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Abstract: The antioxidant and anti-inflammatory responses of (−)-methyl-oleocanthal (met-OLE),
a new metabolite of the extra virgin olive oil (EVOO) phenolic oleocanthal (OLE), were explored
in lipopolysaccharide (LPS)-induced murine peritoneal macrophages. Possible signaling pathways
and epigenetic modulation of histones were studied. Met-OLE inhibited LPS-induced intracellular
reactive oxygen species (ROS) and nitrite (NO) production and decreased the overexpression of the
pro-inflammatory enzymes COX-2, mPGES-1 and iNOS in murine macrophages. In addition, met-
OLE was able to significantly decrease the activation of p38, JNK, and ERK mitogen-activated protein
kinases (MAPKs) and blocked canonical and non-canonical inflammasome signaling pathways. On
the contrary, met-OLE upregulated haem oxigenase 1 (HO-1) and nuclear factor (erythroid-derived
2)-like 2 (Nrf-2) expression in treated cells. Finally, met-OLE pretreated spleen cells counteracted LPS
induction, preventing H3K18 acetylation or H3K9 and H3K27 demethylation. Overall, these results
provide novel mechanistic insights into the beneficial effects of met-OLE regarding the regulation of
the immune–inflammatory response through epigenetic changes in histone markers. This revealing
evidence suggests that the methylated metabolite of OLE may contribute significantly to the beneficial
effects that are associated with the secoiridoid-related compound and the usual consumption of
EVOO.

Keywords: antioxidant; histones; inflammation; macrophages; metabolite; methylation; oleocanthal;
olive oil

1. Introduction

Macrophages are major components of the innate immune system and play a criti-
cal role in modulating inflammatory and immune responses [1]. Extracellular bacterial
lipopolysaccharide (LPS) acts as pathogen-associated molecular pattern and is recognized
by the Toll-like receptor (TLR)-4, inducing macrophages to an activated state, producing pro-
inflammatory cytokines and chemokines and enhancing the expression of inflammatory-
related enzymes, such as inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2
and microsomal prostaglandin E synthase (mPGES)-1, which synthesize nitric oxide (NO)
and prostaglandin (PG)E2, respectively [2]. Additionally, LPS-stimulated macrophages
disrupt the balance of the intracellular reduction–oxidation state, leading to oxidative stress,
usually accompanied by damage that is mediated by reactive oxygen species (ROS) [3].
The process of gene expression of these pro-inflammatory mediators involves multiple
signal transduction pathways, which are mainly through mitogen-activated protein kinases
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(MAPKs), nuclear transcription factor-kappa B (NF-κB), janus kinase/signal transducer
and transcription activator of transcription (JAK/STAT) or inflammasome activation. Fur-
thermore, the nuclear factor (erythroid-derived 2)-like 2 (Nrf-2)/haem oxygenase-1 (HO-1)
antioxidative axis, which exerts a regulative function on the activation of ROS, MAPKs,
and inflammasome signaling pathways, is repressed in the event of the induction of the
activated macrophages state [2,3].

Emerging evidence suggests that epigenetic processes that affect gene expression
without causing changes in the nucleotide sequence occur after external stimuli exposure,
and may contribute to the pathophysiology of inflammatory processes [4]. In particular,
histone H3 methylation at lysine 9 (H3K9), one of the most conserved epigenetic markers,
is correlated with gene silencing and the modulation of immune cell differentiation and
immune responses, and therefore, influences the outcome of inflammation. Similarly, H3
acetylation on lysine 18 (H3K18ac) is a permissive marker on genes encoding cytokines
that correlate to inflammation, such as interleukin (IL)-1β, IL-6 or IL-17 [5–7]. Furthermore,
post-translational histone modifications have emerged as prospective therapeutic targets.
Understanding the cross-link of these mechanisms could be crucial in designing new
immune–inflammatory approaches that are effectively related to several inflammatory
diseases [8].

In this context, dietary nutrients could modify physiological and pathological pro-
cesses through critical epigenetic mechanisms, promoting modifications of gene expression
without alteration of the genetic code. In particular, specific, functional foods such as extra
virgin olive oil (EVOO) have displayed anti-inflammatory activities in human macrophages
through epigenetic mechanisms [9].

The health-promoting properties of EVOO have been correlated with its peculiar
chemical composition. EVOO polyphenols are minor secondary metabolites that have been
widely studied due to their wide functional versatility, including their anti-inflammatory,
antioxidant, cardioprotective, chemopreventive, and neuroprotective properties [10]. Es-
sentially, the anti-inflammatory activities of olive oil, especially phenolic compounds, have
recently been linked to their potential to induce epigenetic modifications such as gene
expression, DNA methylation and histone modification [10,11].

Examples of the main olive polyphenols are tyrosol, hydroxytyrosol, oleocanthal
(OLE), oleacein, olive ligustroside and oleuropein. OLE represents up to 10% of the to-
tal polyphenol content in EVOO (0.2–498 mg/kg) [12] and has received more scientific
attention, due to its interesting biological activities, both within in vitro and in vivo sys-
tems, including anti-inflammatory, antioxidant, cardioprotective, chemopreventive and
neuroprotective properties [10,13]. In fact, recently, we have reported the preventive role of
dietary OLE-supplemented effects in a collagen-induced arthritis (CIA) murine model and
the ability of OLE to diminish the acute inflammatory response in LPS-induced murine
peritoneal macrophages [14,15].

Metabolic transformations or the presence of metabolites can affect the pharmacologi-
cal activity of the pattern compounds. It has been reported that OLE can remain intact in the
stomach for up to 4 h and enter the small intestine unhydrolyzed. Then, non-hydrolyzed
OLE follows further metabolic reactions related to phase I and II in the liver, namely,
hydroxylation or hydration and methylation, respectively. Consequently, López-Yerena
et al. (2021) proposed two plausible metabolites of OLE, however, met-OLE was the main
circulating conjugate of OLE detected in all tissues analyzed from rats after the acute intake
of a refined olive oil containing 0.3 mg/mL of OLE [16]. In relation to biotransformation,
the methylated metabolites are mainly metabolized by glucuronidation and sulphation, as
they are not substrates for methyltransferases.

Perhaps, the major disadvantage of the EVOO phenols is their temperature instability,
photolability, and inadequate pharmacokinetic profile. To reduce these handicaps, methyla-
tion of the phenolic hydroxyl groups (O-methylation) may increase the chemical stability
of their structures, while conferring greater lipophilicity, increasing their metabolic stability
and membrane transport and facilitating absorption and greater oral bioavailability. Recent
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studies also indicate that the methylation process increases biological activity without
altering therapeutic indices [17].

Taking this background into account, the aim of the present work was to investi-
gate the potential antioxidant and anti-inflammatory effects of a new OLE metabolite,
(−)-methyl-oleocanthal (met-OLE), in LPS-induced murine peritoneal macrophages. Specif-
ically, intracellular ROS, NO, pro-inflammatory cytokines production (IL-1β, IL-6, IL-17,
IL-18, tumor necrosis factor (TNF)-α and interferon (IFN)-γ), and the protein expressions
of pro-inflammatory enzymes (COX-2, iNOS, and mPGES-1) were evaluated. In addi-
tion, the possible molecular signaling pathways involved in their beneficial effects, such
as Nrf-2/HO-1, MAPKs, and the canonical and noncanonical inflammasome, were also
studied. Finally, to study the role of the epigenetic mechanisms underlying met-OLE
anti-inflammatory effects, we explored met-OLE induced epigenetics changes in histone
markers (H3K9me3, H3K27me3 and H3K18ac) and cytokines-correlated production com-
pared to OLE in spleen cells after LPS induction.

2. Materials and Methods
2.1. Reagents

Solvents used for extraction, analytical thin-layer chromatography (TLC), column chro-
matography (CC) and fast centrifugal partition chromatography (FCPC), such as diethyl
ether (Et2O), ethyl acetate (EtOAc), n-hexane (Hex), dichloromethane (DCM) and ethanol
(EtOH) were of analytical grade and were purchased from VWR Chemicals (Prolabo®,
Fontenay-sous-Bois, France). Water (H2O), used for chromatographic separations, was
of ultrapure grade and was produced by Milli-Q water (1.8 MΩ) equipment (Merck®,
KGaA, Darmstadt, Germany). Acetonitrile (ACN) and methanol (MeOH), used for high-
performance liquid chromatography (HPLC), and chloroform, used to determine optical
rotation values, were of HPLC grade and were purchased from VWR® (Madrid, Spain).
Deuterated chloroform (CDCl3) was used to prepare solutions of isolated compounds for
nuclear magnetic resonance (NMR) analysis and were purchased from VWR® (Madrid,
Spain). Acetic acid (AcOH), used for HPLC, was purchased from VWR® (Madrid, Spain).
Silica gel 60 F240 precoated aluminum sheets were purchased from Merck® (Darmstadt,
Germany). N-methylurea, used to prepare N-methyl-N-nitrosourea (see Supplementary
Materials), was purchased from Sigma-Aldrich® (Madrid, Spain). Sodium hydroxide was
purchased from VWR Chemicals® (Prolabo, Fontenay-sous-Bois, France).

2.2. Instruments

HPLC analyses were performed on a Waters HPLC instrument, equipped with a C18
reversed-phase Spherisorb ODS-2 column, 250 × 3 mm i.d, 5 µm (Waters Chromatogra-phy
Division®, Mildford, MA, USA), and a photodiode array detector.

