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ABSTRACT

The antioxidant activity of dietary phenols in humans (direct reduction of radicals and other highly oxi-
dizing species) could be largely restricted to fighting postprandial oxidative stress in the gastric compart-
ment. Hence, the development of chemical tests simply modelling this situation is pertinent. In this work,
the antioxidant properties of the olive phenols hydroxytyrosol and oleuropein are investigated in pH 5-6
micellar solutions through the reduction of the DPPH radical and the inhibition of the metmyoglobin-
induced peroxidation of linoleic acid. In the first test, hydroxytyrosol and oleuropein proved as efficient

{fl?é ‘:glz ds: as common polyphenols and their reactivity was only moderately affected by B-cyclodextrin and bovine
Olive serum albumin, taken as models of food macromolecules. In the second test, hydroxytyrosol and oleu-
Antioxidant ropein by themselves came up as relatively weak inhibitors, despite their efficiency at reducing hyperva-

DPPH lent haem iron. However, hydroxytyrosol was able to act in synergy with the typical chain-breaking
Metmyoglobin antioxidant o-tocopherol.

Lipid peroxidation
Haem

1. Introduction

Olive phenols are important components of a healthy Mediter-
ranean diet (Visioli & Bernardini, 2011) and are especially benefi-
cial according a health claim issued by the European Food Safety
Authority (EFSA, 2011). Oleuropein (Fig. 1 supplementary) is a typ-
ical phenol of the olive fruit. However, upon oil processing, its
enzymatic hydrolysis takes place, so that hydroxytyrosol (up to
0.2 mM in certain virgin olive oils) is actually much more abundant
than oleuropein in olive oil and its by-products (Jerman Klen, Golc
Wondra, Vrhovsek, Sivilotti, & Mozetic Vodopivec, 2015; Sanchez
de Medina, Priego-Capote, & Luque de Castro, 2015).

The protection against cardiovascular and metabolic diseases
provided by hydroxytyrosol and oleuropein has been convincingly
demonstrated in animal and human studies (Bulotta et al., 2014).
The mechanisms involved are certainly manifold, interrelated
and largely sustained by the true circulating metabolites (instead
of the native forms), e.g. the O-glucuronides of hydroxytyrosol
(Giordano, Dangles, Rakotomanomana, Baracchini, & Visioli,
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2015; Orozco-Solano, Ferreiro-Vera, Priego-Capote, & Luque de
Castro, 2012).

As human and bacterial metabolism (e.g., deoxygenation by the
microbiota and conjugation of phenolic OH groups in the intestine
and liver) (Del Rio et al., 2013) is expected to lower the redox activ-
ity of dietary phenols, it is now unlikely that their post-absorption
health effects be mostly driven by the antioxidant activity, at least
in its usual meaning of direct scavenging of reactive oxygen species
involved in oxidative stress. By contrast, upstream antioxidant
effects during food processing, storage and digestion remain
important issues involving native phenolic compounds. In
particular, postprandial oxidative stress may occur as early as in
the stomach itself where combinations of dietary (haem) iron,
polyunsaturated lipids (inevitably contaminated by a fraction of
lipid hydroperoxides), acidity and dioxygen in non-limiting con-
centration can create favourable conditions for polyunsaturated
lipid peroxidation, itself responsible for a lower nutritional value
of the dietary bolus and an accumulation of potentially toxic lipid
oxidation products (Gobert et al., 2014; Kanner, Gorelik, Roman, &
Kohen, 2012). Owing to their abundance in plant food, electron-
donating phenolic compounds could be important micronutrients
for fighting oxidative stress in the stomach (Dangles, 2012).
However, given their general affinity for proteins and
polysaccharides, their antioxidant activity is susceptible to
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modulation by binding to the plant matrix and to other compo-
nents of the dietary bolus.

In this work, the typical olive phenols hydroxytyrosol and
oleuropein (Fig. 1 supplementary) are tested for their ability to a)
reduce the DPPH radical and ferrylmyoglobin (hypervalent haem
iron) and b) inhibit the haem-induced peroxidation of linoleic acid
(in the presence or absence of a-tocopherol) in mildly acidic micel-
lar solutions simply modelling the gastric content. The influence of
the cyclic oligosaccharide B-cyclodextrin (B-CD, a starch model)
and of bovine serum albumin (BSA) is also reported. Comparison
with the common phenolic antioxidants quercetin, rutin, catechin
and chlorogenic acid (Fig. 1 supplementary) is also provided.

