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Many studies have investigated the protective effects of oleuropein and hydroxytyrosol against cell
injury, but few have investigated the protective effects of oleuropein aglycones 3,4-dihydroxyphenyle-
thanol-elenolic acid (3,4-DHPEA-EA) and 3,4-dihydroxyphenylethanol-elenolic acid dialdehyde
(3,4-DHPEA-EDA). The present work studied and compared the capacity of these four compounds,
found at high concentrations in olive oil, to protect red blood cells (RBCs) from oxidative injury. The
in vitro oxidative stress of RBCs was induced by the water-soluble radical initiator 2,29-azo-bis(2-ami-
dinopropane) dihydrochloride. RBC changes were evaluated either by optical microscopy or by the
amount of hemolysis. All compounds were shown to significantly protect RBCs from oxidative dam-
age in a dose-dependent manner. The order of activity at 20 lM was: 3,4-DHPEA-EDA A hydroxytyr-
osol A oleuropein A 3,4-DHPEA-EA. Even at 3 lM, 3,4-DHPEA-EDA and hydroxytyrosol still had
an important protective activity. However, deleterious morphological RBC changes were much more
evident in the presence of hydroxytyrosol than with 3,4-DHPEA-EDA. For the first time it was dem-
onstrated that 3,4-DHPEA-EDA, one of most important olive oil polyphenols, may play a noteworthy
protective role against ROS-induced oxidative injury in human cells since lower doses of this com-
pound were needed to protect RBCs in vitro from oxidative mediated hemolysis.
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1 Introduction

A large body of epidemiological studies shows that the inci-
dence of coronary heart disease and of certain cancers in
the Mediterranean countries is low, suggesting a crucial
protective role of the diet in this southern European area
where virgin olive oil is the principal source of fat [1]. The
hypothesis of an antioxidant/atherosclerosis relationship

led to experimental studies on the potential protective role
of olive oil phenols against coronary heart disease. In vitro
studies and a few in vivo studies suggested that the high
concentration of phenolic compounds in extra virgin olive
oil may contribute to the healthy nature of this diet but con-
troversial results have been obtained in several randomized,
crossover, controlled studies [2–8].

In recent years, there has been much interest in antioxi-
dants that retard oxidative modification of low-density lip-
oproteins (LDL), which is believed to be a key step in the
development of atherosclerosis. The stability of LDL iso-
lated from animals and humans fed with virgin olive oil is
increased, and this increased stability is attributable to the
phenolic compounds present in the oil [3, 7, 9–12]. Nowa-
days, olive oil is marketed as being healthier than other veg-
etable oils but a pertinent question is whether this claim is
valid for all virgin olive oils, or whether some have better
nutritional value than others depending on their phenolic
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composition. Current research findings suggest that olive
oil consumption could reduce oxidative damage due to its
richness in oleic acid and due to its minor components, par-
ticularly the phenolic compounds. However, which compo-
nents have a major role on this protection, is still unknown.

The red blood cell (RBC), anucleated and without cyto-
plasmatic organelles, has poor repair and biosynthetic
mechanisms, suffering and accumulating oxidative lesions
whenever oxidative stress develops. Moreover, RBCs are
particularly exposed to endogenous oxidative damage
because of their specific role as oxygen carriers. As the
most abundant blood cell, RBCs also play an important role
in the oxidative status of the whole blood constituents, in
particular of the lipoproteins. Nevertheless, RBCs are
equipped with several antioxidants, i. e., antioxidant
enzymes, glutathione, tocopherol and ascorbate. If reactive
oxygen species (ROS), i. e., H2O2 and O2

– , are overproduced
outside or within the erythrocyte, or if the endogenous anti-
oxidant defenses are impaired, an “oxidative stress” condi-
tion will develop, inducing oxidative damage to erythrocyte
constituents, i. e., those on membrane and hemoglobin,
which may ultimately leads to hemolysis. A wide variety of
drugs and xenobiotics that can undergo oxidation-reduction
reactions have been found to cause RBC destruction. Inter-
action between the xenobiotic and hemoglobin is very
important in the process, which is usually characterized by
hemoglobin oxidation to methemoglobin and formation of
radical intermediates. When hemoglobin is denatured, it
links to the membrane at the cytoplasmic domain of band 3
protein, inducing its aggregation and the linkage of natural
anti-band 3 antibodies and complement fixation on the
erythrocyte surface, marking the cell for removal by the
macrophages of the reticuloendothelial system. Human
RBCs are, therefore, a metabolically simplified model sys-
tem, useful in the evaluation of antioxidant properties of
several compounds, e.g., olive oil polyphenols.