Reactions under microwave irradiation were achieved on a CEM Discover monomodal
microwave reactor with temperature and pressure internal probes. A sealed vessel was
used to perform the reaction.

Purification of synthesized compounds was carried out on a FCPC-200® instrument
(Kromaton Technologies®, Angers, France) that was fitted with a rotor and with atotal
column capacity of 200 mL. Rotation could be adjusted from 0 to 2000 rpm. Solvent was
pumped by an Alltech 627 isocratic pump (Alltech Associates®, Deerfield, IL, USA). The
sample was injected into the FCPC column with a 3725i-038 manual injector (Rheodyne®,
Cotati, CA, USA) equipped with a 10 mL sample loop. The instrument was equipped with
a UV-Vis Linear UVIS 200 detector (Linear Instrument Co®, Reno, NV, USA) set at 280 nm.

Mass spectra (ESIMS) were recorded on an Esquire 6000 ion mass spectrometer (Bruker
Daltonics, Bremen, Germany) fitted with an electrospray ionization (ESI) interface, operat-
ing in positive mode. High-resolution mass spectra (HRMS) were performed on an Agilent
6520B spectrometer (Agilent technologies, Waldbronn, Germany) fitted with a quadrupole
time-of-flight (Q-TOF) mass spectrometer.
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Proton nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic resonance
(13C NMR) spectra of the isolated and synthesized compounds were recorded on a Bruker
Avance DPX 400 spectrometer (Bruker Daltonic GmbH®, Rheinstetten, Germany) at 400 and
100 MHz, respectively. Deuterated chloroform, with tetramethylsilane (TMS) as internal
reference, was used to dissolve the samples. Coupling constants (J) are provided in hertz
(Hz) and the multiplicities of signals are reported using the following abbreviations: singlet
(s), broad singlet (br s), doublet (d), doublet of doublets (dd), doublet of doublet of doublets
(ddd), triplet (t), doublet of triplet (dt), quadruplet (q) and multiplet (m).

Specific rotations ([α]D) of chiral compounds were calculated by measuring the corre-
sponding optical rotation (α) in chloroform on a Jasco P-200 automatic polarimeter (Jasco
Analytical Instrument®, Easton, MD, USA) using cells of quartz with a path length of 1 dm.

2.3. Isolation of (−)-Oleocanthal (OLE) from Olive Oil

A sample of OLE was purified from olive oil phenolic extract by a combination of
two techniques (fast centrifugal partition chromatography (FCPC) and semi-preparative
high-performance liquid chromatography (HPLC)), following the procedure described
in Diez-Bello et al., (2019) [18]. In short, an olive oil sample (300 g) was extracted with a
mixture of MeOH/H2O 8:2, according to a normalized procedure (IOC, 2017), to afford a
phenolic extract (1.50 g), which was fractionated with a FCPC-200® instrument (Kromaton
Technologies, Angers, France) using a quaternary biphasic solvent system composed
of hexane/ethyl acetate/ethanol/water (2:3:2:3, v/v/v/v). A pooling fraction (180 mg),
mainly containing OLE, was further purified by semi-preparative HPLC using the solvents
acetonitrile/acetic acid (99.8:0.2, v/v, solvent A) and water/acetic acid (99.8:0.2, v/v, solvent
B) under a linear gradient from 20 to 25% for solvent A. As a result, pure OLE (25 mg) was
obtained, in which nuclear magnetic resonance (NMR) data (Figures S1 and S2) agreed
with those reported in the literature [18].

2.4. Synthesis of (−)-Methyl-Oleocanthal (Met-OLE) from (−)-Ligustroside

A wood sample of Olea europaea L., obtained from pruning a tree growing in the
province of Jaén, Spain, was used to isolate (−)-ligustroside. A sample of wood chips
(300 g) was extracted with EtOAc (4 L) for 2 h at reflux. Solvent was evaporated under
reduced pressure at 40 ◦C to give the corresponding dry extract (15 g), which was column
chromatographed to give ligustroside (0.34 g), as reported before by the authors [19]. The
purity of ligustroside (84%) was determined by an external standard method using the
HPLC peak area at 280 nm. Previously, a calibration curve (y = 1734.5 x + 1656; R2 = 0.9981)
(Graphic S1) was constructed with six standards (0.1–1 mg/mL in MeOH) (Table S1) of
pure (−)-ligustroside. For analytical HPLC analyses, separation was carried out by a
step gradient with mixtures of MeOH/AcOH (99.8:0.2, v/v, solvent A) and H2O/AcOH
(99.8:0.2, v/v, solvent B). The gradient program consisted of a linear gradient from 20 to
80% A in 55 min, a linear gradient from 80 to 100% A in 5 min and another 10 min to return
to initial conditions.

Next, in order to synthetize (−)-methyl-ligustroside, a solution of diazomethane
in Et2O (35 mL), freshly prepared from N-methyl-N-nitrosourea (3.5 g) and aq. KOH
(50%), was added dropwise to a solution of ligustroside (200 mg) in MeOH (10 mL) and
the reaction was left to stir for 60–90 min. The reaction was monitored by TLC and by
HPLC using the gradient elution described above. Finally, solvent was removed under
reduced pressure to give a brown solid (205 mg). The crude was purified by fast centrifugal
partition chromatography (FCPC) using a quaternary biphasic solvent system composed of
Hex/EtOAc/EtOH/H2O (2:5:2:5, v/v/v/v) at a flow of 7 mL/min and a rotation speed
of 1200 rpm. As a result, 125 mg (71% yield) of (−)-methyl-ligustroside as a slight yellow–
white solid was obtained: ESIMS: m/z 561 [M + Na]+ (Figure S11); 1H NMR (400 MHz,
CDCl3) (Figure S9): δ (ppm) 7.51 (s, 1H, H-9), 7.15 (m, 2H, H-4′, H-8′), 6.85 (m, 2H, H-5′,
7′), 6.07 (m, 1H, H-5), 5.92 (brs, 1H, H-7), 4.81 (d, 1H, J1”,2” = 7.8 Hz, H-1”), 4.25 (dt, 1H,
J1′a,2′ = 6.9 Hz, J1′a,1′b = 10.7 Hz, H-1′a), 4.12 (dt, 1H, J1′b,2′ = 6.9 Hz, J1′b,1′a = 10.7 Hz, H-1′b),
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3.96 (dd, 1H, J3,2a = 4.5 Hz, J3,2b = 9.2 Hz, H-3), 3.89 (dd, 1H, J6”a,5” = 1.8 Hz, J6”a,6”b = 11.9
Hz, H-6”a), 3.76 (s, 3H, C6′-OCH3), 3.71 (s, 3H, C11-OCH3), 3.67 (dd, 1H, J6”b,5” = 5.7
Hz, J6”b,6”a = 11.9 Hz, H-6”b), 3.37 (m, 4H, H-2”, H-3”, H-4”, H-5”), 2.85 (t, 2H, J2′ ,1′ = 6.9
Hz, H-2′), 2.70 (dd, 1H, J2a,3 = 4.5 Hz, J2a,2b = 14.2 Hz, H-2a), 2.44 (dd, 1H, J2b,3 = 9.2 Hz,
J2b,2a = 14.2 Hz, H-2b), 1.64 (dd, 3H, J6,7 = 1.5 Hz, J6,5 = 7.0 Hz, H-6). 13C NMR (100 MHz,
CDCl3) (Figure S10): δ (ppm) 173.1 (C-1), 168.6 (C-11), 159.9 (C-6′), 155.1 (C-9), 131.3 (C-4),
131.0 (C-4′, C-8′), 130.5 (C-3′), 124.8 (C-5), 115.0 (C-5′, C-7′), 109.4 (C-10), 100.8 (C-1”), 95.1
(C-7), 78.5 (C-5”), 77.9 (C-3”), 74.8 (C-2”), 71.5 (C-4”), 66.8 (C-1′a,C-1′b), 62.8 (C-6”a, C-6”b),
55.7 (C6′- OCH3), 51.9 (C11-OCH3), 41.2 (C-2a, C-2b), 35.1 (C-2′), 31.8 (C-3), 13.5 (C-6).
[α]25

D : −154.0 (c 0.7, MeOH). NMR data of this compound agree with those reported in
the literature [20]. The purity of (−)-methyl-ligustroside (90%) was determined using the
ligustroside’s calibration curve described above.

