
ORIGINAL ARTICLE

Oleuropein and hydroxytyrosol inhibit the N-formyl-methionyl-
leucyl-phenylalanine-induced neutrophil degranulation
and chemotaxis via AKT, p38, and ERK1/2 MAP-Kinase
inhibition

Samia Bedouhene1,2 • Farida Moulti-Mati1 • Pham My-Chan Dang2 •

Jamel El-Benna2

Received: 3 April 2017 / Accepted: 29 May 2017 / Published online: 15 July 2017

� Springer International Publishing AG 2017

Abstract

Purpose Oleuropein and hydroxytyrosol are polyphenols

that are extracted from olives and are major biological

active components of olives and olive oil. Oleuropein and

hydroxytyrosol exhibit interesting pharmacological effects

on cells, and have been shown to have many health benefits

such as anti-inflammatory effects. These effects were

mainly attributed to their ability to scavenge the reactive

oxygen species (ROS) produced by phagocytes such as

neutrophils. The aim of this study was to investigate the

effect of oleuropein and hydroxytyrosol on other neutrophil

functions.

Methods Human neutrophils were isolated from healthy

donors. ROS production was measured by luminol-ampli-

fied chemiluminescence. Degranulation was assessed by

measuring myeloperoxidase activity and Western blots.

Chemotaxis was assessed by the under-agarose chemotaxis

assay. Phosphorylated proteins were assessed by gel elec-

trophoresis and Western blots.

Results We show that in addition to their ROS scavenging

effect, oleuropein and hydroxytyrosol significantly inhib-

ited the bacterial peptide N-formyl-methionyl-leucyl-

phenylalanine (fMLF)-induced degranulation of

azurophilic and specific granules as measured by

myeloperoxidase and lactoferrin release, respectively. We

also show that oleuropein and hydroxytyrosol reduced

fMLF-induced neutrophil chemotaxis. Interestingly, both

agents impaired the fMLF-induced AKT, p38MAPKinase,

and ERK1/2 phosphorylation, signaling molecules that are

involved in pathways regulating neutrophil functions.

Conclusion Our data suggest that the anti-inflammatory

properties of oleuropein and hydroxytyrosol are not only

restricted to their ROS scavenging effect, but also involve

the inhibition of two other major pro-inflammatory neu-

trophil functions.

Keywords Hydroxytyrosol � Oleuropein � Neutrophils �
ROS � Degranulation � Chemotaxis � Signaling

Introduction

Polymorphonuclear neutrophils play a key role in host

defense against pathogens, as they are the first cells to

migrate out of the circulation to the infection site (Nauseef

and Borregaard 2014; El-Benna et al. 2016). The process

by which pathogens are eliminated begins with adherence

of neutrophils to the pathogen and phagocytosis, followed

by production of high quantity of reactive oxygen species

(ROS) or respiratory burst, and the release of proteases and

anti-bacterial peptides into the phagosome through

degranulation (Nauseef 2007; Nordenfelt and Tapper

2011).

The oriented migration of neutrophils towards the

infection site (also called chemotaxis) is the first necessary

and essential step that ensures bactericidal activity. Neu-

trophil chemoattractants include the fMLF (N-formyl-

methionyl-leucyl-phenylalanine) bacterial peptide, IL-8,
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C5a and leukotriene B4 (LTB4) (Tan and Weninger 2016;