Hydroperoxyl radicals (HOO.), from the aqueous phase,
are important for initiating lipid peroxidation and protein
damage in membranes [13]. 2,29-Azo-bis(2-amidinopro-
pane) dihydrochloride (AAPH) is a water-soluble azo com-
pound extensively used as a free radical initiator for biolog-
ical studies. It can generate radicals, at a constant rate, in
the aqueous phase through its thermo degradation at 378C
[13].

Hydroxytyrosol, oleuropein and its aglycones 3,4-dihy-
droxyphenylethanol-elenolic acid (3,4-DHPEA-EA) and

3,4-dihydroxyphenylethanol-elenolic acid dialdehyde
(3,4-DHPEA-EDA) (Fig. 1) are phenols present in particu-
larly high concentration in extra virgin olive oil, accounting
for up to 55% of the total phenolic fraction [14–16]. In
some olive oils, 3,4-DHPEA-EDA may even represent 50%
of the phenolic fraction [15, 16]. Although many studies
have investigated the antioxidant properties of oleuropein
and hydroxytyrosol [17], as well as their protective effects
against cell injury and their bioavailability, there have been
only few reports of the protective effects of oleuropein agly-
cones.

The aim of this work was to study and compare the
capacity of hydroxytyrosol, oleuropein, 3,4-DHPEA-EA
and 3,4-DHPEA-EDA, to protect RBCs from AAPH-
induced oxidative injury, by evaluating the capacity of these
compounds to inhibit hemolysis and oxidative damage to
the RBC membrane.

2 Materials and methods

2.1 Phenolic compounds

Hydroxytyrosol was synthesized from 3,4-dihydroxyphe-
nylacetic acid (Sigma-Aldrich Quimica-S.A., Madrid,
Spain) according to the procedure of Baraldi et al. [18].
Oleuropein was extracted from olive leaves according to
the procedure of Gariboldi et al. [19]. The aglycone
3,4-DHPEA-EA was obtained from oleuropein by enzy-
matic reaction using b-glycosidase (Fluka, Buchs, Switzer-
land), according to the procedure of Limirioli et al. [20].
3,4-DHPEA-EDA was obtained from olive leaves as
described by Paiva-Martins and Gordon [21].

2.2 Preparation of RBC suspensions

Blood was obtained from healthy, non-smoker volunteers
(two women and two men aged 23–50 years) by venipunc-
ture, and collected into tubes containing ethylenediaminete-
traacetic acid (EDTA), as an anticoagulant. Samples were
immediately centrifuged at 4006g for 10 min; plasma and
buffy coat were carefully removed and discarded. RBCs
were washed three times with PBS (125 mM NaCl and
10 mM sodium phosphate buffer, pH 7.4) at 48C and,
finally, resuspended in PBS, to obtain RBC suspensions at
10% or 2% hematocrit. RBC suspensions were used in the
day they were prepared.
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Figure 1. Structures of olive oil phenolics.
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To evaluate the capacity of the olive oil phenolic com-
pounds to protect RBCs from oxidative injury induced by
AAPH several in vitro studies were performed: RBC lysis,
morphology, membrane-bound hemoglobin (MBH) and
membrane protein profile.

2.3 AAPH-induced hemolysis and morphological
changes

RBC suspensions were prepared at 2% hematocrit, and the
assays were performed using AAPH at final concentration
of 60 lM. In all sets of experiments (n = 4), a negative con-
trol (RBCs in PBS) was used, as well as phenolic compound
controls (RBCs in PBS, with each phenolic compound).
Controls and sample tests were run in duplicate. Incuba-
tions of RBC suspensions were carried out at 378C for 4 h,
under gentle shaking, in the presence of each individual
compound or in the presence of the phenolic compound
plus AAPH. Phenolic compounds were incubated for
15 min with RBC before addition of AAPH and they were
tested at concentrations of 20, 40 and 80 lM. Only hydrox-
ytyrosol and 3,4-DHPEA-EDA were tested for lower con-
centrations (3, 6 and 10 lM) as these compounds still
showed a protective effect at 20 lM.

