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Abstract

Recent in vitro and in vivo studies suggest that the anti-inflammatory properties of extra virgin olive oil may be involved in the prevention of chronic
degenerative diseases. In this study, the ability of olive oil phenols to influence the release of superoxide anions (O2−), prostaglandin E2 (PGE2) and tumor
necrosis factor α (TNFα) and the expression of cyclooxygenase2 (COX2) in human monocytes, freshly isolated from healthy donors, was investigated. O2− were
measured by superoxide dismutase-inhibitable cytochrome c reduction and PGE2 and TNFα production were determined in culture medium with appropriate
enzyme immunoassay kits. COX2 mRNA and protein were evaluated by quantitative reverse transcription-polymerase chain reaction and Western
immunoblotting, respectively. Treatment of monocytes for 24 h with 100 μM of hydroxytyrosol (3,4-DHPEA), tyrosol (p-HPEA) and their secoiridoid derivatives
(3,4-DHPEA and p-HPEA linked to the dialdehydic form of elenolic acid: 3,4-DHPEA-EDA and p-HPEA-EDA, respectively) significantly (Pb.05) inhibited the
production of O2

− as follows: 3,4-DHPEA (40%,), p-HPEA (9%), 3,4-DHPEA-EDA (25%) and p-HPEA-EDA (36%). Hydroxytyrosol also considerably reduced the
expression of COX2 at both the mRNA and protein level (Pb.05) and caused a clear dose-dependent reduction of PGE2 released into the culture medium (45% and
71% at 50 and 100 μM, respectively, Pb.05). The COX2 mRNA was also efficiently inhibited by the secoiridoids. Moreover, it was shown that hydroxytyrosol
increased the monocytes TNFα production. In addition to other chemopreventive properties, these results suggest that the health effects of olive oil phenols may
be related to their ability to modulate the production of pro-inflammatory molecules, a property common to non-steroidal anti-inflammatory drugs.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Inflammation is a physiopathological phenomenon involved in
numerous diseases such as cardiovascular diseases and cancer [1].
During physiological inflammation, neutrophils and monocytes are
recruited from circulation, infiltrate the tissue and undergo a
maturation process with the production of inflammatory mediators
like reactive oxygen species (ROS), prostaglandins (PGs), cytokines
and chemokines. All these factors cooperate to achieve healing and to
restore homeostasis to the tissue. In pathogenic conditions, the above-
mentioned processes are unregulated and amplified with the
consequent overproduction of the inflammatorymediators previously

cited. ROS may damage the biological molecules, in particular lipids,
proteins and DNA; PGs may stimulate angiogenesis, proliferation and
invasion, and they may also inhibit apoptosis [1], while cytokines,
including tumor necrosis factor α (TNFα), may influence cell death,
differentiation, proliferation and migration, and they may promote
thrombosis [2]. In the inflammatory site, themain enzyme involved in
the production of ROS is NADPH oxidase. This enzyme, present
essentially in phagocytes (monocytes and neutrophils), is activated
by protein kinase C (PKC) and catalyzes the single-electron reduction
of oxygen to form superoxide anions (O2−) [3]. On the other hand,
PGs are produced by cyclooxygenases present both as constitutive
(COX1) and inducible (COX2) isoforms. During inflammation, the
COX2 of phagocytes is induced by different stimuli and is responsible
for the production of PGs, in particular prostaglandin E2 (PGE2) [4,5].

In the last few years, the health benefits of olive oil have been
demonstrated, in particular, the prevention of cardiovascular diseases
and cancer [6]. Many of its preventive properties have been
previously ascribed to its high oleic acid content [7–9]. However, it
is now generally recognized that the minor components such as
phenols have a biological relevance. Among the olive oil hydrophilic
phenols, hydroxytyrosol (3,4-DHPEA) has been extensively investi-
gated. Numerous in vitro and in vivo studies suggest that the health
properties of 3,4-DHPEA are mediated by its strong antioxidant activity
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[10,11]. In addition, the chemopreventive effects of this phenol have
been associatedwith inhibition of proliferation, blockingof the cell cycle
and the induction of apoptosis in several tumor cell lines [12,13].
Although numerous studies have previously shown that other phenols
such as genistein, curcumin, resveratrol and apigenin are able to
regulate the production of pro-inflammatory molecules [4,14], very
little is known about the possible anti-inflammatory effects of olive oil
phenols. It has been demonstrated that hydroxytyrosol inhibits both the
production of TNFα and the expression of COX2 in lipopolysaccharide
(LPS)-stimulated human monocytic cell line THP-1 [15]. Similar results
were also obtained on a murine monocyte/macrophage cell line (J774)
where 3,4-DHPEA both prevented the increase of COX2 expression and
inhibited ROS generation [16]. The anti-inflammatory potential of 3,4-
DHPEA and other olive oil phenolic compounds has also been
investigated in vivo on animal models. Reduction of the carrageenan-
induced TNFα mRNA level in rat tissue has been observed after
treatment with a preparation containing 20% hydroxytyrosol (hydro-
xytyrosol-20) [17]. Recently, it has been reported that extra virgin olive
oil enriched with 3,4-DHPEA exerts a significant preventive effect on
dextran sulphate sodium (DSS)-induced chronic colitis inmice through
the down-regulation of cytokines, COX2 and iNOS levels [18]. Finally, in
human intervention studies, it has been shown that adiet rich inoliveoil
phenols is associated with a decrease in serum concentrations of TXB2,
LTB4, IFNγ and IL-7 [19–21].