2. Materials and methods
2.1. Chemicals and reagents

Rutin hydrate (95%), chlorogenic acid (97%), quercetin dihy-
drate (98%), oleuropein, a-tocopherol, polyoxyethyleneglycol 23
lauryl ether (Brij®35, mean MM 1200 g mol~!), 1,1-diphenyl-2-
picrylhydrazyl (DPPH, >90%), B-cyclodextrin (B-CD), (9Z,122)-
octadecadienoic acid (linoleic acid, >99%), bovine serum albumin
(BSA, fraction V A-9647, MW ca. 66,500 g mol~'), myoglobin from
equine heart (>90%, salt-free), and H,0, (30%) were purchased
from Sigma-Aldrich (USA). Catechin hydrate (+96%) was from Fluka
(France). Hydroxytyrosol was kindly provided by Pr. F. Visioli and
Seprox Biotech (Madrid, Spain). Stock metmyoglobin solutions
were prepared in Milli-Q water, filtered through a 0.45 pm filter
and their concentrations checked by absorbance measurement at
525 nm using £=7700 M~ cm~! (Mikkelsen & Skibsted, 1995).

2.2. UV-visible spectroscopy

UV-visible spectra were recorded on an Agilent 8453
diode-array spectrometer equipped with a magnetically stirred
quartz cell (optical pathlength: 1 cm). The temperature in the cell
was kept at 25 °C (DPPH test, reduction of ferrylmyoglobin) or at
37 °C (lipid peroxidation) by means of a thermostated bath.

2.3. Dioxygen consumption

Analyses were carried out with help of an optic fibre probe
(oxygen Microoptode, PreSens) directly inserted into the magneti-
cally stirred solution. The O, concentration was recorded by a
Microx TX3 oxygen meter (PreSens).

2.4. Scavenging of the DPPH radical in micelles

Solutions of DPPH (300 uM) and phenols (50 or 150 uM) were
individually prepared in an acetate buffer (0.1 M, pH 5) containing
the non-ionic surfactant Brij®35 (20 mM). Phenol solutions con-
taining BSA (250 uM) or B-CD (250 uM) were also used. To 1 mL
of a freshly prepared solution of DPPH placed in the spectrometer
cell was added 1 mL of the phenol solution (DPPH/phenol molar
ratio=2 or 6). Spectra were recorded every 0.5 s over 2 min for
the determination of the rate constants and partial stoichiometries
(fast step). Kinetic runs of 60 min were used for the determination
of total stoichiometries. Calculations were carried out according to
our previous work (Goupy, Dufour, Loonis, & Dangles, 2003).

2.5. Reduction of ferrylmyoglobin

The experimental procedure for the formation of ferrylmyo-
globin and its subsequent reduction by phenols was the same as
in our previous work (Lorrain, Dufour, & Dangles, 2010). Two mL

of a 60 uM solution of metmyoglobin and BSA (3 equiv.) in the
pH 5.8 phosphate buffer were placed into the spectrophotometer
cell. Then, 30 uL of a concentrated aqueous solution of H,0,
(4 mM, concentration determined par UV-visible spectroscopy
using £=39.4M~' cm™' at 240 nm) were added (final H,0, con-
centration in the cell = 60 uM). The conversion of metmyoglobin
into ferrylmyoglobin (MbFe'Y = 0) was monitored by measuring
the increase in absorbance at 590 nm over a few minutes. Finally,
20 pL of a concentrated solution of phenol in MeOH (final concen-
trations in the cell: 25 and 60 pM) were added and the reduction of
ferrylmyoglobin was monitored at 590 nm.

2.6. Inhibition of the haem-induced peroxidation of linoleic acid

Given volumes of daily prepared solutions of linoleic acid
(70 mM) and antioxidant (0.2 mM) in MeOH were mixed with a
stock solution of Brij®35 (0.4 mM) in a phosphate buffer (pH 5.8).
The final concentrations in the solution were 0.7 mM linoleic acid,
and 0.2-1 pM antioxidant. Two mL of the freshly prepared solution
were transferred to the spectrometer cell. At time 0, 20 uL of
50 uM metmyoglobin (final concentration in the cell: 0.5 uM)
was added to the sample under constant magnetic stirring and
the UV-visible spectra were recorded at regular time intervals
(Sy et al., 2013). Concomitantly, O, concentration was monitored
in the solution by an optic fibre probe.

2.7. Data analysis

The curve-fittings of the absorbance vs. time plots were carried
out on a PC using the Scientist program (MicroMath, Salt Lake City,
USA). Beer's law and sets of differential kinetic equations (see text
for the kinetic models used) with initial conditions on concentra-
tions were input in the model. Curve-fittings were achieved
through least square regression and yielded optimized values for
the parameters (kinetic rate constants, molar absorption coeffi-
cients, stoichiometries). All experiments were conducted in tripli-
cates and results are expressed as mean * standard deviation
(SD). Good (>0.99) to excellent (>0.999) correlation coefficients
were typically obtained.

3. Results and discussion
3.1. Scavenging of DPPH radical in aqueous micellar solution

DPPH is a stable free radical that is widely used in alcoholic
solutions for a simple estimation of the antioxidant capacity of
phenols through their ability to deliver H-atoms and/or electrons.
However, the insolubility of DPPH in water limits its applications
in more elaborate antioxidant tests. For solubilization in aqueous
solution, DPPH was incorporated into micelles of the non-ionic sur-
factant Brij35 (C;2H5—(0OCH,—CH,),3—0H). Thus, the influence of
pH and of dietary macromolecules (possibly interacting with phe-
nols in food and in the digestive tract) on the DPPH-scavenging
reaction of phenols could be investigated.