Hemolysis was determined spectrophotometrically,
according to Ko et al. [22]. After the incubation period, an
aliquot of the RBC suspension was diluted with 20 volumes
of saline and centrifuged (4000 rpm for 10 min). The
absorption (A) of the supernatant was read at 540 nm. The
absorption (B), corresponding to a complete hemolysis,
was acquired after centrifugation of a RBC suspension that
was previously treated with 20 volumes of ice-cold distilled
water. The percentage of hemolysis was then calculated
(A/B6100).

To study the morphological changes of RBC suspensions
by optical microscopy, aliquots (50 lL) were taken from
samples containing 40 lM phenolic compounds, with and
without AAPH, and controls at the end of the incubations.
The samples were mounted on a slide with a cover slip. By
using the same volume of the RBC suspension, it was possi-
ble to roughly compare the number of RBC per microscopic
field with the RBC lysis quantified previously by spectro-
photometry.

2.4 AAPH-induced erythrocyte membrane
changes

To study the effect of the phenolic compounds to protect
RBCs from AAPH-induced oxidative injury, we chose the
more suitable initiator concentration of this compound. We
then evaluated the changes induced in MBH and in mem-
brane protein profile, using increasing concentrations of
AAPH (3, 8, 16, 40, 60 and 120 lM). RBC suspensions
(10% hematocrit) were incubated at 378C for 4 h, under
gentle shaking. Afterwards, RBCs were washed in a saline

solution and immediately lysed according to the procedure
of Dodge et al. [23]. Membranes were washed in Dodge
buffer; the protease inhibitor phenylmethylsulfonyl fluoride
was added to the first two washes (final concentration of
0.1 mM). The protein concentration of the RBC membrane
suspensions was determined by Bradford's method [24]. It
should be noted that in these studies RBC suspensions at
10% hematocrit were used to obtain a significant volume of
RBC membranes.

MBH was spectrophotometrically measured, after mem-
brane protein dissociation with Triton X-100 (5% in Dodge
buffer), at 415 nm; the absorbance at this wavelength was
corrected by subtracting the absorbance of the background
at 700 nm; this value and membrane protein concentration
were then used to calculate the %MBH.

Membranes of RBCs were treated with a solubilization
buffer, heat denatured and submitted to electrophoresis
(8 lg protein/lane). SDS-PAGE was carried out on a dis-
continuous system, using a 5–15% linear acrylamide gra-
dient gel and a 3.5–17% exponential acrylamide gradient
gel, according to Laemmli and Fairbanks methods, respec-
tively [25, 26]. The proteins were stained with Coomassie
brilliant blue, and scanned (Darkroom CN UV/wl, Bio-
CaptMW version 99, Vilber Lourmat, France).

The concentration of 50 lM AAPH was found to be suit-
able for the membrane protein assays, as important modifi-
cations in RBC membrane proteins were produced. There-
fore, the evaluation of the capacity of the phenolic com-
pounds to inhibit oxidative changes was performed under
these experimental conditions.

2.5 Protective effect of phenolic compounds
against AAPH-induced RBC membrane
changes

In all set of experiments (n = 4) controls (RBCs in PBS and
RBCs in PBS plus AAPH) were run in duplicate. A fivefold
concentration of RBC suspension (10% hematocrit) was
needed to obtain RBC membranes to perform the assays.
Phenolic compounds at 200 lM (final concentration) were
added to controls and tests. The assay conditions were those
as described above for the AAPH assays.

To clarify the nature of the hemoglobin linked to RBC
membranes and the concentration of oxy-hemoglobin in
hemolysates [27], spectral scans (450–650 nm) were per-
formed [28].

