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Abstract: The Mediterranean diet well known for its beneficial health effects, including mood
enhancement, is characterised by the relatively high consumption of extra virgin olive oil (EVOO),
which is rich in bioactive phenolic compounds. Over 200 phenolic compounds have been associated
with Olea europaea, and of these, only a relatively small fraction have been characterised. Utilising the
OliveNetTM library, phenolic compounds were investigated as potential inhibitors of the epigenetic
modifier lysine-specific demethylase 1 (LSD1). Furthermore, the compounds were screened for
inhibition of the structurally similar monoamine oxidases (MAOs) which are directly implicated
in the pathophysiology of depression. Molecular docking highlighted that olive phenolics interact
with the active site of LSD1 and MAOs. Protein–peptide docking was also performed to evaluate the
interaction of the histone H3 peptide with LSD1, in the presence of ligands bound to the substrate-
binding cavity. To validate the in silico studies, the inhibitory activity of phenolic compounds was
compared to the clinically approved inhibitor tranylcypromine. Our findings indicate that olive
phenolics inhibit LSD1 and the MAOs in vitro. Using a cell culture model system with corticosteroid-
stimulated human BJ fibroblast cells, the results demonstrate the attenuation of dexamethasone-
and hydrocortisone-induced MAO activity by phenolic compounds. The findings were further
corroborated using human embryonic stem cell (hESC)-derived neurons stimulated with all-trans
retinoic acid. Overall, the results indicate the inhibition of flavin adenine dinucleotide (FAD)-
dependent amine oxidases by olive phenolics. More generally, our findings further support at
least a partial mechanism accounting for the antidepressant effects associated with EVOO and the
Mediterranean diet.
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1. Introduction

Mental disorders accounted for 970.1 million cases of illness in 2019, with depressive
disorders constituting the largest proportion of mental disorder disability-adjusted life
years (37.3%) [1]. Depressive disorders were also reported to be more common in females
than in males [1]. The symptoms and aetiology of major depressive disorder (MDD)
are often heterogenous, which contributes to the complexity of accurately diagnosing
and treating patients [2,3]. According to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) and the International Classification of Diseases (ICD-11), MDD is
predominantly associated with a depressive mood or anhedonia [4,5]. These symptoms
may be accompanied by other cognitive, behavioural, or neurovegetative changes that
significantly impact an individual’s ability to function [4,5].

The pathophysiological mechanisms underlying MDD require further elucidation.
Formulated in the 1950s, the monoamine hypothesis suggests that depression is asso-
ciated with a deficiency or imbalance of the monoamine neurotransmitters serotonin,
norepinephrine, and dopamine [6,7]. Monoamine oxidases (MAO) catalyse the oxidative
deamination of biogenic and xenobiotic amines in the central nervous system and periph-
eral tissues [8,9]. Although the MAO subtypes (MAO-A and MAO-B) share 70% sequence
identity, the substrate and inhibitor specificities differ [9,10]. The monoamine hypothesis
has also formed the foundation for the development of antidepressant drugs, which in-
crease neurotransmitter levels. Several MAO inhibitors have been clinically approved for
the treatment of depression, including tranylcypromine (TCP), selegiline, isocarboxazid,
and phenelzine [11].

In addition to the monoamine hypothesis, the involvement of genetics, inflamma-
tion and oxidative stress, the hypothalamic–pituitary–adrenal axis, neurotrophins and
neurogenesis, metabolism, and gut microbiota in the pathophysiology of MDD has been
highlighted [7,12–14]. More recent studies have shown that epigenetic mechanisms, such as
histone modifications and chromatin remodelling, play an important role in depression and
the response to antidepressant treatments [15,16]. Interestingly, MAO-A and MAO-B are
structurally related to lysine-specific histone demethylase 1 (LSD1) [17]. Through removal
of methyl groups from mono- and dimethylated lysine 4 and lysine 9 residues on histone
H3 (H3K4me1/2 and H3K9me1/2), gene expression is repressed or activated by LSD1,
respectively [18]. Furthermore, LSD1 has been found to regulate the methylation status of
other lysine residues in histone H3 and nonhistone proteins [18].

The MAO-A, MAO-B, and LSD1 enzymes require flavin adenine dinucleotide (FAD)
as a co-factor [19]. TCP has been identified as a non-selective and irreversible inhibitor of
the FAD-dependent amine oxidases [19]. Inhibition of the enzyme results in the formation
of a covalent flavin adduct [19]. Due to the non-specific effects of irreversible inhibitors,
the identification and development of reversible inhibitors has been of interest [20].

