
Decreased Superoxide Anion Production in Cultured Human
Promonocyte Cells (THP-1) Due to Polyphenol Mixtures from Olive
Oil Processing Wastewaters
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The purpose of this study was to examine whether human monocytic line THP-1 after differentiation
into adherent macrophages, taken as a model of human macrophages implicated in atheroma, is
able to produce lower quantities of O2

•- either in the presence of polyphenol-rich olive oil wastewater
(OWW) fractions or after OWW preincubation and withdrawal from the medium. In these respective
conditions, the purpose was to examine the scavenging activity and the cell action of OWW toward
O2

•- production. It was clearly seen that OWW fractions lowered the O2
•- production in both

conditions, leading to the conclusion that they were able to scavenge O2
•- and to depress O2

•-

production in the cell. Given the role of O2
•- in LDL oxidation and oxidized LDL in atheroma, these

results support an antiatherogenic role of OWW and its potential utilization as a food complement.
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INTRODUCTION

Antioxidants have been reported to play an important
role in the prevention of cardiovascular diseases (Rimm
et al., 1993; Hodis et al., 1995). This has been first
ascribed to LDL protection against oxidation (Parthasa-
rathy et al., 1992). Polyphenols and phenolic acids (or
their esterified forms) in olive oil and, in higher amounts,
in olive oil wastewaters (OWW) are already known for
their oxidation protecting properties toward LDL (Visioli
et al., 1995). Additionally, the free radical scavenging
properties of olive oil polyphenolsshydroxytyrosol and
oleuropein (Visioli et al., 1998a)sand olive mill waste-
waters (Visioli et al., 1999) have recently been shown.
Interestingly, specific scavenging properties have been
found toward superoxide anion and hypochlorous acid,
which are both involved in oxidation-dependent athero-
genic processes (Fang et al., 1998; Heinecke, 1997).
Phenolic antioxidants have also been shown to have
several cell-mediated and gene transcription-regulated
actions that could have involvedsor resulted ins
something more than their antioxidant/scavenging prop-
erties (Choi et al., 1993) [for a review see also Sen et
al. (1996)]. For example, they have been shown to reduce
lipoxygenase activities and LTB4 production in human
PMN (Kohyama et al., 1997) and TXB2 in human
platelets (Petroni et al., 1995). Oleuropein, which con-
tains a hydroxytyrosol residue, has been found to
enhance •NO production in murine macrophages (Visioli
et al., 1998b).

The decreased production of O2
•- is of particular

relevance because of the well-known effect of this oxygen
radical species in the oxidative modification of LDL. The

pathological relevance of O2
•- in atherosclerosis has

recently been underscored in experiments using Cu/Zn
SOD-overexpressing endothelial cells. Co-incubation of
these cells with LDL led to a noticeable decrease in
indicators of LDL oxidation compared with nontrans-
fected cells (Fang et al., 1998). In fact, the decreased
production of O2

•- can be achieved either by scavenging
processes as reported above or by a cell regulation of
its production. It has been recently found by our group
that vitamin E exhibits this antioxidant cell-mediated
role in human adherent monocytes (Cachia et al.,
1998a,b).

The purpose of this study was to examine both the
scavenging activity and the cell action of the OWW
polypohenol mixture toward O2

•- production. A trans-
formed monocytic leukemic cell, the THP-1 human
monocyte, was used after differentiation into an adher-
ent macrophage as a model of a human macrophage for
which the implication in atheroma has been well
established. The assessment of O2

•- production was first
carried out in the presence of OWW polyphenol mix-
tures. Second, the assessment was carried out after the
polyphenols were withdrawn from the cultured cells,
which had been preincubated in the presence of them.

EXPERIMENTAL PROCEDURES

Cells and Chemicals. The THP-1 cell line was a gift from
Dr. J. Dornan (University of Montpellier). Retinoic acid, IFNγ,
PMA, lucigenin (10,10′-dimethyl-9,9′-bisacridinium dinitrate),
xanthine, and xanthine oxidase grade IV were purchased from
Sigma Chemical Co. (St Quentin Fallavier, France). Nutritive
media and fetal calf serum were from Gibco Chemical (Glas-
gow, Scotland). 1R,25-Dihydroxycholecalciferol was a gift from
F. Hoffmann-La Roche SA (Basel, Switzerland). Other current
chemicals were from Merck.