A 20 mM Brij35 solution in acetate buffer (0.1 M, pH 5) proved
appropriate for solubilizing DPPH over a convenient range of con-
centration up to 150 uM (linear Beer’s plot at 529 nm). Above this
concentration, a saturation of the visible absorbance was observed,
pointing to the onset of DPPH aggregation. Thus, 150 pM DPPH
solutions in Brij35-containing acetate buffer were used for all
experiments. At this concentration, the DPPH visible absorption
band was both stable and reproducible. In those conditions, the
maximum absorption wavelength of DPPH is 529 nm with a molar
absorption coefficient of 10,700 M~ cm™!. Close & values were
measured in MeOH and in pH 4.6 CTAB micellar solution (Goupy
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et al., 2003; Noipa, Srijaranai, Tuntulani, & Ngeontae, 2011). The
Amax Shift from 515 nm in MeOH to ca. 530 nm in micellar to ca.
550 nm in aqueous solution (Noipa et al., 2011) suggests that the
micellar solution displays a polarity that is intermediate between
those of MeOH and water.

The decay of the DPPH visible band following the addition of an
antioxidant (Fig. 2 supplementary) can be analyzed according to
the model proposed by Goupy et al. (2003). The rate constant k;
for the first H-atom abstraction from the antioxidant and the
partial antioxidant stoichiometry n, which can be defined as the
number of H-atoms transferred during the fast step of DPPH
consumption (1-2 min, ie. transfer of the antioxidant’s most
labile H-atoms), can thus be estimated (antioxidant concentration
used in the curve-fittings =n x experimental concentration).
Experiments extending over 60 min were then used for the
determination of the total antioxidant stoichiometry
(Ntot = (Ainitial — Afina1)/(épppu X antioxidant concentration), as some
oxidation products formed during the fast step usually retain a
substantial H-donating capacity.

As seen in Table 1, at the end of the fast step, the number of
DPPH radicals reduced per antioxidant molecules (n) is about 2,
which corresponds to the transfer of the two labile H-atoms of
the catechol nucleus. Furthermore, total stoichiometries (1) are
in the range 3-5. The relatively high k; values confirmed that the
selected phenols were potent H-atom donors. Indeed, upon transfer
of the most labile H-atom, antioxidants containing a catechol group
(1,2-dihydroxybenzene) are converted into o-semiquinones, which
are stabilized by a combination of electronic and intramolecular
H-bonding effects (Dangles, 2012). Moreover, quercetin
(k1 ~37 x 10 M~ s 1) and rutin (k; ~ 29 x 10> M~ s ') are more
reactive than catechin (k; ~ 17 x 102 M~! s~1), which underlines
that the semiquinone radicals of the flavonols are stabilized by
extended electron conjugation involving the C-ring. This hierarchy
is in agreement with that observed in MeOH (Goupy et al., 2003).
Furthermore, quercetin displays a higher total stoichiometry
(neor = 5) than rutin and catechin (ny ~ 4), thus confirming the par-
ticipation of C3-OH in the H-atom transfer reactions. Interestingly,
oleuropein (despite the absence of extended electronic delocaliza-
tion in its semiquinone) is as reactive as quercetin in the transfer
of its first H-atom to DPPH and seems even more potent than its
derivative hydroxytyrosol. This observation suggests a favourable
positioning of oleuropein in the micelles. By contrast, in MeOH,

Table 1
H-atom transfer from dietary phenols to DPPH in micelles and the influence of BSA
and B-cyclodextrin (0.1 M acetate buffer, 20 mM Brij35, pH 5, 25 °C, N = 3).

Antioxidant koM 1s7ta n? Neor”

BSA 6.6 (+0.1) - 1.66 (+ 0.03)
Quercetin 3716 (£251)  1.75(+0.02)  5.05 (+ 0.01)
Quercetin + BSA 2775 (£ 35) 1.63 (£ 0.01) 4.65 (£ 0.02)
Quercetin + B-CD 881 (¢ 108) 1.81 (+020) 4.0 (+ 0.10)
Rutin 2917 (+ 10) 139 (+0.01)  3.65 (+ 0.06)
Rutin + BSA 1781 (¢ 16) 1.59 (£ 0.01)  3.38 (+ 0.03)
Rutin + B-CD 1746 (+ 92) 1.38 (+0.02)  3.75 (£ 0.15)
Catechin 1689 (+ 112)  1.59 (£ 0.06)  3.56 (+ 0.13)
Catechin + BSA 1303 (+ 66) 1.55 (£ 0.07)  2.63 (+ 0.29)
Catechin + p-CD 1112 (£ 20) 1.32 (£ 0.20) 3.91 (£ 0.07)
Chlorogenic acid 2556 (+ 176) 1.61 (£ 0.01) 2.99 (£ 0.11)
Chlorogenic acid + BSA 1904 (+ 74) 1.71 (£ 0.02) 2.97 (£ 0.07)
Chlorogenic acid + B-CD 2502 (+ 11) 1.65 (£ 0.01) 2.08 (+ 0.21)
Oleuropein 3703 (+246)  1.67 (+0.01)  2.81 (+ 0.05)
Oleuropein + BSA 4960 (+244)  1.65(£0.01)  3.63 (+ 0.07)
Oleuropein + p-CD 3359 (+ 156)  1.66 (+ 0.01)  3.06 (+ 0.21)
Hydroxytyrosol 1808 (£ 69) 1.61 (£ 0.01) 2.78 (+ 0.03)
Hydroxytyrosol + BSA 2103 (+ 146) 1.73 (£ 0.01) 3.16 (£ 0.09)
Hydroxytyrosol + B-CD 1912 (£ 46) 1.67 (+ 0.04) 2.94 (£ 0.21)