Finally, to obtain met-OLE, a mixture of methyl-ligustroside (100 mg), water (5 mL)
and DMSO (0.4 mL) was subjected to microwave irradiation for 9 min at 180 ◦C. The
reaction was monitored by TLC and HPLC. Then, the crude was extracted with Et2O
and the solvent was removed under reduced pressure to give a brown oil (58 mg). The
purification was achieved by FCPC using Hex:EtOAc:EtOH:H2O (1:1:1:1, v/v/v/v) as a
biphasic solvent system. As a result, 39 mg (64% yield) of met-OLE as a yellow oil was
obtained: ESIMS: m/z 341 [M + Na]+ (Figure S7): HRMS (ESI/Q-TOF) m/z 319.1540
[M + H]+ corresponding to C18H22O5 (Figure S8); 1H NMR (400 MHz, CDCl3) (Figure S3):
δ (ppm) 9.63 (brs, 1H, H-8), 9.23 (d, 1H, J9,3 = 2.0 Hz, H-9), 7.10 (m, 2H, H-4′,H-8′), 6.83 (m,
2H, H-5′,H-7′), 6.62 (q, 1H, J5,6 = 7.1 Hz, H-5), 4.19 (m, 2H, H-1′), 3.78 (s, 3H, C6′-OCH3),
3.61 (m, 1H, H-3), 2.95 (ddd, 1H, J7b,8 = 1.2 Hz, J7b,3 = 8.7 Hz, J7b,7a = 18.3 Hz, H-7b), 2.83 (t,
2H, J2′ ,1′ = 7.0 Hz, H-2′), 2.73 (ddd, 1H, J7a,8 = 1.0 Hz, J7a,3 = 5.5 Hz, J7a,7b = 18.3 Hz, H-7a),
2.68 (dd, 1H, J2b,3 = 8.2 Hz, J2b,2a = 15.9 Hz, H-2b), 2.61 (dd, 1H, J2a,3 = 6.7 Hz, J2a,2b = 15.9 Hz,
H-2a), 2.07 (d, 3H, J6,5 = 7.1 Hz, H-6). 13C NMR (100 MHz, CDCl3): δ (ppm) 200.5 (C-8),
195.2 (C-9), 172.0 (C-1), 158.5 (C-6′), 154.3 (C-5), 143.4 (C-4), 130.0 (C-4′,C-8′), 129.8 (C-3′),
114.1 (C-5′,C-7′), 65.2 (C-1′), 55.4 (C6′-OCH3), 46.3 (C-7), 37.0 (C-2), 34.3 (C-2′), 27.4 (C-3),
15.4 (C-6). The full assignment of 1H and 13C NMR resonances was supported by DEPT
(Figure S4), HSQC (Figure S5) and HMBC (Figure S6) spectral analyses. [α]25

D : −1.7 (c 1.0,
CHCl3). The purity of met-OLE (97%) was determined by an external standard method
using the HPLC peak area at 280 nm. Previously, a calibration curve (y = 3121.8x − 6706.6;
R2 = 0.9974) (Graphic S2) was constructed with six standards (0.01–0.5 mg/mL in MeOH)
(Table S2) of pure OLE available in authors’ lab.

2.5. Animals

Swiss mice were provided by Harlan Interfauna Ibérica® (Barcelona, Spain) and
maintained in a temperature-, humidity- and light-controlled room, and were allowed
free access to water and food. All animal procedures followed were in accordance with
the recommendations of the European Union on animal experimentation (Directive of the
European Counsel 2012/707/EU) and were approved by the Animal Ethics Committee of
the University of Sevilla (23 July 2018/119).

2.6. Murine Macrophages and Spleen Cells Isolation and Culture

Cells were collected 72 h after intraperitoneal sterile thioglycolate injection (3.8%
w/v) as previously described by Montoya et al. (2019) [14]. The collected macrophages
were cultured with met-OLE (50, 25, 12.5 µM) pre-treatments for 30 min (min) and then
stimulated with LPS from Escherichia coli (5 µg/mL) (Sigma-Aldrich®, St. Louis, MO,
USA) incubating them for 18 h (h) at 5% CO2 37 ◦C. The supernatants and cells samples
were collected and stored at −80 ◦C until cytokine measurement and Western blotting,
respectively.

The mice spleens were harvested and passed through a nylon cell strainer (BD®

Biosciences, Franklin Lakes, NJ, USA) with supplemented RPMI1640 medium (10% fetal
calf serum, 2 mM glutamine, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol and 1%
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penicillin and streptomycin), in order to obtain a cell suspension. Pelleted cells were
resuspended in red blood lysis buffer (BD® Biosciences, Franklin Lakes, NJ, USA) and
then washed with phosphate buffer solution (PBS). Cells (1 × 106 cells/mL) were left
untreated or treated with OLE (50 µM) or, met-OLE (50, 25, 12.5 µM) for 30 min and were
LPS-stimulated (5 µg/mL) during an 18 h period at 5% CO2, at37 ◦C. After incubation, cell
pellets and supernatants were collected and stored at −80 ◦C until the quantification of
cytokine levels and histone extraction, respectively.

2.7. Cell Viability

To evaluate met-OLE cytotoxicity, a sulforhodamine B (SRB) assay was performed [21].
An amount of 1 × 105 cells/mL were cultured in the presence/absence of met-OLE
(200–1.6 µM) for 18 h. The absorbance was read at 510 nm with a microplate reader
(Biorad®, Madrid, Spain). Absorbance is expressed as the percentage of viability when
compared to untreated control cells (100% cell survival).

2.8. Nitric Oxide Production

Nitrites levels, expressed as the NO generation index, were quantified using Griess
reagent in culture supernatants (Sigma-Aldrich®, St. Louis, MO, USA), following the
protocol reported by Montoya et al. (2018) [22]. A sodium nitrate curve was used as a
standard to extrapolate the nitrite amount, and the results were expressed as a percentage
compared with DMSO-LPS treated cells (100% nitrites production).

2.9. Intracellular ROS Production

The DCDFA assay kit was performed according to the manufacturer’s instructions
(Abcam®, Cambridge, UK). Cells (2.5 × 105 cells/mL) were seeded on a black plate and
then DCDFA (25 µM) was added to each well either previously untreated or treated with
met-OLE (50, 25, 12.5 µM) and were LPS-stimulated during 18 h. The results were expressed
using H2O2 (Sigma-Aldrich®, Barcelona, Spain) as a positive pro-oxidant control (100%
intracellular ROS production), comparing fluorescence intensity [14].

2.10. Histone Extraction

Acid extraction was performed as previously reported by Hajji et al. (2010) [5] with
brief modifications. The collected spleen cells were washed with PBS, suspended in lysis
buffer (10mM Tris pH 6.5, 50 mM sodium bisulfate, 10 nM MgCl2, 8.6% sucrose, 1% Triton
X-100) and incubated 15 min at 4 ◦C. After that, the samples were centrifuged at 3500 rpm
for 10 min at 4 ◦C and rewashed. The supernatant was then removed and discarded and
Tris–EDTA buffer (10 mM Tris pH 7.4 and 13 mM EDTA) was added to the samples. The
precipitated nucleus was resuspended with acid sulfuric 0.2M. After 1 h incubation time,
samples were centrifuged at 15,000 rpm for 1 h at 4C, salving supernatants for incubation
with acetone overnight at −20 ◦C. Centrifuged samples were diluted with H2O and protein
content was measured.

2.11. Enzyme-Linked Immunosorbent Assay

IL-6, IFN-γ (Diaclone®, Besancon Cedex, France), IL-1β (R&D System®, Minneapolis,
Cánada, USA), TNF-α and IL-17 (Peprotech®, London, UK) concentrations in culture media
were measured using specific enzyme-linked immunosorbent assay (ELISA) kits.

2.12. Western Blotting

Whole cell lysates, prepared as described by Montoya et al. (2019) [14], and extracted
histones were provided into 25 µg protein aliquots. Protein samples were separated
by SDS-PAGE (15 or 10%) and electroblotted onto nitrocellulose membranes. Specific
primary antibodies were used. The membranes were then incubated with the corresponding
secondary antibody for 2 h. The results were obtained from at least six independent
experiments. A chemiluminescence light detection kit (Pierce®, Rockford, IL, USA) and
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Amersham Imager 600 equipment (GE Healthcare®, Chicago, IL, USA) were used for the
detection of immunosignals. Data were normalized with a housekeeping control and
quantified by Image Processing and Analysis in Java (Image J®, Bethesda, MD, USA).

2.13. Statistical Analysis

Data in figures and text are reported as arithmetic means ± standard error (SEM) from
at least six independent experiments carried out in triplicate. Results were evaluated using
Graph Pad Prism version 5.01 software (San Diego, CA, USA), analyzing the statistical
significance by a one-way analysis of variance (ANOVA), followed by the Tukey’s multiple
comparisons test. The p-values < 0.05 were considered statistically significant. Figures
from densitometry experiments are representatives of different experiments performed on
a different day.

3. Results
3.1. Chemistry

The synthesis of (−)-met-OLE was carried out herein from (−)-ligustroside (Figure 1),
inspired by the reaction reported by Skaltsounis’ group for the conversion of oleuropein
(same structure as ligustroside but with an additional OH at C-5′) into oleacein (same
structure as OLE but with an additional OH at C-5′) [23]. These authors achieved the semi-
synthesis of oleacein from oleuropein under Krapcho decarbomethoxylation conditions in
one single step. They refluxed oleuropein, dissolved in wet DMSO, with two equivalents
of an inorganic salt (NaCl) for 10 h to obtain oleacein with a 21% yield, after purification
by silica gel column chromatography. Procopio’s group later improved this attractive
semi-synthesis through changing DMSO by water and heating in a microwave reactor to
get oleacein in just 20 min with a 48% yield [24]. Our group was also working to improve
the semi-synthesis of oleacein and OLE from oleuropein and ligustroside, respectively,
following the recommendations of a previous work aimed at adapting the classical Krapcho
decarboxylation experimental conditions to an aqueous microwave scenario [25], when
Procopio’s work came to light (unpublished results).
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Figure 1. Synthesis of (−)-methyl-oleocanthal from (−)-ligustroside. Reagents and conditions:
(a) CH2N2/Et2O; (b) H2O-DMSO, MW, 180 ◦C, 9 min.