OWW Fractions. The fractions to be tested were prepared
by the Dipartemento di Scienze Farmaceutiche, Universita
degli Studi di Firenze. OWW were collected from three
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cultivars (Picual, Frantoio, and Salonenque) in three olive mills
in Spain, Italy, and France, respectively, and a mixture of the
three lyophilized OWW was processed in three different ways,
as follows:

Fraction A. OWW fractionation on an XAD 1180 resin
column was carried out by subsequent elutions with water and
ethanol. The ethanolic fraction was evaporated, and the
residue was lyophilized. Qualitative analysis was performed
by HPLC coupled with a diode array detector (HPLC-DAD)
and HPLC coupled with a mass spectrometer (HPLC-MS) as
described by Romani et al. (1996) and Baldi et al. (1995). Its
quantitative composition in low molecular weight compounds
was determined by reverse phase HPLC-DAD (Romani et al.,
1999). Tyrosol and hydroxytyrosol were calculated at 280 nm
using tyrosol as reference. Oleuropein and oleuropein deriva-
tives were evaluated at 280 nm using oleuropein as standard.
Pure standards were used for quantitative evaluation of other
components at 280 nm. All standards were from Extrasynthese
SA (Lyon, France). The dried fraction contained 12.3% of
phenolic components. Results were as follows: 1.56% hydroxy-
tyrosol, 0.85% tyrosol, 4.3% elenolic acid, 0.5% oleuropein
derivatives, 0.22% luteolin 7-O-glucoside, and 0.13% quercetin.

Fraction B. OWW was first defatted with n-hexane and ethyl
acetate, successively, by liquid-liquid extraction, and the ethyl
acetate fraction was evaporated to dryness. The residue was
then redissolved in ethanol. This ethanolic fraction contained
polyphenols with low molecular weight. The total concentra-
tion was 47 mmol/L expressed as tyrosol, and the following
composition was found: 6.2% hydroxytyrosol, 2.68% tyrosol,
3.62% elenolic acid, 1.17% luteolin 7-O-glucoside, and 2.0%
quercetin.

Fraction C. The ethanolic aforementioned fraction (fraction
B) was fractionated and purified using a Sephadex LH20
column and reverse phase HPLC. The ethanolic fraction
obtained contained only tyrosol and hydroxytyrosol in the same
ratio (HT/T ) 2.3) as in fraction B. It was then evaporated to
dryness.

Fraction D. An ethanolic solution (80:20, ethanol/water, v/v)
was carried out from the ethanolic fraction resulting from the
process of fraction C. Therefore, fraction D is another form of
fraction C. The total concentration (tyrosol plus hydroxytyro-
sol) was estimated as 24.9 mM expressed as tyrosol.

Superoxide Anion Production and Measurement. The
THP-1 cell line was used after a 72 h differentiation time
period, which led to major cell alterations (such as the adhesion
capacity and the capacity at producing O2

•-). Differentiation
was performed in the presence of 10-6 M retinoic acid, 10-7 M
1R,25-dihydroxycholecalciferol, and 100 units/mL IFNγ (Bril-
lant et al., 1999). Once differentiated, cells were submitted to
two protocols.

First Protocol. Cells were placed at the density of 106 cells/
mL in the RPMI medium and incubated in the presence of
the indicated increasing concentrations of any of the four
fractions for 0, 4, and 24 h. PMA was then added. Lucigenin-
enhanced O2

•- bioluminescence was assessed by means of an
LKB Wallac 1251 luminometer (Wallac Co.) at 37 °C. The
luminescence signal was counted for 10 s every 7 min until
90 min after PMA addition to obtain complete information on
the profile of the luminescence production rate. The viability
of cells (>95%) was determined by trypan blue exclusion.
Results were reported as the total amount of the biolumines-
cence produced during the first hour of incubation in the
presence of PMA.

Second Protocol. Cells were preincubated in the presence
of the fractions to be tested at indicated concentrations for 24
h; they were then counted and centrifuged, and cell pellets
were recovered in the RPMI medium at the density of 106 cells/
mL. PMA was then added as previously mentioned. Measures
were carried out and results were expressed as explained
above.

The 100% value in the histograms corresponded to the
control conditions, that is, the O2

•- bioluminescence production
in the presence of PMA alone (without adding any polyphenol
fraction). The control medium contained the solvent vehicle
(alcohol) in quantities that were equivalent to those added with

the polyphenol fraction to be tested. It has previously been
verified that superoxide dismutase was able to completely
depress the luminescence signal in order to establish that O2

•-

was responsible for the recorded luminescence. The concentra-
tions reported on the horizontal axis were expressed as tyrosol
molar equivalents. Conditions for lucigenin bioluminescence
measurement were those previously reported (Cachia et al.,
1998; Kadri-Hassani et al., 1995).