The Mediterranean diet, which is characterised by the high consumption of extra
virgin olive oil (daily intake of 25–50 mL) (EVOO), has been associated with numerous
health benefits [21,22]. Since the Seven Countries Study in the 1950s, which investigated
the relationship between diet, lifestyle, and coronary heart disease, a number of epidemi-
ological studies have demonstrated the association between the Mediterranean diet and
a lower incidence of cardiovascular disease [21–25]. Moreover, adherence to the Mediter-
ranean diet has been shown to have protective effects against depression and cognitive
impairment [26]. In the SMILES trial conducted by Jacka et al., individuals with MDD were
randomly assigned to a dietary support group and social support control group [27]. The
dietary intervention involved supporting the consumption of 12 key food groups, including
3 tablespoons of olive oil per day [27]. At 12 weeks, 32.3% of the dietary support group
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and 8.0% of the social support control group achieved remission criteria of a score of less
than 10 on the Montgomery–Åsberg Depression Rating Scale [27]. Similarly, analysis of the
ModiMedDiet scores revealed that there was a significantly greater improvement in the
dietary support at 12 weeks compared to the controls [27].

Following the discovery of the ibuprofen-like activity of the major olive polyphenol
oleocanthal (OLC), considerable research efforts have focused on the phenolic fraction of
EVOO, adding to the classical studies with the major fatty acid components, especially
oleic acid [28]. It is now evident that bioactive olive phenolic compounds are key to
the health effects of the Mediterranean diet. Over 200 hundred phenolic compounds
have been linked to Olea europaea, and of these, only approximately half are commercially
available [29]. To date, only a relatively small selection of olive phenolic compounds, such as
tyrosol, hydroxytyrosol (HT), hydroxytyrosol acetate (HTA), homovanillyl alcohol (HVA),
oleuropein (OLE), and OLC, have been investigated in models of human disease (Figure 1).
The biological activity, such as antioxidant and anti-inflammatory properties, of HT, HTA,
HVA, OLE, and OLC have been reported [30–32]. Many other phenolic compounds, such as
oleohydroxypyretol (OLP), have not yet been investigated (Figure 1) [33]. Although clinical
studies consistently highlight the beneficial effects of the diet, the molecular mechanisms
of action of EVOO in the context of depression remain largely unexplored [27,34,35].
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Molecules 2024, 29, 2446 4 of 21

In this study, the aim was to investigate HT, HTA, OLC, and OLP as potential in-
hibitors of FAD-dependent amine oxidases. In silico molecular modelling methods were
initially used to examine the binding characteristics of the compounds against LSD1 and
the MAO subtypes. The enzymatic inhibitory activity of the phenolic compounds in
comparison to relevant control compounds, including TCP, was subsequently validated
in vitro. Furthermore, the attenuation of the MAO-activating effects of dexamethasone
(DEX), which is known to cause mood and cognitive changes, by the phenolic compounds
was explored [36,37]. Normal human BJ skin fibroblasts, as well as human embryonic
stem cell (hESC)-derived neurons, were utilised to highlight the biological effects of the
olive phenolics.

2. Results and Discussion
2.1. In Silico Screen of Olea europaea Phenolics against FAD-Dependent Amine Oxidases

Following an initial screen of the OliveNetTM library against LSD1 and the MAO
subtypes, the binding characteristics of the phenolic compounds HT, HTA, OLC, and OLP
were further investigated [38,39]. The OliveNetTM library is a curated database consisting
of 676 compounds derived from Olea europaea [29]. This includes 222 phenolic compounds
that have been categorised into 13 subclasses [29].

2.1.1. Substrate-Binding Cavity of LSD1

Wu et al. previously identified 4-[5-(piperidin-4-ylmethoxy)-2-(p-tolyl)pyridine-3-
yl]benzonitrile as a potent inhibitor of LSD1 [17]. The crystal structure of LSD1 in complex
with the reversible inhibitor revealed that the 3-(piperidin-4-ylmethoxy)pyridine containing
compound targets the substrate-binding cavity (Figure 2A) [40]. The pyridine ring is located
in the middle of the substrate-binding site, while the piperidine ring resides in a negatively
charged pocket formed by the side chains of N540 and D555 and the main-chain carbonyl
groups of surrounding residues [40]. The 4-methylphenyl group occupies a relatively large
hydrophobic pocket formed by residues V333, I356, F538, L677, L693, and W695 [40]. The
4-cyanophenyl group is positioned deep in the cavity, while the site of the central pyridine
ring overlaps with the main-chain atoms of the methylated H3K4 peptide [40]. In this study,
4-[5-(piperidin-4-ylmethoxy)-2-(p-tolyl)pyridine-3-yl]benzonitrile was used as a positive
control. The binding affinity of the reversible inhibitor for the substrate-binding cavity was
predicted to be −9.5 kcal/mol (Figure 2A). The RMSD between the docked structure and
co-crystallised ligand was 0.65 Å.