Thus, our synthesis of met-OLE (Figure 1) started with the isolation of ligustroside
from olive wood following a procedure previously reported by us [19]. Then, ligustroside
was methylated using diazomethane, prepared in situ from N-methyl-N-nitrosourea. The
conversion of ligustroside into methyl-ligustroside was quantitatively performed at room
temperature for around 1 h. If the starting material (ligustroside) had been pure enough,
methyl-ligustroside would have been sufficiently pure to be used directly in the next step.
However, ligustroside was isolated with a purity of 84% from the olive wood extract
and it was convenient to submit crude methyl-ligustroside to purification, in order to
eliminate the minor components that accompanied the starting material (ligustroside). On
this occasion, we used fast centrifugal partition chromatography (FCPC) to get adequately
pure methyl-ligustroside in one single run. Then, pure methyl-ligustroside was submitted
to the Krapcho reaction under microwave irradiation. Several attempts were carried out,
with varying temperatures, reactions time and solvent ratios, until the best conditions
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were found. Thus, the reaction of methyl-ligustroside in water, with the minimum amount
of DMSO to dissolve the substrate, was performed in a microwave reactor for 9 min at
180 ◦C, reaching the complete conversion of methyl-ligustroside into met-OLE. It is worth
noting that this Krapcho reaction took place in the absence of inorganic salt, as Murphree’s
group [25] came to observe in some cases and as Fernández-Bolaños’ group has recently
claimed [26].

In order to purify the final compound and taking into account the known sensitivity
of related OLE and oleacein to decomposition when in contact with solid stationary phases,
such as silica gel [27], and upon exposure to oxygen and light [12], we used the FCPC
technique for the purification of met-OLE. This allowed us to obtain pure met-OLE with the
same success as when we previously purified OLE from an olive oil phenolic extract [18].
This silica-free chromatographic technique has shown to be a good option to isolate these
compounds [28] and consequently improve the yield of the reaction step. Thus, we have
performed the conversion of methyl-ligustroside into met-OLE in a 64% yield, which is
the best yield reported to date for the Krapcho conversion of ligustroside/oleuropein or
their derivatives into the corresponding dialdehydes. Met-OLE has been synthesized in
this work for the first time.

3.2. Effects of Met-OLE on Cell Viability

First, we evaluated the cell viability after met-OLE treatments using a SRB assay.
Data show that met-OLE was not cytotoxic after 18 h of treatment with concentrations of
1.6 up to 200 µM and did not compromise the cell viability significantly (≥80%) (Figure 2).
Therefore, based on our previous work using OLE [14], we selected 12.5, 25 and 50 µM
concentrations of met-OLE to be studied in the following assays.
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3.3. Effects of Met-OLE on IL-1β, IL-6, IL-17, IFN-γ and TNF-α Production

To explore the effects of met-OLE on pro-inflammatory cytokine production, we
evaluated IL-1β, IL-6, IL-17, IFN-γ and TNF-α levels. As shown in Figure 3, after 18 h
of exposure to LPS, murine cells exhibited higher levels of pro-inflammatory cytokines
than unstimulated control cells (++ p < 0.01; +++ p < 0.001 vs. unstimulated cells). On
the contrary, when cells were treated with met-OLE, we observed a significantly down-
regulation of IL-1β, IL-6, IL-17, IFN-γ and TNF-α secretions when compared to the LPS-
DMSO group (** p < 0.01; *** p < 0.001 vs. LPS-DMSO stimulated cells).
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3.4. Effects of Met-OLE on Intracellular ROS and NO Productions

In terms of elucidating the role of met-OLE in the oxidative and inflammatory response
mediated by LPS, we measured intracellular ROS and NO levels using DCFDA and Griess
assays, respectively, in LPS-induced murine peritoneal macrophages.

Data revealed remarkable overproductions of ROS and NO induced by LPS in murine
macrophages when compared to unstimulated cells (+ p < 0.05; ++ p <0.01;
+++ p < 0.001 vs. unstimulated control cells) (Figure 4A,B). Meanwhile, levels of both
mediators were significantly reduced after met-OLE treatments (** p < 0.01; *** p < 0.001 vs.
cells stimulated cells).
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Figure 3. Pro-inflammatory cytokine levels were down-regulated in met-OLE treated cells.
Macrophages were pretreated with met-OLE (50, 25 or 12.5 µM) for 30 min and then, LPS-stimulated
during 18 h. (A) IL-1β, (B) IL-6, (C) IL-17, (D) IFN-γ and (E) TNF-α levels were measured by ELISA
on cell supernatants. Results are presented as the mean ± SEM of at least six independent experi-
ments. ++ p < 0.01; +++ p < 0.001 vs. unstimulated control cells; ** p < 0.01; *** p < 0.001 vs. LPS-DMSO
stimulated cells.

3.5. Met-OLE Down-Regulated iNOS, COX-2 and mPGES-1 Protein Overexpression Induced by
LPS in Murine Macrophages

To investigate whether the effects of met-OLE on NO accumulation were associated
with the expression of the iNOS protein, we performed an immunoblotting assay with cell
lysates. Consistently, cells from secoiridoid-related phenolic groups showed decreased
iNOS protein overexpression when compared to those of the LPS-DMSO exposed group
(*** p < 0.001 vs. LPS-DMSO stimulated cells) (Figure 4C).

In addition, to gain further insight into the anti-inflammatory potential of met-OLE, we
studied its effects on COX-2 and PGE2 related biomarkers. As expected, after LPS exposure,
COX-2 and mPGES-1 expressions increased significantly (+++ p < 0.001 vs. unstimulated
control cells). On the contrary, met-OLE pretreatments effectively counteracted induction of
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the expressions of these proinflammatory enzymes (*** p < 0.001 vs. LPS-DMSO stimulated
cells) (Figure 4C).
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Figure 4. Effects of met-OLE on (A) intracellular ROS and (B) NO production and (C) overexpression
of the iNOS, COX-2 and mPGES-1 proteins. Macrophages were pretreated with met-OLE (50, 25 or
12.5 µM) for 30 min and then, LPS-stimulated during 18 h. Subsequently, ROS and NO levels were
measured using DCFDA and Griess assays in supernatants, respectively. The expression of iNOS,
COX-2 and mPGES-1 proteins was then measured in whole cell lysates and analyzed by Western
blotting. Results are presented as mean ± SEM of at least six independent experiments. + p < 0.05;
++ p < 0.01; +++ p < 0.001 vs. unstimulated control cells; ** p < 0.01; *** p < 0.001 vs. LPS-DMSO
stimulated cells.

3.6. Effects of Met-OLE on LPS-Induced MAPKs Activation in Murine Peritoneal Macrophages

Murine macrophages were previously pretreated with met-OLE and were LPS-induced.
After 18 h, cells from the LPS-DMSO control group showed a marked phosphorylation of
MAPK members: p38, ERK and JNK (+ p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. unstimulated
cells). Nevertheless, met-OLE counteracted the activation of these proteins and exhibited a
lower phosphorylation for p38, ERK and JNK MAPK (* p < 0.05; ** p < 0.01; *** p < 0.001 vs.
LPS-DMSO stimulated cells (Figure 5A).

3.7. Effects of Met-OLE on Nrf2-Mediated Transcriptional Activation and HO-1 Induction in LPS
Murine Peritoneal Macrophages

To identify whether the OLE derivative evoked an antioxidant effect on cells, we
studied the Nrf-2/HO-1 axis, measuring both protein expressions by immunoblotting. As
shown in Figure 5B, Nrf-2 and HO-1 protein expression was significantly up-regulated
in met-OLE-exposed cells when compared to LPS-DMSO controls (* p < 0.05; ** p < 0.01;
*** p < 0.001 vs. LPS-DMSO stimulated cells). The expression of the antioxidant Nrf-2/HO-
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1 protein that was induced was according to the ROS reduction observed in Figure 4A.
Altogether our data highlighted the high antioxidant potential of met-OLE.
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Figure 5. Met-OLE inhibited (A) MAPKs phosphorylation and (B) upregulated the Nrf-2/HO-1
antioxidation axis in LPS-induced cells. Macrophages were pretreated and stimulated with LPS
during 18 h with met-OLE (50, 25 or 12.5 µM). Subsequently, MAPKs, Nrf-2, and HO-1 protein
expressions were measured in whole cell lysates by Western blot. Results are presented as the mean
± SEM of at least six independent experiments. + p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. unstimulated
control cells; * p < 0.05; ** p < 0.01; *** p < 0.001 vs. LPS-DMSO stimulated cells.

3.8. Effects of Met-OLE on Canonical and Noncanonical Inflammasome Signaling Pathways

In the presence of LPS, the inflammasome induces the inflammatory response in
murine peritoneal macrophages [14,21]. Unsurprisingly, after 18 h of LPS exposition, cells
showed a marked induction of canonical and noncanonical inflammasome implicates
(+ p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. unstimulated cells). According to the canonical
pathway, we observed that met-OLE modulated the protein levels of nucleotide-binding
oligomerization domain-like receptor protein 3 (NLRP3) and apoptosis-associated speck-
like protein containing a caspase recruitment domain (ASC), which activated pro-caspase-1
and caspase-1. All of these inflammasome canonical pathway proteins were effectively
negatively regulated in pretreated macrophages (Figure 6).