The xanthine/xanthine oxidase O2
•--producing, cell-free

system was also used (Cachia et al., 1998). Briefly, xanthine
(final concentration ) 0.25 µM) was prepared in the buffer
consisting of 0.1 M glycin, 1 mM EDTA, and 1 mM sodium
salicylate adjusted at pH 9.0. Xanthine oxidase (final activity
) 0.25 unit/L) was added in the same buffer with 0.1 mM
lucigenin.

RESULTS

Figure 1 shows the typical time course of the produc-
tion of O2

•- lucigenin bioluminescence by PMA-stimu-
lated THP-1 in the presence of OWW fraction A. The
production appears to be linear throughout the co-
incubation period at all concentrations of fraction used.

Figure 2 reports the total bioluminescence produced
during the 60 min co-incubation time period in the
presence of increasing concentrations of each fraction
without preincubation. It clearly shows a direct dose-
response relationship between the fraction concentra-
tion and the decrease in O2

•- lucigenin bioluminescence.
The more pronounced inhibitory effect was obtained
with 50 µM tyrosol equivalent (60-70% inhibition)
without significant differences between fractions. How-
ever, intermediate concentrations of fraction D had an
inhibition potency significantly higher than that of
fraction A. Figure 3 shows the decreased production of
total bioluminescence in the presence of growing con-
centrations of fractions after 4 h (Figure 3A) and 24 h
(Figure 3B) preincubation times. No different inhibition
potency took place between fractions after 4 h of
incubation, whereas intermediate concentrations (10
and 25 µM) of fractions A and B were significantly
different with regard to inhibitory activity after 24 h of
incubation (given that fractions B-D appeared to have
similar effects, only fraction B was tested after 24 h of
incubation). For comparison purposes, results in the
absence of preincubation time and with 4 and 24 h
preincubation times were reported together for each four
fractions in Figure 4. Generally speaking, the 4 h
preincubation time resulted in an inhibition potency
significantly higher than without preincubation. Sur-
prisingly, inhibition was similar without preincubation
and after 24 h preincubation for fractions A and B.

The effect of each fraction was examined when the
O2

•- cell generation was replaced by an O2
•- cell-free

generation system, the xanthine/xanthine oxidase sys-
tem (Figure 5). Respective concentrations of substrate
and enzyme were carefully chosen to bring about a
similar O2

•- production rate compared to the THP-1
generation system. A similar inhibition potency was
observed for all four fractions. Generally speaking, the
data of Figures 2 and 5 indicate that the dose-response
relationships obtained with each of the two O2

•- genera-
tion methods were similar, although the inhibitory effect
for each concentration was more marked with the cell-
free system.

Figure 6 shows a typical O2
•- production time course

of PMA-stimulated THP-1 cells after 24 h of preincu-
bation with, and then after withdrawal of, fraction A.
It was done to assess the effect of the cell preincubation
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due to types of action other than those depending only
on the scavenging effect of polyphenols, which we
designate the cell-mediated effect. To evaluate this cell
effect, and because fractions A and B were previously
tested after 24 h of preincubation but in the presence
of fractions (see Figure 4A,B), we chose to assess O2

•-

production after 24 h of preincubation and withdrawal
of the same fractions. Figure 7 clearly shows that cells
responded in a dose-dependent manner to the increasing
concentrations of OWW fractions and regardless of the
type of fraction. It can be concluded that both fractions
were able to depress O2

•- cell production in a very

similar manner (fraction C was omitted because of very
few available amounts, whereas fraction D, not shown
here, exhibited the same action as fractions A and B).

DISCUSSION

Cell response to PMA was studied to assess the
scavenging and cell properties of OWW fractions, so
THP-1 differentiation had to proceed through signal
pathways that do not use the usual exposure to PMA.
It is indeed well-known that PMA differentiation causes

Figure 1. Typical time course of the production of O2
•- lucigenin bioluminescence by 0.1 µM PMA-stimulated THP-1 in the

presence of increasing concentrations of fraction A expressed as tyrosol molar equivalents.

Figure 2. Production of O2
•- lucigenin bioluminescence by 0.1 µM PMA-stimulated THP-1 (106 cells/mL) in the presence of

increasing concentrations of fraction A, B, C, or D (expressed as tyrosol molar equivalents) in conditions when there was no
OWW preincubation time; that is, PMA was added immediately after the addition of the OWW fraction. The 100% value (with
PMA and in the absence of polyphenols) corresponded to a bioluminescence of 275000 arbitrary units.
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a translocation of protein kinase C (Schwende et al.,
1996), which possibly leads to down-regulation of the
enzyme (Johnson et al., 1995; Watson et al., 1994) and

would impair the PKC-dependent O2
•- production (Ca-

chia et al., 1998a).
Cell differentiation was achieved according to a

Figure 3. Production of O2
•- lucigenin bioluminescence by 0.1 µM PMA-stimulated THP-1 in the same conditions as in Figure

2, but PMA was added 4 (A) or 24 h (B) after the addition of the OWW fraction. Bars with the same symbol (*, #) are significantly
(p E 0.05) different.