2 Evaluated with 2 equiv. of DPPH.
b Evaluated with 6 equiv. of DPPH.

quercetin is as expected a better H-atom donor than oleuropein
(Goupy et al., 2003; Roche, Dufour, Mora, & Dangles, 2005).

The high total stoichiometries typically observed for the
selected dietary phenols (especially the flavonoids, see Table 1)
show that repeated H-atom transfers take place not only from
the starting phenols but also from some of their primary oxidation
products. Indeed, several reaction pathways are possible depend-
ing on the fate of the transient aryloxyl radicals (Dangles, 2012):
dimerization, disproportionation, scavenging of a second DPPH
radical or possible reduction by a second antioxidant (with regen-
eration of the phenol).

When the data in the present study are compared to previous
data recorded in MeOH (Goupy et al., 2003; Roche et al., 2005),
the following remarks can be made:

- The rate constant for the first H-atom abstraction k; is higher
(by a factor of 1-5 depending on phenols) in the mildly acidic
micelle environment. This acceleration may reflect not only
favourable confinement and orientation of reagents in micelles
(Chat, Najar, & Dar, 2013; Noipa et al., 2011) but also a shift of
the mechanism from H-transfer to electron-transfer because of
the increased polarity (Di Meo et al., 2013).

- The partial stoichiometry is lower in the mildly acidic micellar
solution (n = 1-2 vs. 2-3 in MeOH), a result suggesting that dis-
proportionation of the aryloxyl radicals may be impeded in
micelles by interactions with the surfactant. However, the over-
all antioxidant stoichiometry remains high (even higher than in
MeOH), thus showing that globally phenol oxidation is exhaus-
tive and results in the scavenging of several DPPH equivalents.

In food and in the GI tract, dietary phenols can come into con-
tact with macromolecules such as polysaccharides (starch, fibres)
and proteins. In this work, B-cyclodextrin (B-CD), a natural macro-
cycle and a pertinent starch model, and bovine serum albumin
(BSA), a common food protein, were studied for their possible
impact on the phenols’ H-donating capacity.

This impact can be anticipated in two ways:

- The macromolecules could substantially bind the dietary phe-
nols, therefore increasing the phenol fraction in the aqueous
phase (at the expense of the micelle-bound fraction) and lower-
ing the overall activity.

- The macromolecules, especially BSA, could interfere with the
fate of the aryloxyl and o-quinone intermediates.

Overall, the kinetic data (Table 1) revealed that the impact of
B-CD and BSA was actually weak. Regarding the rate constant of
the first H-atom transfer, this weak influence could simply reflect
the relatively low affinity of the phenols for B-CD and BSA
(Table 1 supplementary) and consequently the small fraction of
complexes in the aqueous phase. Under the conditions of k;
estimation (75 pM phenol + 125 uM B-CD or BSA), the percentage
values of bound phenol for K} values of 102, 103, 10* and 10° M~}
are respectively 1, 10, 47 and 86%. Thus, only flavonol-BSA binding
(to a lesser degree, catechin-B-CD binding) seems strong enough
(Table 1 supplementary) to retain the ligands in the aqueous phase.
Although BSA indeed slows down the reaction between the flavo-
nols and DPPH (Table 1), its influence is no stronger than that of
B-CD despite the weaker affinity of the macrocycle for the
flavonols. In fact, the most significant decrease in k; value (a factor
ca. 4) is observed for the quercetin—B-CD couple. In that case, it can
be hypothesized that the Brij35 micelles stabilize the inclusion
complex for a more efficient sequestration of quercetin at the
interface. Finally, olive phenols are largely insensitive to the
presence of B-CD and BSA. Although their binding to BSA has not
been investigated, it is probably quite weak. Overall, both
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hydroxytyrosol and oleuropein must be largely available for an
antioxidant action within the dietary bolus.