The protein expressions of the non-canonical pathway were then analyzed. As shown
in Figure 5E, the expressions of pro-caspase-11, partially cleaved and cleaved caspase-11
were significantly reduced in cells incubated with met-OLE incubated cells (* p < 0.05;
** p < 0.01; *** p < 0.001 vs. LPS-DMSO stimulated cells). Lastly, in accordance with
previous results, the expression levels of the mature form of IL-18 were measured, showing
a significant reduction after met-OLE 50 µM treatment (** p < 0.01 vs. LPS-DMSO stimulated
cells) (Figure 6C).

Collectively, met-OLE exhibited significant regulatory effects in LPS-induced canonical
and non-canonical inflammasome signaling pathways in murine peritoneal macrophages.
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Figure 6. Met-OLE modulated the canonical and noncanonical inflammasome signaling pathways.
Cells were pretreated with met-OLE (50, 25 or 12.5 µM) for 30 min and then, LPS-stimulated during
18 h. (A) NLRP3, (B) ASC, (C) IL-18, (D) Pro- and caspase-1 and (E) Pro-, partially cleaved and
cleaved caspase-11 protein expressions were evaluated by Western blot. Results are presented as
the mean ± SEM of at least six independent experiments. + p < 0.05; ++ p < 0.01; +++ p < 0.001 vs.
unstimulated cells; * p < 0.05; ** p < 0.01; *** p < 0.001 vs. LPS-DMSO stimulated cells.

3.9. OLE and Met-OLE Induced Epigenetic Histone Modifications

In an attempt to elucidate the role of epigenetic histone mechanisms underlying
met-OLE’s anti-inflammatory effects, we explored met-OLE-induced epigenetic changes
in histone markers and cytokine-correlated production, compared to OLE. We isolated
histones from mice spleen cells and measured their expression by Western blot. A total
of three H3 histone modifications were evaluated on several lysine residues: H3K18ac,
H3K9me3 and H3K27me3. Acetylation of H3 is associated with the induction of expression,
while methylation is a repressive marker. Consistent with that, basal levels of H3K18ac
were induced, as well as H3K9me3 and H3K27me3 being significantly decreased after
exposure to LPS exposition (+ p < 0.05; ++ p < 0.01 vs. unstimulated cells). Surprisingly, as
shown in Figure 7A, pretreated cells with OLE and met-OLE counteracted LPS induction,
preventing H3K18 acetylation or H3K9 and H3K27 demethylation (* p < 0.05; ** p < 0.01
vs. LPS-DMSO stimulated cells). Subsequently, we next evaluated the levels of several
modulated cytokines that have been associated with the markers of these histones in their
promoter regions. Particularly, levels of IL-17, IL-1β and IL-6 were up-regulated after
LPS stimulation (+ p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. unstimulated cells), while
the treatments with OLE and met-OLE were able to considerably reduce them. These
results with previous results obtained for the histones’ modifications (* p < 0.05; ** p < 0.01;
*** p < 0.001 vs. LPS-DMSO stimulated cells) (Figure 7B).

Interestingly, all together the results suggest that OLE and met-OLE exert effects on epi-
genetic regulation in acute inflammatory responses and innate immunity, reducing H3K18
acetylation and inducing H3K9 and H3K27 methylation on il17, il1β and il6 promoters, and
probably suppressing their transcription.
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Figure 7. (A) Epigenetic modifications of histones by OLE and met-OLE and (B) the cytokine-related
response. Spleen cells were pre-treated with OLE (50 µM) or met-OLE (50, 25 or 12.5 µM) for
30 min and then, LPS-stimulated during an 18 h period. The histones were isolated from cells and
the expression of H3 modifications was evaluated using antibodies for H3K18ac, H3K9me3 and
H3K27me3 by Western blot. Related cytokine levels were measured in cell supernatants using specific
ELISA assays. Results are presented as the mean ± SEM of at least six independent experiments.
+ p < 0.05; ++ p < 0.01; +++ p < 0.001 vs. unstimulated cells; * p < 0.05; ** p < 0.01; *** p < 0.001 vs.
LPS-DMSO stimulated cells.

4. Discussion

In the search for new strategies to improve the chemistry and metabolic stability
of some compounds, methylation has been postulated as a novel approach. This fact is
supported by several studies that reported how phenolic hydroxyl group methylation (or-
thomethylation) generated more lipophilic molecules, promoting the induction of beneficial
effects when compared to its parent non-methylated analogs [29,30]. During et al. (2013)
compared the effects of Chrysin, a natural flavone, and its methyl derivative in a Caco-2 cell
model. They observed that methylation improved the inhibition of IL-18, IL-6, COX-2 and
NF-κB expression in a better way than Chrysin [29]. In addition, another in vitro study on
RAW264.7 LPS-stimulated cells showed the inhibitory potential of two resveratrol methyl-
derivates that blocked the MAPKs and NF-κB signaling pathways [2]. Altogether, these
works suggest that the orthomethylated form of polyphenols has a better metabolic and
biological profile, as well as bioactivity, than its nonmethylated patterns, so it could confer
a viable solution to the bioavailability and biotransformation deficiencies of secoiridoids
and, even better, improve its pharmacological effects. Our data provided evidence that
methylation of the OLE hydroxyl group appears to enhance its pharmacodynamic and
pharmacological profile.

Excess ROS production is associated with the production and release of inflammatory
mediators. Similarly, numerous studies have reported an increase in COX-2, iNOS, and
NO-related secretion in the LPS-induced inflammatory response [14,22,31]. In fact, iNOS is
predominantly overexpressed in LPS-induced macrophages and high levels of NO may also
contribute to the inflammatory process. In this line, inhibition of NO synthesis has been
proposed to be a possible mechanism of action of drugs used to treat inflammatory diseases.
In addition, COX-2 is one of the most important mediators of the inflammatory response,
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since it is responsible for the synthetization of prostaglandins. First, COX-2 catalyzes
arachidonic acid PGH2 production and then, mPGES-1 converts it to PGE2. Our findings
have shown for the first time that the OLE metabolite, met-OLE, reduced intracellular ROS
production, as seen in the nitrates/nitrites levels, which are indicators of NO production,
as well as the expression of iNOS, COX-2 and mPGES-1 proteins. Interestingly, met-OLE-
treated cells exerted a more significant down-regulation when compared to the parent
compound in LPS-induced murine peritoneal macrophages [14].

An imbalance of pro-inflammatory Th1 and Th17 cytokines is associated with macrophage
LPS exposure. This fact is reflected in several reports, where LPS-activated cells showed
higher levels of certain cytokines than non-stimulated cells [32,33]. In agreement with
these observations, the present results revealed that IL-1β, IL-6, IL-17, TNF-α and IFN-γ
levels were increased after 18 h of LPS activation, while met-OLE treatment significantly
ameliorated all these cytokines’ levels, reducing, even more efficiently, TNF-α and IL-17 se-
cretion levels when compared to OLE [14]. Therefore, regulation of these pro-inflammatory
biomarkers could represent a potential molecular target that is susceptible to met-OLE
modulation, which has not been demonstrated previously.

LPS-induced signaling pathways include MAPKs, a subfamily of serine/threonine-
specific protein kinases family whose phosphorylation is significantly induced by LPS in
macrophages, initiating inflammatory gene expression, including, in particular, iNOS and
COX-2. MAPKs include three main members: p38, JNK and ERK. In this sense, inhibition
of p38 MAPK has been shown to effectively alleviate inflammatory diseases, including
rheumatoid arthritis, asthma, cardiovascular disease, Alzheimer’s disease, osteoarthritis
and inflammatory pain [34]. Thus, MAPKs inhibitors are considered novel potential drug
candidates for inflammation-related diseases. In the present study, we reported that met-
OLE suppressed MAPKs’ phosphorylation in a concentration-dependent manner. These
results are in line with those from our previous studies, which reported that MAPKs’
activation was drastically inhibited by OLE in LPS -induced murine macrophages [14], as
well as in the paws of arthritic animals fed with this EVOO phenol [15].

In contrast, activation of the antioxidant Nrf-2/HO-1 pathway exerts protective actions
in LPS-induced peritoneal macrophages or RAW264.7 murine macrophages through down-
regulation of pro-inflammatory mediators, such as iNOS, COX-2, NO, PGE2 or multiple
cytokines [14,22,35]. The Nrf-2/HO-1 pathway in activated macrophages is an attractive
target, due to its protective effect against ROS-induced cell damage. Moreover, HO-1
expression can inhibit the production of TNF-α, IL-1β and IL-6 cytokines in RAW264.7
macrophages [35]. Here, we describe that met-OLE -treated cells restored Nrf-2 and HO-1
LPS-induced protein overexpression, conferring a notable role of the Nrf-2/HO-1 signaling
pathway in the beneficial effects of met-OLE in acute inflammatory response. Furthermore,
these results were consistent with the decrease in the production of inflammatory markers
described above.

