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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.
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| 1. Introduction

Macrophages are major components of the innate immune system and play a critical role in modulating inflammatory and
immune responses . 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 (mMPGES)-1, which synthesize nitric
oxide (NO) and prostaglandin (PG)E,, respectively [&. 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) Bl The process of gene expression of these pro-inflammatory mediators involves
multiple signal transduction pathways, which are mainly through mitogen-activated protein kinases (MAPKS), nuclear
transcription factor-kappa B (NF-kB), janus kinase/signal transducer and transcription activator of transcription
(JAK/STAT) or inflammasome activation. Furthermore, 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 22!,

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)-1p, IL-6 or 1L-17 BEI®IA Fyrthermore, 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 processes 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 &,

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 19,
Essentially, 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 1LY,

Examples of the main olive polyphenols are tyrosol, hydroxytyrosol, oleocanthal (OLE), oleacein, olive ligustroside and
oleuropein. OLE represents up to 10% of the total polyphenol content in EVOO (0.2-498 mg/kg) 24 and has received



more scientific attention, due to its interesting biological activities, both within in vitro and in vivo systems, including anti-
inflammatory, antioxidant, cardioprotective, chemopreventive and neuroprotective properties 1913l |n 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 141151,

Metabolic transformations or the presence of metabolites can affect the pharmacological 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 | and Il in the liver, namely,
hydroxylation or hydration and methylation, respectively. Consequently, Lopez-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 1€l |n 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, methylation 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 studies also indicate that the
methylation process increases biological activity without altering therapeutic indices 12,

| 2. 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) 18], 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 2. 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 29, 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) CH,N,/Et,O; (b) H,O-
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 [, 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 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 22 came to observe in some cases and
as Fernandez-Bolafios’ group has recently claimed 22,

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 23], and upon exposure to oxygen and light



(121 e 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 24, This silica-free chromatographic
technique has shown to be a good option to isolate these compounds 22 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. 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 uM 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 uM
concentrations of met-OLE to be studied in the following assays.
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Figure 2. Effect of met-OLE on cell viability. Macrophages were pretreated with met-OLE (200-1.6 pM) for 18 h. Cell
survivals were expressed as the percentage of viability with respect to 100% from control, untreated cells. Results are
presented as mean + SEM of at least six independent experiment.

| 4. Effects of Met-OLE on IL-1pB, IL-6, IL-17, IFN-y and TNF-a Production

To explore the effects of met-OLE on pro-inflammatory cytokine production, we evaluated IL-1f3, IL-6, IL-17, IFN-y and
TNF-a 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-1(, IL-6, IL-17, IFN-y
and TNF-a secretions when compared to the LPS-DMSO group (** p < 0.01; *** p < 0.001 vs. LPS-DMSO 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 yM) for 30 min and then, LPS-stimulated during 18 h. (A) IL-13, (B) IL-6, (C) IL-17, (D) IFN-
y and (E) TNF-a levels were measured by ELISA on cell supernatants. Results are presented as the mean + SEM of at
least six independent experiments. ++ p < 0.01; +++ p < 0.001 vs. unstimulated control cells; ** p < 0.01; *** p < 0.001 vs.

LPS-DMSO stimulated cells.

| 5. 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 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 pyM) 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.

6. 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 iINOS
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
PGE, 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 the expressions of these proinflammatory enzymes (*** p < 0.001 vs. LPS-DMSO stimulated cells) (Figure 4C).

7. 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).
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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 uM).
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.

8. 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-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.



9. 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 141251,
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).
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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 yM) 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.

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 uM 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.

| 10. 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-1
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).
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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 pM) or met-OLE (50, 25 or 12.5 pM) 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.

Interestingly, all together the results suggest that OLE and met-OLE exert effects on epigenetic regulation in acute
inflammatory responses and innate immunity, reducing H3K18 acetylation and inducing H3K9 and H3K27 methylation
on il17, il13 and il6 promoters, and probably suppressing their transcription.
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