2.6 MS analysis of RBC membrane proteins

A protein band of high molecular mass (A220 kDa) and a
protein band of approximately 16–20 kDa observed in
SDS-PAGE gels from the interaction of 3,4-DHPEA-EDA
with RBCs were excised from the gels stained with Coo-
massie brilliant blue. The gel pieces were washed three
times with 25 mM NH4HCO3/50% ACN, once with ACN
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and dried in a SpeedVac (Thermo Savant); 25 lL 10 lg/mL
sequence grade modified porcine trypsin (Promega) in
25 mM NH4HCO3 was added to the dried gel pieces and the
samples were incubated overnight at 378C. Extraction of
tryptic peptides was performed by addition of a 10% formic
acid (FA)/50% ACN solution (three times); the extract was
then lyophilized in a SpeedVac. Tryptic peptides were
resuspended in 10 lL 50% ACN/0.1% FA solution. The
samples were mixed (1:1) with a matrix consisting of a
saturated solution of a-cyano-4-hydroxycinnamic acid in
50% ACN/0.1% FA. Aliquots of samples (0.5 lL) were
spotted onto the MALDI sample target plate. Peptide mass
spectra were obtained using a MALDI-TOF/TOF mass
spectrometer (4800 Proteomics Analyzer, Applied Biosys-
tems) in the positive ion reflector mode, in the mass range
800–4500 Da with l1500 laser shots. For each sample
spot, a data-dependent acquisition method was created to
select the most intense peaks, excluding those from the
matrix, trypsin autolysis, or acrylamide peaks, for subse-
quent MS/MS data acquisition. Trypsin autolysis peaks
were used for internal calibration of the mass spectra,
allowing a routine mass accuracy of better than 50 ppm.
Spectra were processed and analyzed by the Global Protein
Server Workstation (Applied Biosystems), which uses
internal MASCOT (Matrix Science Ltd) software for
searching the peptide mass fingerprints and MS/MS data.
Searches were performed against the NCBI non-redundant
protein database.

2.7 Statistical analysis

The results obtained for the four independent hemolysis
experiments (blood obtained each time from a different
donor), performed in duplicate, are expressed as means l
SE. Statistical differences between groups of experiments
with different antioxidant compounds were analyzed by
two-way analysis of variance with post-hoc testing using
Tukey's test. A p value lower than 0.05 was accepted as
being statistically significant.

3 Results and discussion

In recent years, increasing evidence has supported the
hypothesis that a number of nutrients or non-nutrient diet-
ary components, designated “antioxidants”, might have a
beneficial role regarding the course of chronic degenerative
diseases. In particular, it has been claimed that olive oil
polyphenolic components may play a major role on the pro-
tective effects against oxidative damage. However, little
research has been addressed to the study of the antioxidant
profile of the most significant phenolic compounds found
in olive oil, the oleuropein aglycones 3,4-DHPEA-EA and
3,4-DHPEA-EDA, particulary in biological systems. Con-
sequently, in this work the antioxidant properties of the

olive oil polyphenols oleuropein, hydroxytyrosol,
3,4-DHPEA-EA and 3,4-DHPEA-EDAwere assessed using
human RBC under AAPH-induced oxidative stress. This
biological model has been extensively studied both as a
source of free radicals and as a target for oxidative damage.
To achieve this objective, the following parameters were
evaluated: RBC lysis, morphology, MBH and membrane
protein profile.

RBC lysis experiments showed that all compounds sig-
nificantly protected RBCs from oxidative AAPH-induced
hemolysis at a concentration of 80 lM (Fig. 2). At lower
concentrations (20–40 lM), oleuropein, hydroxytyrosol
and 3,4-DHPEA-EDA still protected RBCs from oxidative
hemolysis in a dose-dependent manner. Nevertheless,
oleuropein protection effect was modest at 20 lM. The
ranking activity order at 20 lM was: 3,4-DHPEA-EDA A

hydroxytyrosol A oleuropein. At this concentration,
3,4-DHPEA-EA did not show any protection. At the lowest
concentration tested (3 lM), 3,4-DHPEA-EDA and
hydroxytyrosol still had an important protective activity
(Fig. 2). The data obtained for hydroxytyrosol agree with
those acquired in a similar system by Manna et al. [17]. In
this study, hydroxytyrosol also protected RBC from oxida-
tive injury in a dose-dependent manner.