Regarding the total stoichiometry, it must be noted that BSA
itself (unlike B-CD) expresses a weak DPPH-scavenging activity.
Its nyot value of 1.66 (Table 1) is probably mainly due to the reac-
tivity of its single free cysteine residue (Cys-34). If quercetin (Q)
and BSA independently scavenged the DPPH radical (additive
behaviour), an overall stoichiometry n{S¢ = nyo(Q) + 5no(BSA) ~ 13
would be expected (initial BSA/phenol molar ratio = 5). This value
is much higher than the experimental value, which is actually even
lower than the stoichiometry of quercetin alone (ca. 5). It can thus
be concluded that, if BSA has only a moderate impact on the rate of
DPPH scavenging by quercetin, it drastically lowers the total num-
ber of DPPH radicals that can be reduced per quercetin molecule.
Similar considerations can be applied to the other selected phenols.
Indeed, even if olive phenols give slightly higher n.. values in the
presence of BSA, the increase remains much lower than expected
from an additive behaviour. This interesting result suggests that
during radical scavenging the o-quinone intermediates are at least
partially trapped by BSA, possibly by nucleophilic addition of
Cys-34, so that the DPPH-scavenging capacity of BSA is lost and
the overall stoichiometry remains close to the value estimated in
the absence of BSA. In oxidative conditions, serum albumin-
polyphenol covalent coupling has already been evidenced
(Kaldas, Walle, van der Woude, McMillan, & Walle, 2005). In partic-
ular, autoxidation of chlorogenic acid (pH 9) in the presence of BSA
and subsequent coupling of the o-quinone thus formed to BSA was
shown to occur mainly at Cys and Lys residues (Rawel, Rohn, Kruse,
& Kroll, 2002). BSA was also found to lower the capacity of
quercetin to scavenge the bulky ABTS™ radical cation (Arts,
Haenen, Voss, & Bast, 2001). Consistently, quercetin-BSA covalent
adducts were found less efficient than quercetin at reducing ABTS™
(Rohn, Rawel, & Kroll, 2004).

3.2. Reduction of activated haem iron

Oxidative stress in the stomach can arise from the combination
of metmyoglobin (MbFe''—OH), the pigment of red meat and main
dietary iron form, with H,O, and/or lipid hydroperoxides inevita-
bly contaminating PUFA-containing food (e.g., plant oils and
sauces, fish, dairy products, meat). Indeed, MbFe—OH can bind
hydroperoxides and promote homolytic cleavage of the peroxide
bond to generate hypervalent haem species (Fe'V) that are espe-
cially reactive in mildly acidic conditions and thus can initiate lipid
peroxidation in the gastric compartment (Dangles, 2012; Kanner &
Lapidot, 2001). As lipid peroxyl radicals thus produced can oxidize
proteins and (pro)vitamins such as vitamin E and B-carotene,
haem-induced lipid peroxidation in the stomach may be regarded
as highly deleterious to the nutritional value of the dietary bolus.
The concomitant formation of electrophilic lipid oxidation
products, such as aldehydes, possibly involved in postprandial
modifications of plasma low-density lipoproteins, is also consid-
ered a risk factor in the initiation of cardiovascular disease
(Kanner et al., 2012). Hence, the ability of the most abundant diet-
ary antioxidants, i.e. plant phenols, to reduce hypervalent haem
species, thereby inhibiting the initiation of lipid peroxidation, is
potentially a relevant antioxidant mechanism in humans.

In this work, hypervalent haem was simply produced by mixing
MbFe"—OH and H,0, (1 equiv.). In the reaction, perferrylmyo-
globin Mb'Fe" = O is formed, which displays a Trp and/or Tyr rad-
ical that is quickly dissipated through the protein (Carlsen, Moller,
& Skibsted, 2005). Ferrylmyoglobin Mb°*Fe'V = O thus produced is
relatively stable over a few minutes (slow first-order decay by
auto-reduction). Its reduction to Mb°*Fe'"—OH by phenolic antiox-
idants can be readily monitored by conventional UV-visible
spectroscopy (Lorrain, Dufour, et al., 2010) (Fig. 1)..The reaction
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Fig. 1. Activation of metmyoglobin (60 uM) by H,0, (1 equiv.) and subsequent
reduction of ferrylmyoglobin by hydroxytyrosol (1 equiv.), pH 5.8 phosphate buffer
containing BSA (3 equiv.), 25 °C. The solid line is the result of the curve-fitting.

is carried out in the presence of BSA (3 equiv.), which was shown
to bind MbFe'"—OH and stabilize Mb®*Fe'¥ = O in mildly acidic con-
ditions by minimizing the competing formation of a redox-inert
green pigment (covalent coupling between haem and the globin
protein).

The decay of the visible absorbance at 590 nm (Amax Of
Mb%Fe'V = 0) was quantitatively analyzed using Eqgs. (1) and (2):

Aseo = £o(MbFe"—OH) + &, (Mb*Fe!"=0) + &,(Mb™Fe"—0H) (1)

d

d d
,a(

oxp IV __ _ =+ _ v oxX = I __
Mb™Fe"'=0) = — . (ATOH) = . (Mb”'Fe"'—OH)
= k. (Mb*Fe"=0)(ArOH) 2)

Regarding the molar absorption coefficients of the different
haem species, one has: ¢g=Ap/Co, Ao being the initial absorbance
before H,0, addition and C, the total haem concentration,
£, =9450 M~' cm™! (estimated from the kinetics of Mb%Fe!V = 0
formation in the same conditions, see Lorrain, Dufour, et al.,
2010), &, being an adjustable parameter that is deduced from the
curve-fitting as well as the second-order rate constant of
Mb°*Fe!V = O reduction k.. The concentrations of MbFe"—OH and
Mb®*Fe'V=0 at the time of antioxidant addition (time zero of the

kinetic analysis) are Co —{:=5¢ and 2=, respectively, A being the
absorbance at the time of antioxidant addition.