The top-ranking poses of the phenolic compounds generated from molecular dock-
ing study were evaluated. HT, HTA, OLC, and OLP were predicted to bind to the
substrate-binding cavity with affinities of −5.3, −5.9, −7.1, and −7.2 kcal/mol, respec-
tively (Figure 2B). The phenolic compounds were predicted to be positioned in the nega-
tively charged pocket, similar to the piperidine ring of 4-[5-(piperidin-4-ylmethoxy)-2-(p-
tolyl)pyridine-3-yl]benzonitrile. OLC and OLP were found to adopt a similar conformation
within this region, as the residues within 5 Å of the ligands included T335, A539, N540,
L547, W552, D555, F558, E559, F560, H564, Y761, S762, Y763, V764, Y773, N806, Y807, P808,
A809, T810, and H812. In the study by Niwa et al., the piperidine ring of the reversible
inhibitor was found to form a hydrogen bond with D555 [40]. Based on the molecular
docking results, OLP and HT were predicted to form π–π stacking interactions with H812.
HT also formed a hydrogen bond with the negatively charged residue D556.

The negatively charged amino acids at the entrance of the substrate cleft form the bind-
ing site for the N-terminal residues of histone H3 [41,42]. In order to investigate whether the
bound phenolic compounds could disrupt the interaction between LSD1 and the histone
H3 peptide, protein–peptide docking was performed. The results from the protein–peptide
docking study revealed that the histone H3 peptide was preferentially binding to the
substrate-binding pocket in the absence and presence of compounds (Figure 3).
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Figure 2. Molecular docking results for LSD1. (A) The crystal structure of LSD1 in complex with
CoREST (PDB ID: 5YJB) is depicted. The FAD co-factor is labelled and predicted ligand-binding
sites are coloured brown. 4-[5-(piperidin-4-ylmethoxy)-2-(p-tolyl)pyridin-3-yl]benzonitrile was used
as the positive control inhibitor and was docked to the substrate-binding cavity of LSD1. The
binding affinity was predicted to be −9.5 kcal/mol. (B) The phenolic compounds OLP, OLC, HTA,
and HT were screened against the substrate-binding cavity and the binding affinities are provided
(kcal/mol). Key residues are labelled, with those predicted to form hydrogen bonds and π–π stacking
interactions italicised.

Redocking of the crystallographic histone H3 peptide was performed as a control. The
top-ranking docking conformation compared to the crystal structure had an RMSD of 0.22 Å
(Figure 3B). As reported by Forneris et al., the histone H3 peptide forms intermolecular
contacts with LSD1 including salt bridges with D375, D553, D556, and E379 [43]. In
accordance with the findings from the study by Forneris et al., R2 and R8 of the docked
histone peptide formed salt bridges with D375, D553, D556, and E379. Several hydrogen
bonds were also predicted to occur between the peptide and substrate-binding cavity of
LSD1 (Table S1). The overall binding conformation of the histone H3 peptide in the presence
of phenolic compounds in the substrate-binding cavity remained the same, with an RMSD
of 1.0 Å compared to the crystallographic peptide (Figure 3C). In comparison to the crystal
structure, fewer hydrogen bonds and salt bridges were predicted to form between R8 of
the histone peptide and LSD1 (Table S1). The results suggest that there may be differences
in the interactions between histone H3 and LSD1 when the phenolic compounds are bound
to the substrate-binding cavity; however, further examination is warranted.
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Figure 3. Protein–peptide docking results for histone H3 and LSD1. (A) Crystal structure of LSD1-
CoREST in complex with the N-terminal residues of the histone H3 peptide. The FAD co-factor is
coloured brown. Blind protein–peptide docking was performed to examine the preferential binding
site of the histone H3 peptide in the presence of ligands bound to the substrate-binding cavity. The
histone H3 peptide was docked to the crystal structure of LSD1-CoREST in the (B) absence and
(C) presence of phenolic compounds bound to the substrate-binding cavity. The results are shown for
OLC. (Aii–Cii) The protein–peptide interactions were evaluated using PDBePISA. The residues of the
LSD1 substrate-binding cavity that were predicted to form salt bridges with R2 and R8 (underlined)
of the histone H3 peptide are labelled.