The aim of this study was to investigate the effects of olive oil
phenols on the production of O2

−· and PGE2 and on the expression of
COX2 in freshly isolated human monocytes. These cells are a good
model to study the inflammatory responses ex vivo since they are
precursors of macrophages and play a major role in the inflammatory
process releasing various pro-inflammatory molecules [22]. Further-
more, the effects of hydroxytyrosol on TNFα production were
determined. TNFα is the primary cytokine induced in LPS-stimulated
monocytes and is responsible for the perpetuation of inflammation in
these cells [15]. Because the addition of 3,4-DHPEA to the cell culture
medium causes the formation of hydrogen peroxide (H2O2) [23–25],
in some experiments the catalase enzyme able to remove H2O2 was
added in order to avoid involvement of this ROS on the effects studied.

2. Materials and methods

2.1. Materials

RPMI 1640 medium and heat-inactivated foetal bovine serum (FBS) were obtained
from Euroclone (Milan, Italy). 3,4-DHPEA, obtained from Cayman Chemicals (Ann Arbor,
MI, USA),was suppliedas anethanolic solution at a concentrationof 320mMand storedat
−20°C in the dark. Tyrosol (p-HPEA), the dialdehydic form of elenolic acid linked to
hydroxytyrosol (3,4-DHPEA-EDA), and tyrosol (p-HPEA-EDA, oleocanthal) were isolated
as previously described [26]. The compounds were diluted in RPMI 1640 medium just
before use to the desired concentration. All the solutions were sterilized by filtration on
0.22-μm filters (Euroclone). The ELISA kits for the quantification of PGE2 and TNFαwere
purchased from Cayman Chemical. The RNeasy plus mini kit (Qiagen, Milan, Italy) was
used to isolate total RNA; cDNAwas synthesizedusing theQuantitect reverse transcription
kit (Qiagen) and amplified by the Quantitect SYBR Green PCR kit (Qiagen) using the
Quantitect primer assay (Qiagen). For the Western immunoblotting technique, the
primary antibodies anti-COX2 and anti-β-actin as well as horseradish peroxidase-
conjugated secondary antibodies and the enhanced chemiluminescence (ECL) substrate
for visualization of proteins were obtained from Euroclone (Cell Signaling Technology;
Euroclone, Milan, Italy). All other reagents were purchased from Sigma unless specified
otherwise (Sigma-Aldrich, Rome, Italy).

2.2. Monocyte isolation

The peripheral blood mononuclear cells (PBMC) were isolated by a Ficoll-Hypaque
density gradient from leukocyte-enriched human peripheral blood [27]. Blood samples
(10 ml) diluted to 40 ml with RPMI 1640 without serum were layered over 10 ml of
Histopaque 1077 and centrifuged at 1600 rpm for 20 min. The layer containing the
mononuclear cells at the interface between the plasma and theHistopaquewas recovered
and washed twice with RPMI 1640 medium. The PBMC obtained were counted using the
tripan blu exclusion technique and the concentration was adjusted to 4×106 cells/ml in
RPMIwith 5% FBS. The cell preparation containedmore than 90% viable PBMC.Monocytes
were isolated from lymphocytes by adherence. Briefly, the PBMC (0.8×106) were plated

either in 75 cm2 culture flasks for evaluation of gene expression and soluble inflammatory
mediators or on 96-well flat bottommicrotiter plates (Falcon; Becton Dickinson, Oxnard,
CA, USA) for viability and superoxide anion determination. Monocytes were allowed to
adhere for 2 h at 37°C and 5% CO2 and then non-adherent lymphocytes were removed by
washing twicewithwarmRPMI.Afterwashing, themonocytes adhering to the flaskswere
scraped off, counted with tripan blu and adjusted to the needed density with RPMI
containing 10% FBS for subsequent experiments.