Brazil and Parkos 2016). Once at the infectious site, neu-

trophils recognize the pathogen via different receptors and

ligands, and recognition is generally followed by engulf-

ment of the particle, surrounding it with a membrane to

form a vacuole called the phagosome. Engulfment of the

bacteria initiates the bactericidal program that involves

mainly the respiratory burst and degranulation. The respi-

ratory burst is mediated by the phagocyte NADPH oxidase,

NOX2, which produces superoxide anion, the precursor of

other ROS. Degranulation is the release of granule’s con-

tents. Indeed, neutrophils contain four types of granules or

vesicles that have different composition and density

(Faurschou and Borregaard 2003). Those are azurophilic

granules containing myeloperoxidase (MPO), elastase,

cathepsins, etc., specific granules containing lactoferrin,

lipocalin, membrane receptors, cytochrome b558, etc.,

tertiary granules, essentially containing gelatinase, and the

highly mobilizable secretory vesicles. The release of these

granules, i.e., degranulation, is important for immunity and

inflammation. While neutrophils are required for host

defense, their excessive recruitment and activation (de-

granulation and respiratory burst) can induce tissue injury

contributing to enhanced inflammatory reaction and dis-

eases, such as rheumatoid arthritis, inflammatory bowel

disease, septic shock, and more (Babior 2000; Paige 2006;

El-Benna et al. 2016). Thus, finding new molecules that

inhibit neutrophil functions could lead to new anti-in-

flammatory drugs.

The mediterranean diet is known to be rich in bioactive

compounds, such as polyphenols, flavonoids, beneficial

unsaturated fatty acids, and numerous vitamins. In this

context, olives and virgin olive oil, which are greatly

consumed in this region, are potential sources of bioactive

molecules (Owen et al. 2000; Tuck and Hayball 2002;

Waterman and Lockwood 2007; Visioli and Bernardini

2011). Oleuropein and hydroxytyrosol are major polyphe-

nols that are found in olives, olive leaves, and olive oil.

Oleuropein is the most abundant compound and its enzy-

matic degradation generates hydroxytyrosol. The health

benefits of olive polyphenols are well known in several

diseases, such as inflammatory diseases, atherosclerosis,

hypertension, degenerative diseases, and cancer (Barbaro

et al. 2014; Andreadou et al. 2015; Giner et al. 2016).

Oleuropein and hydroxytyrosol are mainly known for their

antioxidant effect (Visioli et al. 1998, 2002; O’Dowd et al.

2004; Bedouhene et al. 2014). In particular, they have been

shown to scavenge neutrophil ROS production, but their

effects on other key inflammatory neutrophil functions

have been less studied. The aim of this work was to

investigate the effect of oleuropein and hydroxytyrosol on

neutrophil degranulation and chemotaxis and the signaling

pathways regulating these functions.

Methods

Reagents

Hydroxytyrosol, oleuropein, ortho-dianisidine dihydrochlo-

ride, fMLF, luminol, Phosphate Buffered Saline (PBS),

Hanks’ Balanced Salt Solution (HBSS), protease and phos-

phatase inhibitors, mouse monoclonal anti-b-Actin antibody,
protease and phosphatase inhibitors, and salt solutions were

from Sigma Aldrich (Saint Quentin Fallavier, France).

Dextran T500 was from Pharmacosmos (Holbaek, Den-

mark), Ficoll was from GE Healthcare Bio-Sciences AB

(Uppsala, Sweden), SDS–PAGE and Western blotting

reagents were purchased from Bio-Rad Laboratories (Her-

cules, CA, USA). Anti-MPO and anti-Lactoferrin antibodies

were from Abcam (Cambridge, UK), anti-phospho-AKT, p-

p38 and p-ERK1/2 and anti-AKT, p38 and ERK1/2 were

from cell Signaling Technology (Boston, MA, USA). HRP-

conjugated goat anti-rabbit, HRP-conjugated goat anti-

mouse, AP-conjugated goat anti-rabbit antibodies and ECL

(enhanced chemiluminescence) reagent were from Santa

Cruz Biotechnology Inc. (Heidelberg, Germany).

Human neutrophil preparation

Venous heparinized blood obtained from healthy adult

volunteers was used to isolate fresh neutrophils by Dex-

tran (T500) sedimentation to remove red blood cells

followed by Ficoll density gradient centrifugation (El-

Benna and Dang 2007). After hypotonic lysis of red blood

cells, the neutrophil pellet was collected and washed in

PBS before counting cells. Neutrophils were 96% pure

and 99% viable.