The curve-fittings of the decay of Asgo featuring the reduction of
Mb®*Fe!V=0 by the selected phenols were all quite satisfactory and
yielded consistent values of &, (Table 2 supplementary). The
corresponding rate constants are of the same order of magnitude
(300-800 M~ s~1). In particular, the k; values for hydroxytyrosol
and oleuropein are 474 (+ 4) and 348 (+ 6) M~ s7!, respectively.
Thus, olive phenols can reach the haem crevice of BSA-bound
ferrylmyoglobin and reduce Fe'Y, which points to their potential
ability to inhibit haem-induced PUFA peroxidation at the
initiation stage. By contrast, o-tocopherol does not reduce
hypervalent haem, nor interfere in its reduction by the dietary
phenols (data not shown).

3.3. Inhibition of the metmyoglobin-induced peroxidation of linoleic
acid

Our previous studies on sunflower oil emulsions have shown
that dietary phenols can inhibit the metmyoglobin-induced lipid
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peroxidation in the early phase of gastric digestion when the pH is
still relatively high (pH 5-6) (Lorrain, Dangles, Genot, & Dufour,
2010; Lorrain, Dangles, Loonis, Armand, & Dufour, 2012). When
the pH decreases alongside the gastric emptying, the haematin
cofactor becomes dissociated from the globin protein and probably
more embedded into the lipid phase and thus less accessible to
phenols. Although oil-in-water emulsions are more relevant
models of the gastric content than simple PUFA micelles, the latter
provide adequate systems for investigating mechanisms (Goupy,
Vulcain, Caris-Veyrat, & Dangles, 2007; Sy et al., 2013). Moreover,
substantial concentrations of free fatty acids (5-30%) are released
in the stomach due to the action of gastric lipase (Golding &
Wooster, 2010). In this work, the ability of olive phenols to inhibit
the metmyoglobin-induced peroxidation of linoleic acid in Brij35
micelles was investigated at pH 5.8 in the presence or absence of
o-tocopherol, the typical endogenous antioxidant protecting PUFA
chains in oils, emulsions and membranes. It is believed that the
combination of metmyoglobin (the main form of dietary iron),
linoleic acid (possibly released from dietary triglycerides by the
gastric lipase) and a mildly acidic medium corresponding to the
first hour of gastric digestion (Gobert et al., 2014; Tyssandier
et al., 2003) provides a simple but relevant model of lipid oxidation
in the stomach.

Olive phenols were shown to be potent inhibitors of PUFA per-
oxidation in SDS micelles (pH 7.4) where the reaction is initiated
by the hydrophilic peroxyl radicals generated by thermal decom-
position of diazo compound AAPH (Roche et al., 2005). A detailed
kinetic analysis suggested that the inhibition proceeds by direct
reduction of the initiating peroxyl radicals, rather than by breaking
of the propagation chain, i.e. by reduction of the lipid peroxyl
radicals.

By contrast, in this work, both hydroxytyrosol and oleuropein
came up as weak inhibitors of the metmyoglobin-induced peroxi-
dation of linoleic acid (LH, H representing one of the labile bis-
allylic H-atoms) in pH 5.8 Brij35 micellar solution. Indeed, the
kinetic profiles for the accumulation of conjugated dienes (CDs,
mostly hydroperoxide regio- and stereoisomers LOOH, Vulcain,
Goupy, Caris-Veyrat, & Dangles, 2005) and the consumption of
dioxygen display short ill-defined induction periods (time periods
of totally inhibited peroxidation) (Fig. 2). However, after the induc-
tion period, the peroxidation rate (CD accumulation) remains
lower than in the control. Given the independently demonstrated
ability of olive phenols to reduce ferrylmyoglobin, the olive phe-
nols are proposed to inhibit the initiation step by reducing the
hypervalent haem species responsible for the formation of the
propagating lipid peroxyl radicals LOO".! By contrast, a-tocopherol
(Toc) strongly inhibits CD accumulation and O, consumption with
well-defined concentration-dependent induction periods (Fig. 2).
As a-tocopherol does not reduce hypervalent haem, this observation
reflects its typical behaviour as a chain-breaking antioxidant by
H-atom transfer to LOO". Moreover, after the end of the induction
phase (complete consumption of Toc), CD accumulation resumes to
become as fast as in the control.

