAs present in
triacylglycerols (Tables land4). The keto derivatives of the
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Table 4. Primary (K3, and PV) and Secondary (OFA) Autoxidation Products, OSI, and Tocopherol Content on Three Oil Samples Stored for 6
Weeks at 60 °C in the Presence and Absence of Copper [Mean Value (n = 3)]?

PV (mequiv OFA oSl mg kg™ oil

samples weeks K232 0, kg1 oil) (%) (h) o-toc [-toc y-toc T
VOOA 0 1.75i 5.43n 0.88] 40.6 a 210a 7.89 ab 6.10a 224 a
VOOA 1 2.46h 13.01 1.80 i 32.2b 147 be 6.21 be 421 cd 157 be
VOOA 2 2.63 fgh 147k 2.90 ghi 30.7¢ 167 b 7.28 abc 4.90 be 179b
VOOA 3 2319 3.93fg
VOOA 6 7.59d 313e 5.76 de 13.2g 47.1e 6.45 abc 321 efg 56.8 e
VOOA + Cu 6 6.72¢e 28.1f 5.14 def 6.73 ] 456¢€ <LOD <LOD 456f
VOOB 0 1.70i 7.76m 0.90 28.8d 198 a 8.18a 5.21ab 21la
VOOB 1 2.49h 16.0] 2.12j 206¢€ 150 be 590¢ 3.95 def 160 be
VOOB 2 2.771g 18.3i 346 gh 174f 142 ¢ 6.71 abc 4.09 de 153 ¢
VOOB 3 279f 410 efg
VOOB 6 7.72d 37.9d 6.16d 6.38 ] 345e 6.01 he 3.13fg 436¢e
VOOB + Cu 6 17.7 ba 154 b 155b 0.00 k 19.9f <LOD <LOD 19.9f
vooC 0 1.38i 7.84m 091 17.6f 196 a 8.12a 5.21ab 209a
VOOoC 1 2.54 gh 164 2.29 hjj 11.1h 132 cd 6.41 abc 423 cd 142 cd
VOOC 2 2.83f 20.3h 3.99 fg 7.85i 110d 6.09 he 3.93 def 120d
VooC 3 320e 4.33efg
VooC 6 111c 8l4c 104¢ 0.20k 20.0e <LOD <LOD 20.0e
VOOC + Cu 6 195a 171a 173a 0.00k 19.8¢e <LOD <LOD 19.8e

a Different letters (a—n) in the same column indicate significantly different values (p < 0.05). +Cu, copper addition; a-toc, LOD = 0.07 ug mL~%; -toc, LOD = 0.06
ug mL~%; and y-toc, LOD = 0.03 g mL~* [mean values (n = 3)].
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Figure 2. PV values of the three oil samples (VOOA, VOOB, and VOOC) Figure 3. OFA values of the three oil samples (VOOA, VOOB, and VOOC)
as a function of storage at 60 °C. as a function of storage at 60 °C.
fatty acids were the most abundant OFAs in all oil samples, 180 1 moil Toil + Cu (1 mg kg?)
suggesting that the hydroperoxides tend to stabilize themselves 160
(36). As shown inrable 1, the 1, 3, 3a, 3b, 3c, 5, and 5a peaks 140
were relative to keto-linolenic acid, four isomeric forms of keto- 120
linoleic acid and two isomers of keto-oleic acid, respectively; 2 |
the isomers vary according to the position of the oxy-group on g 100
the carbon chain. Moreover, the hydroxy-linoleic (peak 2) and - 80
hydroxy-oleic acid (peak 4) were also found in low quantities. E 60

The overlapping of chromatographic traces (degure 2 40 -
available in the Supporting Information) demonstrates the large
increase of isomeric forms of keto-linoleic acid during oil
storage, particularly in the presence of copper iorab(e 4).
Figures 2and3 show the continuous increment of PV and OFA
values plotted against time, particularly in the traces corre-
sponding to VOOC. After 2 weeks of storage, the differences
for PV and OFA values among the three oils were statistically for the oil samples closely followed those of PV and OFA,
significant (Table 4). The result was clearly related to the whereas it was inverse with respect to tocopherols content,
different polar phenolic contents; in fact, the low amounts of according to Deiana et aBY). It was clear that copper promoted
phenols in VOOC were not able to impede the oxidative process, autoxidation, but polar phenolic components, intrinsic to extra
and the radical generation rate was too high for scavenging byvirgin olive oil, acted as antioxidants. According to Rovellini
antioxidants. Copper addition to the oils highlighted these and Cortesi 22), OFA percentages ranging from 2 to 4% are
different behaviors (seigures 4and5): Drastic increases of  typical for extra virgin olive oil stored from 2 to 18 months at
PV and OFA after 6 weeks of storage in the presence of copperroom temperature, while oil samples characterized by a total
were observed for VOOB and VOOC samples without copper OFA higher than 4% must be considered “expired”. After 1
(Table 4). However, VOOA did not show significant differences week at 60°C, the maximum OFA content determined was 2%.
in the presence and absence of copper. The treKdspalues However, when the storage period exceeded 3 weeks, the OFA