The RBCs morphology before and after exposure to
AAPH in the absence and presence of 40 lM olive oil poly-
phenols is illustrated in Fig. 3. At this concentration, olive
phenolics, except 3,4-DHPEA-EA, were still able to protect
RBC from hemolysis induced by AAPH. However, differ-
ences in morphology could already be observed. Our data
suggest that the presence of polyphenols changed the RBC
morphology prior to the addition of AAPH (Figs. 3A and
C). Hydroxytyrosol and oleuropein increased the number of
echinocytes produced by incubation, while 3,4-DHPEA-
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Figure 2. Percentage of inhibition of lysis of RBCs at 2% hem-
atocrit incubated for 4 h with 60 mM AAPH and phenolic com-
pounds. Mean (error bars represent standard error) of four
determinations for each duplicate. Hy: hydroxytyrosol; Ol:
oleuropein; EA: 3,4-DHPEA-EA; EDA: 3,4-DHPEA-EDA.
Different letters within a concentration indicate samples that
were significantly different (p a 0.05). * Sample not different
from control.
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EA and especially 3,4-DHPEA-EDA lowered them in the
samples. In the presence of AAPH (Figs. 3B and D), the
number of echinocytes was increased with oleuropein and
hydroxytyrosol, in the latter case to a lesser extent. In the
presence of 3,4-DHPEA-EDA, the addition of AAPH did
not significantly change the morphology of RBCs. Using
the same volume of the RBC suspensions, it was also possi-
ble to observe that the cellular density in the 3,4-DHPEA-
EA was lower and this observation was in accordance with
the hemolysis study. In fact, 3,4-DHPEA-EA was not able
to prevent hemolysis of most RBCs at this concentration.

To study the capacity of the phenolic compounds to
inhibit RBC membrane oxidative changes (Fig. 4), a con-
centration of 50 lM of AAPH was selected, as it was found
capable of producing significant modifications in RBC
membrane proteins. At 40 lM slight oxidative changes
were observed, whereas at 60 lM they were too strong
(Fig. 4A).

The protein membrane analysis performed in the absence
of AAPH, showed interactions between 3,4-DHPEA-EDA
and RBC membrane proteins as suggested by the appear-
ance of a new protein band (Fig. 4B, in the upper right dot
square) identified by MS as being a-spectrin plus band 3
protein (Table 1). This band was also observed in the assays
performed with 3,4-DHPEA-EDA in the presence of
AAPH. In the assays with hydroxytyrosol plus AAPH a

similar band was observed (Fig. 4B, in the upper left dot
square). A further examination of the SDS-PAGE gels cor-
responding to the assays performed with these two phenolic
compounds also showed two additional bands (Fig. 4B, in
the lower dot squares) identified as hemoglobin beta chain
and alpha chain (Table 1) by MS. All proteins were identi-
fied with 100% confidence.

Concerning MBH, an increase in its value in the assays
performed with AAPH (Table 2) was observed; MBH was
higher in the hydroxytyrosol and 3,4-DHPEA-EDA assays.
Hemoglobin, when denatured, links to the RBC membrane;
however, it is important to highlight that the MBH value
was already elevated for the assay with 3,4-DHPEA-EDA
in the absence of AAPH. All these observations are in
agreement with the results obtained in SDS-PAGE gels and
in MS analysis, suggesting the occurrence of interactions of
compounds with RBC membrane proteins.

The increment of MBH in the presence of 3,4-DHPEA-
EDA (even in the absence of AAPH) prompted us to inves-
tigate the nature of hemoglobin in the hemolysate. When
performing spectral scans (450–650 nm) of lysed RBC sus-
pensions [27] in the presence of phenolic compounds (lyses
after 3-h incubation, without AAPH), we did not observe
any change in the oxy-hemoglobin peaks (540 and 578 nm;
Fig. 5A) or in its concentration [28] (data not shown), as
compared with the control assay (RBCs without phenolic
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Figure 3. Optical micro-
scopic evaluation of the
erythrocyte morphology. (A)
RBCs plus phenolic com-
pounds at 40 lM. (B) RBCs
plus phenolic compounds at
40 lM and AAPH after 4 h
of incubation (original mag-
nification 6400). (C) Control
just with RBCs. (D) Control
with RBCs plus AAPH.

Figure 4. (A) SDS-PAGE (linear gradient
gel) of human RBC membrane proteins
incubated for 4 h with different AAPH con-
centrations (3–120 lM). (B) SDS-PAGE
(exponential gradient gel) of human RBC
membrane proteins incubated with AAPH,
for 3 h. C: control; AAPH: 2,2'-azo-bis(2-
amidinopropane) dihydrochloride; Hy:
hydroxytyrosol; Ol: oleuropein; EA: 3,4-
DHPEA-EA; EDA: 3,4-DHPEA-EDA; a:
RBCs incubated only with the phenolic
compound; b: RBCs incubated with the
phenolic compound and AAPH.
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compounds). Furthermore, the oxy-hemoglobin peaks
decreased in the presence of AAPH, but this was almost
completely reversed by the addition of 3,4-DHPEA-EDA
(Fig. 5B).