Luminol-amplified chemiluminescence assay

Isolated neutrophils (500,000 cells) were resuspended in

500 ll of HBSS and pre-incubated for 10 min at 37 �C in

the presence of luminol (10 lM) and increasing concen-

tration of oleuropein and hydroxytyrosol. Neutrophils were

then stimulated with fMLF (10-6 M) and luminol-en-

hanced chemiluminescence was measured using a

luminometer (Biolumat LB937; Berthold, France SAS,

Thoiry, France) (O’Dowd et al. 2004).

Cell viability assay

Isolated neutrophils (1 9 106 cells) were resuspended in

1 ml of HBSS and incubated in the presence of increasing

concentrations of oleuropein or hydroxytyrosol

(10–100 lM) at 37 �C for 120 min. Cell viability was

assessed by trypan-blue exclusion method and results are
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presented as the percentage of viable cells compared to

untreated cells.

Neutrophil degranulation

Neutrophils (5 9 106/ml in 500 ll HBSS) were pre-incu-

bated at 37 �C with or without increasing concentrations of

oleuropein and hydroxytyrosol for 60 min prior to adding

cytochalasin B (5 lg/ml) for 5 min. Neutrophils were then

stimulated with fMLF (10-6 M) for 2 min at 37 �C. The
reaction was stopped by centrifugation for 30 s at

12,0009g (Eppendorf Centrifuge 5415D, Hamburg, Ger-

many), supernatants were collected, centrifuged again at

15,0009g for 10 min at 4 �C, and used for MPO and

lactoferrin assays.

Measurement of myeloperoxidase activity

The MPO activity was measured using a modified spec-

troscopic method described by Bradley et al. (1982).

Briefly, 50 ll of the centrifuged supernatant was mixed

with phosphate buffer (350 ll) and an equal volume of a

solution containing 1 mg/ml ortho-dianisidine dihy-

drochloride plus 0.0005% hydrogen peroxide. The change

in absorbance at 460 nm was recorded by UVIKON 860

spectrophotometer at 22 �C for 10 min. The results were

expressed as percent of control.

Neutrophil activation, sample preparation

and Western blotting analysis

Neutrophils (10 9 106/400 ll HBSS) were pretreated

with oleuropein, hydroxytyrosol, or buffer, for 60 min,

and stimulated with fMLF (10-6 M for 30 s) at 37 �C
with mild shaking. The reaction was stopped by adding

100 ll of 59 concentrated modified-Laemmli sample

buffer (Laemmli 1970; Belambri et al. 2014). Samples

were vigorously vortexed, and then denatured for 3 min at

100 �C. Solubilized proteins were stored at -80 �C until

use. Neutrophil supernatants and lysates were sonicated

prior to being subjected to 10% SDS–PAGE (Eq. 1 9 106

cells/well) using standard techniques. The separated pro-

teins were transferred to nitrocellulose, and then blocked

with 5% milk in Tris-buffered saline containing Tween 20

(TBS-T) for 1 h. After blocking, the membranes were

probed with the appropriate antibody overnight at 4 �C.
After several washes (3 9 5 min) with TBS-Tween 0.1%,

the membranes were incubated with specific antibodies,

e.g., anti-MPO (1:10,000); anti-lactoferrin (1:10,000),

phospho-Akt, phospho-p38, phospho-Erk, HRP-labeled

goat anti-mouse antibody (1:10,000) for actin, and HRP-

labeled goat anti-rabbit antibody (1:10,000). The protein

bands were revealed by enhanced chemiluminescence

(Santa Cruz, Heidelberg, Germany) (Belambri et al.

2014).

Under-agarose neutrophil chemotaxis assay

The migration of neutrophils was assessed using the under-

agarose chemotaxis assay (Nelson et al. 1975). Agarose

(0.7%) was dissolved in HBSS by heating for 1 min in a

microwave. After cooling to 48 �C, 10% of decomple-

mented SVF was added to the agarose, and 5 ml of the

mixture was added to each culture plate (Falcon plastics,

5 cm diameter). Once the agarose was solidified, four series

of three aligned wells (3 mm internal diameter, 3 mm

interspace) were punched in the agarose gel in each plate.