It is noteworthy that CD accumulation remains lower than O,
consumption in the course of haem-induced linoleic acid peroxida-
tion (Fig. 2). Remarkably, O, consumption is already significant dur-
ing the induction period of Toc-inhibited peroxidation while CDs
have not started to accumulate yet. These observations are consis-
tent with the mechanism of haem-Fe'V formation (Fig. 3). Indeed,
during the initiation step, the homolytic cleavage of LOOH triggers
0, consumption and the subsequent formation of ketodienes

1 In the absence of added H,0,, the hypervalent haem species involved in the
initiation of lipid peroxidation is elusive and probably distinct from ferrylmyoglobin
(Lorrain, Dufour, et al., 2010). Its precise structure being unknown, it is simply
denoted MbFe'.
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Fig. 2. Inhibition of the metmyoglobin-induced peroxidation of linoleic acid by
hydroxytyrosol (HT), a-tocopherol (Toc) and a combination of both. CD concentra-
tion calculated from A (234 nm) assuming £ =24 x 10> M~' cm™'. @: 0.2 uM HT, @:
1 pM HT, B 0.8 pM Toc, l: 1 pM Toc, A: 0.8 pM Toc + 0.2 pM HT.
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Fig. 3. The mechanism of metmyoglobin-induced lipid peroxidation and its
inhibition by phenolic compounds and o-tocopherol (Toc).

(Lorrain, Dufour, et al., 2010). It also compensates for the moderate
accumulation of CDs that would otherwise be observed.

The kinetic profile of CD accumulation can be quantitatively
accounted for using a kinetic model (Fig. 3) developed by Sy
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Table 2
Kinetic parameters for the inhibition of the metmyoglobin-induced peroxidation of linoleic acid by phenols in micelles (pH 5.8)."

Phenol/uM rpfM 12 57112 kM~ 571 AE; or AE, n Ca/uM

Control 44 (+09) 870 (+ 450) - - -

Hydroxytyrosol (HT)

0.2 44 870 1070 0.5 (+0.1) 2.7 (£ 0.1)

0.8 4.4 870 700 (+ 270) 0.20 (+ 0.02) 5.0 (£ 0.1)

1.0 44 870 880 0.11 (+ 0.02) 438 (+0.1)

Oleuropein (OL)

0.2 4.4 870 1400 0.5(£0.2) 2.3(1£0.2)

0.8 44 870 1230 0.18 (+ 0.03) 22(£0.1)
1080 0.15 (+ 0.03) 2.6 (£0.1)

1.0 4.4 870 410 (+ 40) 0.25 (+ 0.01) 41(+£0.1)

a-Tocopherol (Toc)

0.2 44 870 670 (+ 120) 1.1 (£ 0.2) 0.5 (+0.2)

0.8 44 870 470 (+ 150) 1.2 (+0.1) 0

1.0 44 870 430 (£ 70) 0.93 (+ 0.03) 0
530 (+ 160) 1.1 (x0.1)

Toc + HT

0.2+0.8 4.4 870 10% 0.49 (+ 0.06) 4.0(+0.2)
5 x 10% <0.1

0.8+0.2 4.4 870 103 <0.1 1.3(£0.1)
5 x 102 1.5 (£0.1)

Toc +OL

02+0.8 44 870 10° 0.54 (+ 0.01) 3.5(£02)
5 x 10? <0.1

0.8+0.2 4.4 870 103 <0.1 0.5 (+0.1)
5 x 10% 1.1 (£0.1)

¢ From the mathematical analysis of the A(234 nm) vs. time curves according to the model developed in Sy et al. (2013) (r > 0.995). Values between brackets are the
standard deviations of the curve-fitting procedure. See Fig. 3 for complete definition of parameters: r, = lipid oxidizability, k;; = rate constant for lipid hydroperoxide cleavage,
AE; = antioxidant efficiency for inhibition of initiation, AE, = antioxidant efficiency for inhibition of propagation, n = antioxidant stoichiometry, C4=haem deactivation

parameter.

et al. (2013) with the following adjustable parameters: the oxidiz-
ability of linoleic acid r;, the rate constant k;; of LOOH cleavage by
MbFe!! (both being estimated by curve-fitting of the control curve),
the antioxidant efficiency for inhibiting initiation AE; (a measure of
the antioxidant’s ability to reduce hypervalent haem MbFe'V), the
antioxidant efficiency for inhibiting propagation AE, (a measure
of the antioxidant’s ability to reduce LOO"), the antioxidant stoi-
chiometry n (number of MbFe!V and/or LOO" equivalents reduced
per antioxidant molecule, antioxidant concentration used in the
curve-fittings = n x experimental concentration) and parameter
C4 (homologous to a concentration), a measure of MbFe'V deactiva-
tion (conversion into inert iron species).