Inflammasomes are multimolecular complexes that can sense the presence of a pathogen
and trigger a robust pro-inflammatory response. In particular, it is involved in the innate
immune response, where it participates in host defense, cancer and autoinflammation,
among others [36]. The inflammasome complex consists of a sensor (NLRP3), an adaptor
(ASC) and a zymogen (pro-caspase-1). The outcome of its induction is maturation of
IL-1β and IL-18 cytokines and consequently pyroptosis, an inflammatory cell death. It
is well documented that in the presence of LPS, oxidative stress, certain cytokines or
NF-kB and MAPKs signaling activation, NLRP3 may be induced. Then, assembly in the
canonical way is performed up to cytokine secretion and pyroptosis [37]. Furthermore, a
non-canonical inflammasome pathway has been described as an alternative mechanism to
induce pyroptosis without intermediates and caspase-1-dependent maturation of IL-1β
and IL-18 cytokines [37]. In our study, LPS-induced inflammation led to activation of the
canonical cascade with caspase-11 cleaved, which was accompanied by increased pro-
inflammatory cytokine production. In contrast, met-OLE treatment was able to significantly
return these effects to their basal levels. These findings are consistent with our previous
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study, where OLE inhibited the canonical and non-canonical inflammasome signaling
pathways [14]. However, it is important to note that our finding reveals, for the first time, a
remarkable role for met-OLE, in inflammasome blockade, showing even a more significant
down-regulation of inflammasome-activated protein expression in comparison with its
parent compound, OLE.

Identifying factors involved in the onset and progression of inflammation and the
discovery of epigenetic modifiers are essential to better understand the pathogenesis of
inflammatory diseases and the search for therapeutic targets. Epigenetic alterations are
suggested to be responsible for disease-related phenotypic differences in unaltered DNA
sequences [38]. Certain dietary habits appear to influence histone modifications, including
methylation, acetylation, and phosphorylation, among others [38,39]. Particularly, the
epigenetic and epigenomic effects described by food components of the Mediterranean
diet that display positive health effects against several diseases include the modulation of
miRNA expression and histone modifications [40].

According to EVOO, one of the primary fat sources in the Mediterranean diet, only
one study investigated EVOO-induced histone modifications in association with anti-
inflammatory activity. EVOO was able to restore histone deacetylase (HDAC) 1 and
HDAC3 overexpression levels induced by low-level inflammation in the THP-1 cell line [9].
Additionally, various studies showed the ability of olive oil polyphenols, such as oleuropein
and oleacein, to decrease HDACs, but these results have been described in terms of their
anticancer effects.

In this line, we evaluated, for the first time, the effects of met-OLE in comparison
with OLE on LPS-induced histone modifications in H3K9, H3K27 and H3K18. Our results
suggested that LPS induced H3 acetylation or methylation and resulted in sustained IL-1β,
IL-6 and IL-17 expression in immune spleen cells. Accordingly, Imuta et al. (2020) observed
H3K27 demethylation on the il1b promoter, which was associated with an increase of IL-1β
levels on LPS- and IFN-stimulated RAW264.7 cells [7]. Other in vitro assays showed a
marked reduction in H3K9me3 levels using LPS-exposed murine macrophages that was
related to NF-κB recruitment, activating IL-6 transcription [6,8]. Although histone H3K9
and H3K27 methylation could promote different roles based on immune cell type, metabolic
status, target gene, stimulus and time of exposition [41], H3K9me3 and H3K27me3 are
associated with chromatin condensation and, therefore, gene repression [42]. On the
contrary, H3K18 acetylation assists in the accessibility of DNA machinery transcription,
inducing pro-inflammatory cytokine gene transcription [43]. Consistent with all of these
authors, our data suggested that H3K27me3, H3K9me3 and H3K18ac were involved in the
expression of pro-inflammatory cytokines induced by LPS. However, in the presence of
OLE and met-OLE, these histone markers were properly modulated to control IL-1β, IL-6
and IL-17-related production in immune spleen cells.

In fact, inappropriate histone methylation can cause inflammation and damage. Recently,
emerging studies have demonstrated the regulatory roles of histone methyltransferases in
inflammasome activation, suggesting that they also cooperate with inflammasomes and play
regulatory roles in the inflammasome-induced inflammatory response [44]. Furthermore,
increasing evidence has evaluated the association between histone H3 acetylation and the
NLRP3 inflammasome. The direct relationship between the high level of H3 acetylation in
the promoter region of NLRP3 has been widely established in different in vitro and in vivo
studies related to several pathologies [45–48]. Sun et al. (2017) also demonstrated that by using
curcumin, an inhibitor of histone acetylation, NLRP3 activation was prevented [46]. Taking
this into account, the results obtained in the evaluation of NLRP3 and, subsequently, caspase-1
activation suggest a potential downstream consequence of histone acetylation. Therefore,
the present study revealed, for the first time, that OLE and met-OLE may exert a critical
role in inflammasome blockade through modifications of histone epigenetics, regulating the
expression of immune and inflammatory-related genes.
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5. Conclusions

Collectively, this study reports, for the first time, the semi-synthesis of a new methy-
lated OLE metabolite and its antioxidant and anti-inflammatory effects in the response
of murine macrophages to LPS exposure. Generally, met-OLE inhibited the expression of
pro-inflammatory enzymes, (iNOS, COX-2 and mPGES-1), cytokines (IL-6, IL-17, IL-1β,
TNF-α, IFN-γ and IL-18) and regulated intracellular ROS and products that are related to
oxidative damage, such as NO levels, via MAPKs, Nrf-2/HO-1 and both canonical and
non-canonical inflammasome signal pathway modulation. Furthermore, both OLE and
met-OLE were able to regulate epigenetic mechanisms by modulating histone methyla-
tion (H3K9me3 and adnH3K27me) and acetylation (H3K18ac) and by down-regulating
cytokine-related production in LPS-exposed spleen immune cells.

This revealing evidence suggests that the methylated metabolite of OLE may con-
tribute significantly to the beneficial effects that are associated with the secoiridoid-related
compound and the usual consumption of EVOO. Thus, met-OLE could be a promising
therapeutic agent used in various immune—inflammatory pathologies, and the elucidation
of their structure—activity relationship might be a relevant goal for future directions.

Supplementary Materials: Supplementary materials are available online https://www.mdpi.com/
article/10.3390/antiox11010056/s1, synthesis of diazomethane’s precursor; Western Blotting; Cali-
bration curves: Graphics S1 and S2, Tables S1 and S2; Spectroscopy data of OLE (Figures S1 and S2),
met-OLE (Figures S3–S8) and methyl-ligustroside (Figures S9–S11).

Author Contributions: Conceptualization, M.S.-H. methodology, T.M.; experimentation contribution,
M.L.C.; product extractions and chemical synthesis, J.O.-V. and J.A.; software, validation and formal
analysis, T.M.; investigation, T.M.; data curation, T.M.; writing—original draft preparation, T.M.
and M.S.-H.; writing—review and editing, C.A.-d.-l.-L., T.M., J.A. and M.S.-H.; visualization and
supervision, C.A.-d.-l.-L. and M.S.-H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by Ministerio de Economía y Competitividad of Spain, grant
number AG-2017-89342-P and, Junta de Andalucía funded by CTS-259, FQM-182.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
European Union regarding animal experimentation (Directive of the European Counsel 2012/707/EU)
and were approved by the Animal Ethics Committee of the University of Sevilla (23 July 2018/119).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors gratefully acknowledge the assistance of Center for Technology and
Innovation Research, University of Seville (CITIUS) and, the Technical Scientific Instrumentation
Center (CICT) of the University of Jaen. T. Montoya thanks support from a Postgraduate Program of
PIF fellowship and financial sponsorship from VI Plan Propio de Investigación y Transferencia at
Universidad de Sevilla.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445–455.

[CrossRef] [PubMed]
2. Yao, Y.; Liu, K.; Zhao, Y.; Hu, X.; Wang, M. Pterostilbene and 4′-Methoxyresveratrol Inhibited Lipopolysaccharide-Induced

Inflammatory Response in RAW264.7 Macrophages. Molecules 2018, 23, 1148. [CrossRef] [PubMed]
3. Brüne, B.; Dehne, N.; Grossmann, N.; Jung, M.; Namgaladze, D.; Schmid, T.; Von Knethen, A.; Weigert, A. Redox Control of

Inflammation in Macrophages. Antioxid. Redox Signal. 2013, 19, 595–637. [CrossRef] [PubMed]
4. Shanmugam, M.K.; Sethi, G. Role of Epigenetics in Inflammation-Associated Diseases. Epigenetics Dev. Dis. 2013, 61, 627–657.