The agarose cores were removed with a pipet using vacuum.

For the chemotaxis assay, cells were resuspended to

100 9 106 cell/ml. Cells treated with increasing concentra-

tions of oleuropein, hydroxytyrosol or control cells were

added in the central well (5 ll), and 5 ll of the chemoat-

tractant fMLF (10-7 M) or buffer PBS was placed in the

other wells. Finally, the plates were incubated for 2 h at

37 �C. Cells were viewed by light microscopy (ZEISS)

using 409 magnification. The chemotaxis index was deter-

mined as the ratio of chemotaxis/spontaneous migration.

Statistical analysis

All the experimental data were expressed as mean ± SEM.

The analysis was performed using Graph-Pad Prism ver-

sion 4.0 for Windows, and the averages for the different

groups were compared by one-way ANOVA test.

*P\ 0.05 was considered significant.

Results

Oleuropein and hydroxytyrosol strongly inhibit

fMLF-induced ROS production and are not toxic

for human neutrophils

Oleuropein and hydroxytyrosol are polyphenols that have

different structure (Fig. 1). They are well known for their

potent antioxidant effect. As expected, oleuropein and

hydroxytyrosol dose-dependently (2.5–80 lM) inhibited

the fMLF-induced ROS production as assessed by the

luminol-amplified chemiluminescence assay (Fig. 1). We

thus used these oleuropein and hydroxytyrosol concentra-

tions to study the effect on other neutrophil functions.

Furthermore, incubation of neutrophils at 37 �C with dif-

ferent concentrations of oleuropein and hydroxytyrosol for

120 min did not reduce neutrophil viability, even at

100 lM (Fig. 2) showing that these molecules are not toxic

for human neutrophils in these conditions.
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Oleuropein and hydroxytyrosol inhibit the release

of azurophilic and specific granules from human

neutrophils

To investigate the effect of oleuropein and hydroxytyrosol

on neutrophil degranulation, cells were incubated with

increasing concentrations of polyphenols for 60 min before

treatment with cytochalasin B and fMLF, and MPO was

assayed as described in the ‘‘Methods’’. MPO release from

fMLF-stimulated neutrophils was inhibited in a dose-de-

pendent manner by oleuropein and hydroxytyrosol

(Fig. 3a). This was confirmed by SDS–PAGE and

immunoblotting with a specific antibody against MPO, as

evidenced by the decrease in MPO levels in the cell-free

supernatants (Fig. 3b). The release of lactoferrin, a specific

marker for specific granules was also analyzed using SDS–

PAGE/Western blotting and a specific antibody. Indeed,

oleuropein and hydroxytyrosol also inhibited lactoferrin

release in a dose-dependent manner (Fig. 3c). Thus, these

results show that in addition to their ROS scavenging

effect, oleuropein and hydroxytyrosol inhibit neutrophil

degranulation.

Oleuropein and hydroxytyrosol inhibit neutrophil

migration

Chemotaxis is fundamental for neutrophil recruitment to

the inflammation site. Using the agarose neutrophil

chemotaxis assay, we showed that PBS did not attract

neutrophils while fMLF induced chemotaxis (Fig. 4a,

Fig. 1 Chemical structure and

effect of hydroxytyrosol and

oleuropein on fMLF-induced

ROS production by human

neutrophils. Neutrophils were

incubated without or with

different concentrations of

hydroxytyrosol (a) or
oleuropein (b) for 10 min in the

presence of luminol (10 lm).

ROS production was measured

after stimulation with fMLF

(10-6 M) using the luminol-

enhanced chemiluminescence

assay for 30 min. Histograms

represent ROS production as

calculated by the mean of the

total area under the curves. Data

are mean ± SEM of three

separate experiments

(**P\ 0.05, ***P\ 0.001)
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Upper panel). Interestingly, oleuropein and hydroxytyrosol

inhibit neutrophil chemotaxis towards fMLF in a dose-

dependent manner (Fig. 4a, b).