Figure 4. Comparison of the effects of each four fractions (A, B, C, and D) for each of three preincubation times (0, 4, and 24 h).
Results were separately shown in the Figures 2 and 3. 0 specifies that a significant difference (p e 0.05) exists with the condition
where there was no preincubation period (t ) 0) before luminescence measurement.
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procedure already reported in cell line U937, a line
blocked at a stage of the myelomonocytic lineage
which takes place earlier than in THP-1 (Taimi et al.,
1991). Moreover, PMA-stimulated THP-1 has long been

known to be equipped with receptor(s) allowing modified
LDL degradation (Hara et al., 1987) and adherence
(Schwende et al., 1996). Its differentiation into adherent
macrophages cells is well established. The present

Figure 5. Effect of increasing concentrations of the OWW fractions A-D (expressed as tyrosol molar equivalents) on the production
of O2

•- lucigenin bioluminescence supplied by the cell-free xanthine/xanthine oxidase system (0.25 µM xanthine, 0.25 unit/L of
xanthine oxidase, pH 9.0). The system conditions were chosen to produce a bioluminescence similar to that obtained in Figure 2
(229000 arbitrary units after 60 min of incubation time). The 100% value corresponded to the system without polyphenols.

Figure 6. Typical time course of the production of O2
•--lucigenin bioluminescence by 0.1 µM PMA-stimulated THP-1 (106 cells/

mL) without polyphenols. Cells were preincubated for 24 h in the presence of increasing concentrations of fraction A, and then
the OWW-containing medium was removed by centrifugation and replaced by OWW-free medium with PMA for bioluminescence
assay.
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results showed that all four mixtures were able to
depress the O2

•- production no matter what type of
reactive oxygen species generation used. Additionally,
it can be concluded that the fractions were not only able
to scavenge released O2

•- but also to down-regulate O2
•-

cell production, as shown when polyphenols were re-
moved from the medium.

It has been reported that olive polyphenols were able
to depress free radical production in human neutrophils
(Visioli et al., 1998a) using luminol as a luminescence
probe. In a model of human macrophage-differentiated
monocyte and using a luminescence probe more specific
to O2

•-, we presently found that the O2
•- production of

cells is down-regulated by OWW fractions A and B.
Given the role played by this cell type in the vessel wall
in the early stage of and all along the atherogenic
process (Stary et al., 1994, 1995), the implication of O2

•-

in LDL oxidation (Fang et al., 1998) and the well-
established, crucial role played by oxidized LDL in
atherosclerosis (Jialal and Devaraj, 1996; Parthasarathy
and Rankin, 1992), the present results support an
antiatherogenic role of OWW leading to a potential use
as a food complement.

Interestingly, there were no marked differences be-
tween fractions. This may result from the fact that all
concentrations of fractions were calculated on the basis
of molar concentration expressed as tyrosol equivalent.
Besides, this would suggest that the matrix providing
tyrosol plus hydroxytyrosol (i.e., the rest of the processed
material) present in the fractions was inactive in the
tests presently performed. Therefore, considering the
action of fractions in the whole, it is likely that hydroxy-
tyrosol is the superoxide- and cell-active component
present in the preparations.

These results also raise the question of the type of
cell action such products are able to exert, having as
the final target the O2

•--releasing NADPH oxidase

enzyme complex. Expression and phosphorylation of key
proteins for assembling the NADPH oxidase complex
(rac1, p47phox; Kim et al., 1998; Cachia et al., 1998a),
translocation and/or activity of protein kinase C (Cachia
et al., 1998a), or more generally alteration of the redox-
sensitive transduction cascades (AP-1, NFκB), which are
important in mediating cellular responses to environ-
mental stimuli (Sen et al., 1996; Engelhardt, 1996), are
now routes to explore a better understanding of the
effects of polyphenols from food origin in atherosclerosis
and inflammatory processes (Liao et al., 1994).

ABBREVIATIONS USED

EDTA, ethylenediaminetetraacetic acid; IFNγ, inter-
feron γ; LDL, low-density lipoprotein; LTB4, leukotriene
B4; O2

•-, superoxide anion; OWW, olive oil wastewaters;
PMA, phorbol myristate acetate; PMN, polymorpho-
nuclear neutrophils; SOD, superoxide dismutase; TXB2,
thromboxane B2; AP-1, activator protein 1; NFκB,
nuclear factor κB; rac1, a member of the rho subfamily
of GTPases; RPMI, Roswell Park Memorial Institute
medium.
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