[CrossRef]
5. Hajji, N.; Joseph, B. Epigenetic regulation of cell life and death decisions and deregulation in cancer. Essays Biochem. 2010, 48,

121–146. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11010056/s1
https://www.mdpi.com/article/10.3390/antiox11010056/s1
http://doi.org/10.1038/nature12034
http://www.ncbi.nlm.nih.gov/pubmed/23619691
http://doi.org/10.3390/molecules23051148
http://www.ncbi.nlm.nih.gov/pubmed/29751609
http://doi.org/10.1089/ars.2012.4785
http://www.ncbi.nlm.nih.gov/pubmed/23311665
http://doi.org/10.1007/978-94-007-4525-4_27
http://doi.org/10.1042/bse0480121


Antioxidants 2022, 11, 56 17 of 18

6. Zhao, S.; Zhong, Y.; Fu, X.; Wang, Y.; Ye, P.; Cai, J.; Liu, Y.; Sun, J.; Mei, Z.; Jiang, Y.; et al. H3K4 Methylation Regulates LPS-Induced
Proinflammatory Cytokine Expression and Release in Macrophages. Shock 2019, 51, 401–406. [CrossRef]

7. Imuta, H.; Fujita, D.; Oba, S.; Kiyosue, A.; Nishimatsu, H.; Yudo, K.; Suzuki, E. Histone methylation and demethylation are
implicated in the transient and sustained activation of the interleukin-1β gene in murine macrophages. Hear. Vessel. 2020, 35,
1746–1754. [CrossRef]

8. Hachiya, R.; Shiihashi, T.; Shirakawa, I.; Iwasaki, Y. The H3K9 methyltransferase Setdb1 regulates TLR4-mediated inflam-matory
responses in macrophages. Sci. Rep. 2016, 28, 28845. [CrossRef]

9. Bordoni, L.; Fedeli, D.; Fiorini, D.; Gabbianelli, R. Extra Virgin Olive Oil and Nigella sativa Oil Produced in Central Italy: A
Comparison of the Nutrigenomic Effects of Two Mediterranean Oils in a Low-Grade Inflammation Model. Antioxidants 2019, 9,
20. [CrossRef]

10. Castejón, M.L.; Montoya, T.; Alarcón-De-La-Lastra, C.; Sánchez-Hidalgo, M. Potential Protective Role Exerted by Secoiridoids
from Olea europaea L. in Cancer, Cardiovascular, Neurodegenerative, Aging-Related, and Immunoinflammatory Diseases.
Antioxidants 2020, 9, 149. [CrossRef]

11. Fabiani, R.; Vella, N.; Rosignoli, P. Epigenetic Modifications Induced by Olive Oil and Its Phenolic Compounds: A Systematic
Review. Molecules 2021, 26, 273. [CrossRef] [PubMed]

12. Cicerale, S.; Conlan, X.; Barnett, N.W.; Keast, R. Storage of extra virgin olive oil and its effect on the biological activity and
concentration of oleocanthal. Food Res. Int. 2013, 50, 597–602. [CrossRef]

13. Segura-Carretero, A.; Curiel, J.A. Current Disease-Targets for Oleocanthal as Promising Natural Therapeutic Agent. Int. J. Mol.
Sci. 2018, 19, 2899. [CrossRef]

14. Montoya, T.; Castejón, M.L.; Sánchez-Hidalgo, M.; González-Benjumea, A.; Fernández-Bolaños, J.G.; De-La-Lastra, C.A. Oleocan-
thal Modulates LPS-Induced Murine Peritoneal Macrophages Activation via Regulation of Inflammasome, Nrf-2/HO-1, and
MAPKs Signaling Pathways. J. Agric. Food Chem. 2019, 67, 5552–5559. [CrossRef]

15. Montoya, T.; Sánchez-Hidalgo, M.; Castejón, M.; Rosillo, M.; González-Benjumea, A.; Alarcón-De-La-Lastra, C. Dietary Oleocan-
thal Supplementation Prevents Inflammation and Oxidative Stress in Collagen-Induced Arthritis in Mice. Antioxidants 2021, 10,
650. [CrossRef] [PubMed]

16. López-Yerena, A.; Vallverdú-Queralt, A.; Jáuregui, O.; Garcia-Sala, X.; Lamuela-Raventós, R.; Escribano-Ferrer, E. Tissue
Distribution of Oleocanthal and Its Metabolites after Oral Ingestion in Rats. Antioxidants 2021, 10, 688. [CrossRef] [PubMed]

17. Wen, L.; Jiang, Y.; Yang, J.; Zhao, Y.; Tian, M.; Yang, B. Structure, bioactivity, and synthesis of methylated flavonoids. Ann. N. Y.
Acad. Sci. 2017, 1398, 120–129. [CrossRef] [PubMed]

18. Diez-Bello, R.; Jardin, I.; Lopez, J.; El Haouari, M.; Ortega-Vidal, J.; Altarejos, J.; Salido, G.; Salido, S.; Rosado, J. (−)-Oleocanthal
inhibits proliferation and migration by modulating Ca2+ entry through TRPC6 in breast cancer cells. Biochim. et Biophys. Acta
(BBA)-Bioenerg. 2019, 1866, 474–485. [CrossRef]

19. Pérez-Bonilla, M.; Salido, S.; van Beek, T.A.; Linares-Palomino, P.J.; Altarejos, J.; Nogueras, M.; Sánchez, A. Isolation and
identification of radical scavengers in olive tree (Olea europaea) wood. J. Chromatogr. A 2006, 1112, 311–318. [CrossRef]

20. Chang, H.C.; Wang, S.W.; Chen, C.Y.; Hwang, T.L.; Cheng, M.J.; Sung, P.J.; Liao, K.W.; Chen, J.J. Secoiridoid glucosides and
an-ti-inflammatory constituents from the stem bark of Fraxinus chinensis. Molecules 2020, 25, 5911. [CrossRef]

21. Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.M.; Vistica, D.; Warren, J.T.; Bokesch, H.; Kenney, S.; Boyd, M.R.
New Colorimetric Cytotoxicity Assay for Anticancer-Drug Screening. JNCI J. Natl. Cancer Inst. 1990, 82, 1107–1112. [CrossRef]
[PubMed]

22. Montoya, T.; Aparicio-Soto, M.; Castejón, M.L.; Rosillo, M.A.; Sánchez-Hidalgo, M.; Begines, P.; Férnandez-Bolaños, J.G.; Alarcón-
de-la-Lastra, C. Peracetylated-Hydroxytyrosol, a new hydroxytyrosol derivate, attenuates LPS-induced inflammato-ry response
in murine peritoneal macrophages via regulation of non-canonical inflammasome, Nrf2/HO1 and JAK/STAT signaling pathways.
J. Nutr. Biochem. 2018, 57, 110–120. [CrossRef] [PubMed]

23. Vougogiannopoulou, K.; Lemus, C.; Halabalaki, M.; Pergola, C.; Werz, O.; Smith, A.B., III; Michel, S.; Skaltsounis, L.; Deguin,
B. One-step semisynthesis of olea-cein and the determination as a 5-lipoxygenase inhibitor. J. Nat. Prod. 2014, 77, 441–445.
[CrossRef] [PubMed]

24. Costanzo, P.; Bonacci, S.; Cariati, L.; Nardi, M.; Oliverio, M.; Procopio, A. Simple and efficient sustainable semi-synthesis of
oleacein [2-(3,4-hydroxyphenyl) ethyl (3S,4E)-4-formyl-3-(2-oxoethyl)hex-4-enoate] as potential additive for edible oils. Food
Chem. 2018, 245, 410–414. [CrossRef] [PubMed]

25. Mason, J.D.; Murphree, S.S. Microwave-Assisted Aqueous Krapcho Decarboxylation. Synlett 2013, 24, 1391–1394. [CrossRef]
26. Fernández-Bolaños, J.M.; Maya-Castilla, I.; González-Benjumea, A. Use of DMSO for the Synthesis of Oleacein and Oleocanthal.

WO2018162769A2, 13 September 2018.
27. Karkoula, E.; Skantzari, A.; Melliou, E.; Magiatis, P. Quantitative Measurement of Major Secoiridoid Derivatives in Olive Oil

Using qNMR. Proof of the Artificial Formation of Aldehydic Oleuropein and Ligstroside Aglycon Isomers. J. Agric. Food Chem.
2014, 62, 600–607. [CrossRef] [PubMed]

28. Angelis, A.; Michailidis, D.; Antoniadi, L.; Stathopoulos, P.; Tsantila, V.; Nuzillard, J.-M.; Renault, J.-H.; Skaltsounis, L.A. Pilot
continuous centrifugal liquid-liquid extraction of extra virgin olive oil biophenols and gram-scale recovery of pure oleocanthal,
oleacein, MFOA, MFLA and hydroxytyrosol. Sep. Purif. Technol. 2021, 255, 117692. [CrossRef]

http://doi.org/10.1097/SHK.0000000000001141
http://doi.org/10.1007/s00380-020-01670-5
http://doi.org/10.1038/srep28845
http://doi.org/10.3390/antiox9010020
http://doi.org/10.3390/antiox9020149
http://doi.org/10.3390/molecules26020273
http://www.ncbi.nlm.nih.gov/pubmed/33430487
http://doi.org/10.1016/j.foodres.2011.03.046
http://doi.org/10.3390/ijms19102899
http://doi.org/10.1021/acs.jafc.9b00771
http://doi.org/10.3390/antiox10050650
http://www.ncbi.nlm.nih.gov/pubmed/33922438
http://doi.org/10.3390/antiox10050688
http://www.ncbi.nlm.nih.gov/pubmed/33925686
http://doi.org/10.1111/nyas.13350
http://www.ncbi.nlm.nih.gov/pubmed/28436044
http://doi.org/10.1016/j.bbamcr.2018.10.010
http://doi.org/10.1016/j.chroma.2005.12.055
http://doi.org/10.3390/molecules25245911
http://doi.org/10.1093/jnci/82.13.1107
http://www.ncbi.nlm.nih.gov/pubmed/2359136
http://doi.org/10.1016/j.jnutbio.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29694939
http://doi.org/10.1021/np401010x
http://www.ncbi.nlm.nih.gov/pubmed/24568174
http://doi.org/10.1016/j.foodchem.2017.10.097
http://www.ncbi.nlm.nih.gov/pubmed/29287389
http://doi.org/10.1055/s-0033-1338701
http://doi.org/10.1021/jf404421p
http://www.ncbi.nlm.nih.gov/pubmed/24384036
http://doi.org/10.1016/j.seppur.2020.117692