Oleuropein and hydroxytyrosol inhibit fMLF-

induced AKT, p38MAPK, and ERK

phosphorylation in human neutrophils

Several signaling pathways such as the AKT, p38MAPKi-

nase, and ERK1/2 pathways are involved in neutrophil

degranulation and chemotaxis (Heit et al. 2002; Futosi and

Mócsai 2016). We thus studied the impact of oleuropein and

hydroxytyrosol on the phosphorylation status of these mole-

cules as it reflects their activation. Bothmolecules reduced the

phosphorylation of AKT, p38MAPKinase and ERK1/2

induced by fMLF without affecting the amount of these

kinases (Fig. 5). Thus, the inhibition of the neutrophil func-

tions by oleuropein and hydroxytyrosol could be due to the

inhibition of AKT, p38MAPKinase and ERK1/2 activation.

Discussion

Oleuropein and hydroxytyrosol, two polyphenols present

in olives and olive oil, are known for their health ben-

efits, particularly in inflammatory diseases. In this work,

we confirmed the inhibition of the stimulated production

of ROS by oleuropein and hydroxytyrosol, and showed

that they are also able to inhibit the neutrophil degran-

ulation and chemotaxis induced by a physiological

stimulus, such as the bacterial peptide fMLF, and the

fMLF-induced AKT, p38MAPKinase, and ERK1/2

activation.

At inflammatory sites, excessive neutrophil activation

can lead to ROS overproduction, excessive release of

proteases from granules and recruitment of additional

neutrophils to maintain the inflammatory reaction. Oth-

ers and we have previously reported that the effects of

oleuropein and hydroxytyrosol on ROS generation by

stimulated neutrophils are mainly due to scavenging of

ROS. More specifically, they can scavenge hydrogen

peroxide, but not superoxide anion, the product of NOX2

activation and the precursor of hydrogen peroxide

(O’Dowd et al. 2004). As expected, oleuropein and

hydroxytyrosol were effective at inhibiting ROS pro-

duction assessed by the luminol-amplified

chemiluminescence assay. Other studies have shown that

hydroxytyrosol can inhibit other pro-inflammatory pro-

cesses, such as the production and release of cytokines

and other inflammatory agents (Richard et al. 2011;

Impellizzeri et al. 2011; Rosignoli et al. 2013; Facchini

et al. 2014). As the expression of several pro-inflam-

matory cytokines is mediated by the activation of NF-

kB, a process mediated by hydrogen peroxide, oleu-

ropein and hydroxytyrosol by scavenging hydrogen

peroxide can inhibit cytokine production (Zhang et al.

2009).

Interestingly, our results also show that oleuropein

and hydroxytyrosol inhibit neutrophil-directed chemo-

taxis, suggesting that they may limit neutrophil

recruitment to the inflammatory site, a major starting

step in the inflammatory reaction. Oleuropein and

hydroxytyrosol also inhibited the release of specific and

azurophilic granules, which may prevent tissue injury

from proteases and other toxic peptides effects. These

effects were not due to a toxic effect of oleuropein and

hydroxytyrosol as no cell death was noted, even at much

higher concentrations than the ones required for inhibi-

tion of neutrophil function.

Neutrophil stimulation by fMLF induces several sig-

naling cascades, such as the phosphoinositide-3-kinase

(PI3K)–AKT pathway, the Rac–p38MAPK pathway and

the Ras–ERK1/2 pathway. These pathways are known to

be involved in neutrophil ROS production, degranulation,

and chemotaxis (Heit et al. 2002; Futosi and Mócsai 2016).