20
0

.

VOOA voos vooc
Figure 4. Histogram showing PV data of samples in the presence and
absence of copper after 6 weeks of storage at 60 °C.
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25 " extracts to scavenge ABTS radicals. Many authors have
moil ol + Cu (1 Mg kg™) frequently studied the ability of antioxidant molecules or extracts
20 to scavenge some free radicals, and in this regard, several stable,
colored, free radicals (DPPHnd ABTS) are widely used due
Q15 to their intensive absorbance in the visible region. In this case,
9 the H-donating activity is determined. The trolox (hydrophilic
< analogue of vitamin E) equivalent antioxidant capacity (TEAC)
G 10 assay 40) is frequently applied to assess the amount of radicals
> that can be scavenged by an antioxidant, i.e., the antioxidant
5 capacity 41). This approach enabled the comparison with values
derived from other assays (423). In the most recent version
0 - o of this assay, an antioxidant is added to a preformed ABTS
VOOA voos vooc radical (ABTS™) solution, and after a fixed time period, the
Figure 5. Histogram showing the OFA of samples in the presence and remaining ABTS" is quantified spectrophotometricallf§, 44,
absence of copper after 6 weeks of storage at 60 °C. 45). The reduction in ABTS concentration, induced by a

o ) certain concentration of antioxidant, is related to that of trolox
values of oils increased above 4% and this was accepted asng gives the TEAC value of the antioxidant. The assay is rapid
expired. These data were in good agreement with PVkaagl and easy and correlates with the total content of phenols and
values, which were also higher than the limits established by o-diphenols (46). As shown ifiable 3, the antiradical power
EEC Regulation 2568/91 (21) for extra virgin olive oil (=20  of samples at the start time decreased in the following order:
mequiv_of active oxygen per kg of oil an&2.50 Koz, VOOA > VOOB > VOOC according to their phenolic content.
respectively). As expected, a very good correlation was found pying storage, significant differences in terms of ABTS, TP,
between OFA and P\ (= 0.97,p < 0.001) as well as between 45,4 TPH values were observed between VOOA and VOOB.
OFA andKz3, (r = 0.98,p < 0.001). Furthermore, a significant e antioxidant activity of extracts was highly correlated with
negative correlation was found between OFA and QS( TP, TPH, and SIDsr(= 0.96,r = 0.94, andr = 0.93
—0.71,p = 0.001), and the increase of OFAs caused a lower regpectively;p < 0.001.) When copper was added to the oil
stability of oil under accelerated conditions of oxidation. samples, the antiradical capacity was significantly reduced for

Oxidative Stability. At the beginning of the experiment, \/00p to a TP content of about 70%. Despite this, the phenolic
notable decreases in the OSI time were seen among the threg.,tion of VOOA in the presence of metal did not show
samples, which were about 30 and 60% lower for VOOB and gjqnificant reduction in terms of its antioxidant power and TP

VOOC, respectively, as compared to VOOA,; this is in good content, whereas in the presence or absence of copper the TPH
agreement with their phenolic contentsable 3). Some authors 4 5ps contents were significantly different. The antioxidant