2.3. Cell viability assay

The viability of the adherent cells was measured by the MTT (3-[4,5-
dimethyl(thiazol-2-yl)]-3,5-diphenyltetrazolium bromide) assay carried out essen-
tially as previously described [28]. This assay measured the production of purple
formazan as a result of the reduction of MTT by metabolically active cells due to the
dehydrogenase enzymes. Briefly, PBMC (0.8×106/200 μl) were plated on 96-well flat
bottom microtiter plates and after 2 h of incubation at 37°C and 5% CO2, lymphocytes
were removed as previously described. Adherent monocytes were exposed to 200 μl/
well RPMI containing 10% FBS and either 3,4-DHPEA (0-10-50-100 μM) or the other
olive oil phenols p-HPEA, 3,4-DHPEA-EDA, p-HPEA-EDA (100 μM). In addition, 7-
hydroxystaurosporine (H7, 100 μM), a synthetic inhibitor of PKC, an enzyme necessary
for the activation of NADPH oxidase, was used as positive control. The monocytes were
incubated at 37°C and 5% CO2 for 1 h and 24 h. At the end of incubation, the medium
was removed and the cells were incubated at 37°C with 200 μl of the MTT solution (5
mg/ml of MTT in Hank's balanced salt solution, HBSS). After 2 h, the MTT solution was
substituted by a lysing solution (100 μl, isopropanol containing 0.1 M HCl) and the
plate was incubated for 5 min at room temperature to dissolve the blue formazan
crystals. The absorbance of the released formazan was then determined at 570 nm. The
OD570nm value of the untreated cells was made equal to 100% viable cells.

2.4. Superoxide assay

Freshly isolated human monocytes (0.8×106/ml) were plated on 96-well flat
bottommicrotiter plates and pre-incubated at 37°C for either 1 or 24 hwith 3,4-DHPEA
(0-10-50-100 μM), other olive oil phenols p-HPEA, 3,4-DHPEA-EDA, p-HPEA-EDA (100
μM) and H7 (100 μM). At the end of incubation, the test agents were removed and the
superoxide anion (O2−) production was determined by superoxide dismutase-
inhibitable cytochrome c reduction as previously described [29]. Briefly, the assay
mixture consisted of HBSS containing Ca++ and Mg++, 1 mg/ml of cytochrome c
(horse heart type VI) with or without 60 U/ml of superoxide dismutase (SOD from
bovine erythtrocytes) in a final volume of 200 μl/well. The cells were activated for 1 h at
37°C with phorbol 12-myristate 13-acetate (2 μM PMA), and then the assay medium
was recovered and centrifuged at 1500 rpm for 5 min and the absorbance of the
supernatant was measured at 550 nm. The differences between absorbance in the
presence and absence of SOD were used to estimate the amount of O2

− produced by
using the extinction coefficient for reduced cytochrome c, 21×103 M−1 cm−1 [29]. The
superoxide assay was also carried out in the presence of catalase enzyme (CAT). In this
case, monocytes were treated for 24 h with 3,4-DHPEA 100 μM±CAT 100 U/ml.

2.5. Quantitative reverse transcription-polymerase chain reaction (qPCR) analysis

Freshly isolated human monocytes (0.8×106/ml) were plated in 25 cm2 culture
flasks and treatedwith 3,4-DHPEA at 50 and 100 μMandwith other olive oil phenols (p-
HPEA, 3,4-DHPEA-EDA, p-HPEA-EDA) at 100 μM in the presence and in the absence of
LPS (5 μg/ml) for 24 h. At the end of incubation time, total RNA was isolated using the
RNeasy plus mini kit and cDNA was synthesized using the Quantitect reverse
transcription kit according to the manufacturer's instructions. cDNA was amplified
with the Quantitect SYBR Green PCR kit using the Quantitect primer assay specific for
COX2 andβ-actin, used as internal control, according to themanufacturer's instructions.

2.6. PGE2 and TNFα measurement

To study the effect of 3,4-DHPEA on PGE2 and TNFα, freshly isolated monocytes
(0.8×106/ml) were plated in 25 cm2 culture flasks and treated with LPS (5 μg/ml) either
alone or in the presence of two different doses of 3,4-DHPEA (50 and 100 μM) for 24 h
and then PGE2 and TNFα were measured in monocyte supernatants using an
appropriate ELISA kit according to the manufacturer's instructions. These evaluations
were also made in the presence of the catalase enzyme.

2.7. Western immunoblotting

Monocytes were collected as mentioned above, then treated with 50 and 100 μM±
LPS (5 μg/ml) of 3,4-DHPEA for 24 h. After treatment, monocytes were washed, scraped
on ice and counted with tripan blu. Cells were then washed twice with phosphate-
buffered saline (pH 7.3), centrifuged at 1500 rpm for 10 min and the cell pellets were
suspended on ice in a lysis buffer (50 mM Tris, 2% sodium dodecyl sulphate SDS, 0.1%
bromophenol blue, 10% glycerol, 50 mM dithiothreitol DTT, 5 μl/100 μl inhibitor's
cocktail, pH 6.8) (6×106 cells/100 μl lysis buffer). The cytosolic extracts were sonicated
twice for 20 s, boiled for 5 min and then the protein samples were stored at −20°C
prior to use. ForWestern immunoblotting, samples (20 μl) were resolved by a 10% SDS-
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