Combining the results of hemolysis with those of RBC
membrane protein analysis, one may say that the superior
capacity of 3,4-DHPEA-EDA to prevent AAPH-induced
hemolysis may be associated with the observed interaction
of this phenolic compound with RBC membrane proteins.

In summary, all compounds confer antioxidant protection
to RBC oxidative hemolysis, especially the oleuropein

aglycone derivative 3,4-DHPEA-EDA, which operates at
very low concentrations. In this experimental system, a sig-
nificant protective effect was observed in RBCs treated
with 3 lM 3,4-DHPEA-EDA and hydroxytyrosol in the
presence of AAPH.

These results, together with literature data, reinforce the
hypothesis that olive oil polyphenols can exert their benefi-
cial action also in vivo. Even though oleuropein aglycones
concentrations attained in vivo by the dietary intake of olive
oil have not been evaluated, recent papers have pointed out
that hydroxytyrosol, oleuropein and one unidentified oleur-
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Table 1. Identification of band 3, spectrin a chain, hemoglobin b chain and hemoglobin a chain by MALDI-TOF/TOF MS and MS/MS
spectra. Sequence coverage was 8%, 2%, 48% and 21% of full length, which allowed identification with 100% confidence

Figure 5. Spectral scans (450–650 nm).
(A) Lysed RBC suspensions, obtained
after 3 h of incubation in the presence of
phenolic compounds. (B) Lysed RBC sus-
pensions, obtained after 3 h of incubation
in the presence of 3,4-DHPEA-EDA with
and without AAPH.
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opein aglycone have human blood concentrations ranging
from 1 to 18 lM [9–11]. The structural similarity of
3,4-DHPEA-EDA to oleuropein (it is an oleuropein agly-
cone) and its higher lipophicity (Log P(3,4-DHPEA-EDA) = 1,02;
log P(Oleuropein) = 0,13) [29] suggest that this compound may
also be absorbed into the bloodstream. In fact, according to
the “Lipinski rule of 5” [30], oleuropein aglycones are
likely to be absorbed. Moreover, both 3,4-DHPEA-EDA
and 3,4-DHPEA-EA showed good stability after 48 h at
acidic pH values (pH 3.5 and 5.5) [31], and did not change
significantly in acidified water up to 4 h [32]. Likewise, the
concentration of hydroxytyrosol in a phenolic extract was
only slightly increased during a 4-h gastric simulation study
[32]. These studies suggest that these compounds may sur-
vive the acidic conditions of stomach and be available for
absorption.

4 Concluding remarks

Oleuropein aglycones have often been regarded as simple
hydroxytyrosol derivatives [8], with no more characteristics
than those given by the cathecol group. However, these
compounds have, at a minimum, a particular lipophicity,
which is quite different from oleuropein or hydroxytyrosol
[29].

For the first time, this work shows that one of the oleuro-
pein aglycones, the 3,4-DHPEA-EDA, can interact with
RBC proteins and protect these cells from oxidative hemol-
ysis initiated by peroxyl radicals using a mechanism differ-
ent from the simple radical scavenging activity. The exact
mechanism of the effect is not yet known. One can assume
that the ability to protect the RBCs from hemolysis is
related not only to a radical scavenging activity but also to
its ability to interact directly with cell membranes (in the
outer or inner membrane surface), inducing modifications
of the protein profile.

Since 3,4-DHPEA-EDA is usually the phenolic com-
pound found in olive oil in higher concentration, and RBC
are the most important cell involved in the oxidative blood
status, further studies on these understudied molecules are
needed to understand the mechanisms involved in olive oil
cardiovascular protection. The results represent the first
evidence that 3,4-DHPEA-EDA may play a much more

important protective role against ROS-induced oxidative
injury in human cells than hydroxytyrosol or oleuropein,
and may be of great importance regarding the protective
effect of virgin olive oil. The data gathered in this study
may help to increase the knowledge of the polyphenols of
olive oil performance in human cells.

The authors have declared no conflict of interest.
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