(38)_ha_1ve (Ia_stimalted tg.?t th_e cor}tributiono/of phenq:jic qompr?unds activity of DOA2, DLA, and OLA2 phenolic compounds has
to virgin olive oil stability Is at least 309%. CO”?' ering these already been evaluated in previous investigations in which they
data, it is quthvyhlle und'erlllnlng that th? phenghc fraction also were able to prolong the shelf life of virgin olive oiBQ, 32).
showed a significant antioxidant capacity at high temperatures B IB val foll dth it TP tent
(110°C) (39). The behavior of oil samples with respect to the 0 97: <V§ggls 0 0(;’\’_6_ € sam”e pattern %S h crc])n eh ( i
oxidative process during thermal storage {6) was monitored N - .)’ an It IS generally accepte' that t € phenalic
by both the determination of the oxidation products and the fraqtlon of virgin Qllve Gil is mainly responsible for its bitter
antioxidant molecule trends. The stability of virgin olive oil can attr_lbutes. .In partlculqr, some aUFhO'.CE’ €) suggest that the
ain contributors to virgin olive oil bitterness are decarboxy-

exceed 18 months; hence, accelerated methods are generall ; - :
employed to estimate the trends of the oxidative process in a ethyl-oleuropein .aglycon, decartlao>_<ymethyl-Ilgstr05|de agly-
relatively short period of time. Significant differences (in hours) O™ a”?' oleuropein aglycon. Statistical analysis showed good
among the OSI time values of the three samples (VOOA correlations between the IB values and the content of DOA2,

VOOB, and VOOC) were observed, but fewer differences PLA and OLAZ (= 0.86,r = 0.93, and' = 0.96, respectively;
considering the trend for this parameter during storage wereP = 0-001), respectively.
seen (Table 4). At the starting time, the OSI time values for All of the above data confirmed the important role that polar
the three samples were rather different: 40.6, 28.8, and 17.6 hphenolic compounds play in extra virgin olive oil, and among
for VOOA, VOOB, and VOOC, respectively. Taking into these, the secoiridoid derivatives show a large capacity to protect
account that the qualitative and quantitative compositions in fatty €xtra virgin olive oil from oxidative degradation. A continuous
acids and tocopherols were very similar, the differences in increment of primary and secondary oxidation products par-
oxidative stability can be linked to the phenol content of oils. ticularly in the olive oil samples with lower phenolic content
As expected, good correlations were found between DOA2, was observed during storage. The great increase of isomeric
DLA, and OLA2 phenolic compounds and the oxidative stability forms of ketolinoleic acid was also observed, especially in the
of oil samples expressed as OSI timme<{ 0.91,r = 0.87, and presence of copper. While it is clear that copper promoted
r = 0.89, respectivelyp < 0.001). The rate of linear decrements autoxidation, the polar phenolic components, characteristic of
of OSI time values was similar—4.5, —3.6, and—2.3 for extra virgin olive oil, acted as antioxidants. During storage, the
VOOA, VOOB, and VOOC, respectively). For VOOC, at 6 secoiridoids underwent considerable degradation, while a sig-
weeks of storage, the OSI time was close to zero, while for nificant increase of the structural isomer (DOAL) of decar-
VOOB this value was achieved only after copper had been boxymethyl-oleuropein aglycon was seen; moreover, the content
added. The VOOA sample did not reach this OSI time value of simple phenols, especially tyrosol, increased depending on
even after 6 weeks in the presence of copper. the hydrolysis reactions of the secoiridoids. The tocopherols
Antioxidant Activity. The antioxidant activity of the phenolic ~ were more quickly consumed in the oils that had the lowest
fraction of virgin olive oils is mainly due to radical scavenging; amounts ob-DPHs (VOOB and VOOC); in VOOA, where the
this was confirmed by investigating the ability of the polar contents ofo-DPHs, and particularly decarboxymethyl-oleu-
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ropein aglycon (DOA2), were higher, it can be hypothesized (16) Keceli, T.; Gordon, M. H. The antioxidant activity and stability
that these compounds are able to reduce the oxidized forms of of the phenolic fraction of green olives and extra virgin olive
tocopherols. It appears that DOA1 may possess a copper- oil. J. Sci. Food Agric2001,81, 1391—1396.

chelating ability as its levels decreased only after the metal was (17) Keceli, T.; Gordon, M. H. Ferric ions reduce the antioxidant
added, an aspect that merits further investigation. From the activity of the phenolic fraction of virgin olive oill. Food Sci.
above, it can be concluded that more chemical study of the 2002,67, 943—-947.

brown precipitate formed during virgin olive oil storage in the

presence of copper is necessary for a better evaluation of

potential phenol—metal interactions.

Supporting Information Available: Three figures of experi-
mental designi) and chromatograms of OF&) and phenolic
fraction (3) of several samples. This material is available free
of charge via the Internet at http://pubs.acs.org.
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