Antioxidants 2022, 11, 56 18 of 18

29. During, A.; Larondelle, Y. The O-methylation of chrysin markedly improves its intestinal anti-inflammatory properties: Structure–
activity relationships of flavones. Biochem. Pharmacol. 2013, 86, 1739–1746. [CrossRef]

30. Koirala, N.; Thuan, N.H.; Ghimire, G.P.; Van Thang, D.; Sohng, J.K. Methylation of flavonoids: Chemical structures, bioactivities,
progress and perspectives for biotechnological production. Enzym. Microb. Technol. 2016, 86, 103–116. [CrossRef]

31. Castejón, M.L.; Montoya, T.; Alarcón-De-La-Lastra, C.; González-Benjumea, A.; Vázquez-Román, M.V.; Sánchez-Hidalgo, M.
Dietary oleuropein and its acyl derivative ameliorate inflammatory response in peritoneal macrophages from pristane-induced
SLE mice via canonical and noncanonical NLRP3 inflammasomes pathway. Food Funct. 2020, 11, 6622–6631. [CrossRef]

32. Scotece, M.; Gomez, R.; Conde, J.; Lopez, V.; Gomez-Reino, J.; Lago, F.; Iii, A.S.; Gualillo, O. Oleocanthal Inhibits Proliferation and
MIP-1α Expression in Human Multiple Myeloma Cells. Curr. Med. Chem. 2013, 20, 2467–2475. [CrossRef]

33. Iacono, A.; Gómez, R.; Sperry, J.; Conde, J.; Bianco, G.; Meli, R.; Gómez-Reino, J.J.; Smith, A.B.; Gualillo, O. Effect of oleocanthal
and its derivatives on inflammatory response induced by lipopolysaccharide in a murine chondrocyte cell line. Arthritis Rheum.
2010, 62, 1675–1682. [CrossRef] [PubMed]

34. Gallo, K.A.; Ellsworth, E.; Stoub, H.; Conrad, S.E. Therapeutic potential of targeting mixed lineage kinases in cancer and
inflammation. Pharmacol. Ther. 2020, 207, 107457. [CrossRef] [PubMed]

35. Yu, Y.; He, J.; Li, S.; Song, L.; Guo, X.; Yao, W.; Zou, D.; Gao, X.; Liu, Y.; Bai, F.; et al. Fibroblast growth factor 21 (FGF21) inhibits
macrophage-mediated inflammation by activating Nrf2 and suppressing the NF-κB signaling pathway. Int. Immunopharmacol.
2016, 38, 144–152. [CrossRef]

36. Sharma, D.; Kanneganti, T.-D. The cell biology of inflammasomes: Mechanisms of inflammasome activation and regulation. J.
Cell Biol. 2016, 213, 617–629. [CrossRef]

37. Tschopp, J.; Schroder, K. NLRP3 inflammasome activation: The convergence of multiple signaling pathways on ROS produc-tion.
Nat. Rev. Immunol. 2010, 10, 210–215. [CrossRef]

38. Kumari, A.; Bhawal, S.; Kapila, S.; Yadav, H.; Kapila, R. Health-promoting role of dietary bioactive compounds through epigenetic
modulations: A novel prophylactic and therapeutic approach. Crit. Rev. Food Sci. Nutr. 2020, 21, 1–21. [CrossRef] [PubMed]

39. Ideraabdullah, F.; Zeisel, S.H. Dietary Modulation of the Epigenome. Physiol. Rev. 2018, 98, 667–695. [CrossRef]
40. Caradonna, F.; Consiglio, O.; Luparello, C.; Gentile, C. Science and Healthy Meals in the World: Nutritional Epigenomics and

Nutrigenetics of the Mediterranean Diet. Nutrients 2020, 12, 1748. [CrossRef]
41. Álvarez-Errico, D.; Vento-Tormo, R.; Sieweke, M.; Ballestar, E. Epigenetic control of myeloid cell differentiation, identity and

function. Nat. Rev. Immunol. 2015, 15, 7–17. [CrossRef]
42. Rohraff, D.M.; He, Y.; Farkash, E.A.; Schonfeld, M.; Tsou, P.; Sawalha, A.H. Inhibition of EZH2 Ameliorates Lupus—Like Disease

in MRL/lpr Mice. Arthritis Rheumatol. 2019, 71, 1681–1690. [CrossRef] [PubMed]
43. Huang, J.; Wan, D.; Li, J.; Chen, H.; Huang, K.; Zheng, L. Histone acetyltransferase PCAF regulates inflammatory molecules in

the development of renal injury. Epigenetics 2015, 101, 62–72. [CrossRef]
44. Yi, Y.-S. Functional Interplay between Methyltransferases and Inflammasomes in Inflammatory Responses and Diseases. Int. J.

Mol. Sci. 2021, 22, 7580. [CrossRef] [PubMed]
45. Jiang, L.; Wang, J.; Liu, Z.; Jiang, A.; Li, S.; Wu, D. Sodium butyrate alleviates lipopolysaccharide-induced inflammatory responses

by down-Regulation of NF-κB, NLRP3 Signaling Pathway, and activating histone acetylation in bovine macro-phages. Front. Vet.
Sci. 2020, 7, 579674. [CrossRef] [PubMed]

46. Sun, H.-J.; Ren, X.-S.; Xiong, X.-Q.; Chen, Y.-Z.; Zhao, M.-X.; Wang, J.-J.; Zhou, Y.-B.; Han, Y.; Chen, Q.; Li, Y.-H.; et al. NLRP3
inflammasome activation contributes to VSMC phenotypic transformation and proliferation in hypertension. Cell Death Dis. 2017,
8, e3074. [CrossRef]

47. Fang, P.; Chen, C.; Zheng, F.; Jia, J.; Chen, T.; Zhu, J.; Chang, J.; Zhang, Z. NLRP3 inflammasome inhibition by histone acetylation
amelio-rates sevoflurane-induced cognitive impairment in aged mice by activating the autophagy pathway. Brain Res. Bull. 2021,
172, 79–88. [CrossRef]

48. Liu, C.-C.; Huang, Z.-X.; Li, X.; Shen, K.-F.; Liu, M.; Ouyang, H.-D.; Zhang, S.-B.; Ruan, Y.-T.; Zhang, X.-L.; Wu, S.-L.; et al.
Upregulation of NLRP3 via STAT3-dependent histone acetylation contributes to painful neuropathy induced by bortezomib. Exp.
Neurol. 2018, 302, 104–111. [CrossRef]

http://doi.org/10.1016/j.bcp.2013.10.003
http://doi.org/10.1016/j.enzmictec.2016.02.003
http://doi.org/10.1039/D0FO00235F
http://doi.org/10.2174/0929867311320190006
http://doi.org/10.1002/art.27437
http://www.ncbi.nlm.nih.gov/pubmed/20201078
http://doi.org/10.1016/j.pharmthera.2019.107457
http://www.ncbi.nlm.nih.gov/pubmed/31863814
http://doi.org/10.1016/j.intimp.2016.05.026
http://doi.org/10.1083/jcb.201602089
http://doi.org/10.1038/nri2725
http://doi.org/10.1080/10408398.2020.1825286
http://www.ncbi.nlm.nih.gov/pubmed/33081489
http://doi.org/10.1152/physrev.00010.2017
http://doi.org/10.3390/nu12061748
http://doi.org/10.1038/nri3777
http://doi.org/10.1002/art.40931
http://www.ncbi.nlm.nih.gov/pubmed/31106974
http://doi.org/10.4161/15592294.2014.990780
http://doi.org/10.3390/ijms22147580
http://www.ncbi.nlm.nih.gov/pubmed/34299198
http://doi.org/10.3389/fvets.2020.579674
http://www.ncbi.nlm.nih.gov/pubmed/33251265
http://doi.org/10.1038/cddis.2017.470
http://doi.org/10.1016/j.brainresbull.2021.04.016
http://doi.org/10.1016/j.expneurol.2018.01.011

	Introduction 
	Materials and Methods 
	Reagents 
	Instruments 
	Isolation of (-)-Oleocanthal (OLE) from Olive Oil 
	Synthesis of (-)-Methyl-Oleocanthal (Met-OLE) from (-)-Ligustroside 
	Animals 
	Murine Macrophages and Spleen Cells Isolation and Culture 
	Cell Viability 
	Nitric Oxide Production 
	Intracellular ROS Production 
	Histone Extraction 
	Enzyme-Linked Immunosorbent Assay 
	Western Blotting 
	Statistical Analysis 

	Results 
	Chemistry 
	Effects of Met-OLE on Cell Viability 
	Effects of Met-OLE on IL-1, IL-6, IL-17, IFN- and TNF- Production 
	Effects of Met-OLE on Intracellular ROS and NO Productions 
	Met-OLE Down-Regulated iNOS, COX-2 and mPGES-1 Protein Overexpression Induced by LPS in Murine Macrophages 
	Effects of Met-OLE on LPS-Induced MAPKs Activation in Murine Peritoneal Macrophages 
	Effects of Met-OLE on Nrf2-Mediated Transcriptional Activation and HO-1 Induction in LPS Murine Peritoneal Macrophages 
	Effects of Met-OLE on Canonical and Noncanonical Inflammasome Signaling Pathways 
	OLE and Met-OLE Induced Epigenetic Histone Modifications 

	Discussion 
	Conclusions 
	References