Our results show that oleuropein and hydroxytyrosol

inhibit AKT, p38MAPK, and ERK1/2 phosphorylation,

suggesting that they may inhibit a common upstream

pathway such as trimeric G-protein activation or a protein

tyrosine kinase activity. The inhibitory effect of oleuropein

on AKT activation was reported also in hepatocellular

Fig. 2 Effect of hydroxytyrosol and oleuropein on neutrophil viabil-

ity. Neutrophils were incubated without or with different

concentrations of hydroxytyrosol or oleuropein for 120 min at

37 �C. Cell viability was assessed by trypan blue exclusion and

results expressed as % of control untreated cells. Data are mean ± -

SEM of three separate experiments
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carcinoma (Yan et al. 2015; Liu et al. 2016) and PI3Kinase

was suggested to be the target. However, it is unknown

whether oleuropein and hydroxytyrosol can directly inhibit

the activation of AKT. More work is required to identify

the exact target of oleuropein and hydroxytyrosol on the

signaling pathways involved in neutrophil activation.

Conclusion

The absorption of olive oil polyphenols has been studied

by several groups. Oleuropein and hydroxytyrosol are

hydrolyzed and absorbed in the intestinal tract in a dose-

dependent manner, and they can reach high concentra-

tions. However, the regular intake of these compounds

may provide an effective concentration in blood and

improve their effects on cells. In addition, the low cost

and low toxicity of olive polyphenols make their use as

immune-modulating and anti-inflammatory molecules

which is a promising therapy for inflammatory diseases,

especially as we demonstrate that their activity is not just

limited to their ROS scavenging effect, but may also

involve the dampening of neutrophil degranulation and

chemotaxis, two major neutrophil pro-inflammatory

functions.

Fig. 3 Effect of hydroxytyrosol and oleuropein on the release of

neutrophil azurophil granules. Neutrophils were incubated without or

with different concentrations of hydroxytyrosol or oleuropein, then

treated with cytochalasin B and stimulated with fMLF (10-6 M).

After centrifugation, the supernatants were recovered to measure

MPO activity using a spectrophotometric method and expressed as %

of control (fMLF alone). Data are mean ± SEM of three separate

experiments (*P\ 0.05) (a). Equal amounts of supernatants (MPO-

and Lact-upper blots) and total cell lysates (Total) were subjected to

SDS–PAGE followed by immunoblot analysis with anti-MPO (b) or
anti-lactoferrin (Lact) antibody (c). Representative of three different

experiments
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Fig. 4 Effect of hydroxytyrosol

and oleuropein on neutrophils

chemotaxis. Neutrophils

(100 9 106 cell/ml) were

pretreated with increasing

concentrations of

hydroxytyrosol (Hy) or

oleuropein (Ole). Treated cells

(5 ll) with or without (control)

agents were added in the central

well, 5 ll of the
chemoattractant fMLF (10-7 M)

or buffer PBS were placed in the

other wells, and the plates were

incubated for 120 min at 37 �C.
Migration was determined using

a ZEISS microscope. A

representative experiment

showing neutrophil migration

towards fMLF (a). The
chemotaxis index was

determined as the ratio of the

migrated distance of cells with

hydroxytyrosol or oleuropein

towards FMLF over the

migration to fMLF alone. Data

are mean ± SEM of four

separate experiments

(**P\ 0.05, ***P\ 0.001) (b)

Fig. 5 Effect of hydroxytyrosol and oleuropein on fMLF-induced

phosphorylation of AKT, p38MAPK, and ERK1/2 in human

neutrophils. Neutrophils (5 9 106 in 400 ll) of HBSS were pre-

incubated with increasing concentrations of hydroxytyrosol and

oleuropein at 37 �C for 60 min, before stimulation with fMLF

(10-6 M) for 2 min. The reaction was stopped by adding 59 Laemmli

sample buffer and proteins were denaturated. Samples were subjected

to SDS–PAGE followed by immunoblot analysis with anti-phospho-

AKT (p-AKT), p-p38, p-ERK1/2, AKT, p38, and ERK1/2 antibodies.

Representative of three different experiments
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