With the olive phenols, pure inhibition of initiation is assumed
(AE; = 0). Although only the order of magnitude of AE; could be
obtained (Table 2), all curve-fittings were satisfactory (Fig. 4).
Surprisingly, the n values are very low (<0.5), an observation sug-
gesting that, in the presence of PUFA micelles, only a fraction of
the olive antioxidants has access to the haem crevice for the reduc-
tion of MbFe'V. Under similar conditions, although chlorogenic acid
was also weakly active, quercetin, rutin and catechin performed
much better (Goupy, Bautista-Ortin, Fulcrand, & Dangles, 2009;
Goupy et al., 2007; Sy, Dangles, Borel, & Caris-Veyrat, 2015).
However, olive phenols or some of their oxidation products pro-
mote haem deactivation (C4 > 0), possibly by direct iron binding.

For o-tocopherol, pure inhibition of propagation is assumed
(AE{ = 0). The results of the curve-fitting (Fig. 4, Table 2) suggest
that Toc is able to reduce one peroxyl radical (n= 1) but does
not significantly promote haem deactivation (Cy4 = 0), in agreement
with a propagation rate roughly equal to that of the control
experiment.

Investigating combinations of antioxidants shows that a 1:4
mixture of hydroxytyrosol and o-tocopherol provides an
extended protection combining both advantages of a well-defined
induction phase (a-tocopherol’s role) and a subsequent moderate

peroxidation rate (hydroxytyrosol’s role) (Figs. 2 and 4A). This
experimental peroxidation curve can be analyzed using the mean
AE; and AE; values determined for the individual antioxidants (olive
phenols: AE; ~ 103, Toc: AE; ~ 5 x 10%) with C4 and both n values as
adjustable parameters. Interestingly, the calculations suggest a pure
o-tocopherol behaviour (n for HT ~ 0) and a prolongation of the pro-
tection (n for Toc ~ 1.5 vs. 1.1 in the absence of HT) afforded by the
chain-breaking antioxidant. Moreover, a theoretical peroxidation
curve assuming additivity was generated from the n values deter-
mined for the individual antioxidants (same Cy4 value as for the
experimental curve). Comparing the experimental and theoretical
curves confirms the moderate synergism between the two antioxi-
dants under those conditions.

The same analysis was repeated with a 1:4 mixture of hydrox-
ytyrosol and o-tocopherol. In this case, a pure HT behaviour
emerged (n for Toc ~ 0) and no synergism was observed. For a total
antioxidant concentration of 1 pM, it is clear from both the curves
of CD accumulation and O, consumption that a 4:1 Toc + HT mix-
ture is much more protective than the corresponding 1:4 Toc + HT
mixture (Fig. 3 supplementary).

Finally, combinations of oleuropein and a-tocopherol failed to
deliver synergism even when Toc was in excess (Fig. 4B).

4. Conclusion

In this work, the popular DPPH test (typically carried out in
MeOH) has been extended to a system (mildly acidic aqueous micel-
lar solution) that is more relevant to food and the gastric conditions,
while keeping the high level of rationalization (estimation of rate
constants and stoichiometries) already achieved in our previous
work (Goupy et al., 2003). This extension also allows the possible
impact of food macromolecules (proteins, polysaccharides) on the
radical-scavenging activity to be assessed, as exemplified here with
B-cyclodextrin and bovine serum albumin.
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Fig. 4. Inhibition of the metmyoglobin-induced peroxidation of linoleic acid by
olive phenols, a-tocopherol (Toc) and a combination of both. |li: control, @: 0.2 uM
olive phenol, A: 0.8 uM Toc, 4: 0.8 uM Toc + 0.2 uM HT, —: simulation of mixture
assuming additivity (AE;, AE, and n from experimental curves of individual
antioxidants, Cq from experimental curve of mixture). A) Hydroxytyrosol. B)
Oleuropein.

Despite major interest in their application as bioactive food
phenols, olive phenols have rarely been investigated for their
ability to inhibit lipid peroxidation under conditions that are rele-
vant to food or the GI tract (oxidation initiated by dietary iron).
Surprisingly, hydroxytyrosol and oleuropein, although intrinsically
potent antioxidants, are modest inhibitors of haem-induced lipid
peroxidation. Indeed, the efficiency of the olive phenols in transfer-
ring electrons or H-atoms to radicals and hypervalent haem species
is comparable to that of potent flavonoids. Thus, their poorer
performance in inhibiting the haem-induced peroxidation of
linoleic acid may be ascribed to interactions with micelles (already
suggested by the DPPH test) that oppose their access to the
haem without conferring on them a favourable access to the
chain-propagating lipid peroxyl radicals (the o-tocopherol’s asset).
However, hydroxytyrosol-micelle interactions could well induce a
favourable interplay with a-tocopherol. Indeed, low concentra-
tions of hydroxytyrosol, the main olive oil antioxidant, substan-
tially potentiate the chain-breaking antioxidant o-tocopherol in
its inhibition of haem-induced lipid peroxidation. In other words,
synergism with o-tocopherol is required for hydroxytyrosol to
express its full capacity to protect polyunsaturated fatty acids
against oxidation initiated by dietary iron,

Overall, these antioxidant tests combine the advantages of a
certain nutritional significance and of a simplicity compatible with
a large screening of samples. We consider they could be preferred
to more routine tests in the evaluation of natural antioxidants.
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