2.1.2. Monoamine Oxidases

Crystal structures of the MAO-A monomer (Figure 4) and MAO-B dimer (Figure 5) in
complex with harmine and safinamide, respectively, were selected for use [8,10]. Harmine
is a reversible inhibitor that binds to the active center cavity of MAO-A, interacting with
several key residues [8]. Harmine was predicted to bind to MAO-A with an affinity of
−8.5 kcal/mol (Figure 4A). The RMSD between the docked structure and co-crystallised
ligand was 0.40 Å. Based on the molecular docking results, harmine was predicted to form a
π–π stacking interaction with the hydrophobic residue F208. Consistent with the structural
study by Son et al., the amino acids Y69, N181, F208, V210, Q215, C323, I325, I335, L337,
F352, Y407, and Y444 were found to be within 5 Å of the ligand [8]. Residues I335 and F208
in MAO-A, which correspond to Y326 and I199 of MAO-B, play an important role in the
selectivity of reversible inhibitors [8]. OLP was predicted to bind with a similar affinity
(−8.1 kcal/mol) to the positive control inhibitor, followed by HTA (−7.4 kcal/mol), OLC
(−6.9 kcal/mol), and HT (−6.4 kcal/mol) (Figure 4B). OLC and OLP were predicted to
form a π–π stacking interaction and hydrogen bond with F208 and Y444, respectively. HT
and HTA formed hydrogen bonds with I180.
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Figure 4. Molecular docking results for MAO-A. (A) The crystal structure of MAO-A (PDB ID:
2Z5X) is depicted. The FAD co-factor is labelled and predicted ligand-binding sites are coloured
brown. Harmine was used as the positive control inhibitor and docked to the active site of MAO-
A. The binding affinity was predicted to be −8.5 kcal/mol. (B) The phenolic compounds OLP,
OLC, HTA, and HT were screened against the active site and the binding affinities are provided
(kcal/mol). Key residues are labelled, with those predicted to form hydrogen bonds and π–π stacking
interactions italicised.

The active site of MAO-B comprises the substrate and entrance cavities [10]. Safi-
namide is a reversible inhibitor that binds to MAO-B in an extended conformation, occu-
pying both cavities [10]. Safinamide was predicted to bind to each subunit of the MAO-B
dimer with an affinity of −9.9 kcal/mol and formed a π–π stacking interaction with the
hydrophobic residue Y326 (Figure 5A). The RMSD values between the docked structure
and co-crystallised ligand for chain A and chain B were 0.78 and 0.76 Å, respectively. Like
the co-crystallised ligand, the docked structure of safinamide was surrounded by residues
Y60, P102, F103, P104, W119, L164, L167, F168, L171, C172, I198, I199, Q206, I316, Y326,
F343, Y398, and Y435 for each subunit.
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Figure 5. Molecular docking results for MAO-B. (A) The crystal structure of the MAO-B dimer (PDB
ID: 2V5Z) is depicted. The FAD co-factor is labelled and predicted ligand-binding sites are coloured
brown. Safinamide was used as the positive control inhibitor and docked to the active site of MAO-B.
The binding affinity was predicted to be −9.9 kcal/mol. (B) The phenolic compounds OLP, OLC,
HTA, and HT were screened against the active site, and the binding affinities are provided (kcal/mol).
Key residues are labelled, with those predicted to form hydrogen bonds and π–π stacking interactions
italicised. The results are shown for chain A of MAO-B.

As seen in Figure 5B, OLC (−8.4 kcal/mol) was predicted to have the strongest affinity
for chain A of the MAO-B dimer, followed by OLP (−7.9 kcal/mol), HTA (−7.2 kcal/mol),
and HT (−6.3 kcal/mol). OLP formed a hydrogen bond with Q206, while OLC and HT
formed π–π stacking interactions with F343. A similar trend was observed for chain B of
the MAO-B dimer: OLC (−8.3 kcal/mol), OLP (−7.9 kcal/mol), HTA (−7.1 kcal/mol),
and HT (−6.3 kcal/mol). OLP was predicted to form hydrogen bonds with P102 and
Y435. HT and HTA formed a π–π stacking interaction and hydrogen bond with F343 and
I198, respectively.

2.2. Viability of BJ Cells

The activity of MAOs in fibroblasts has been previously found to remain relatively
constant over 4–10 passages in young cell lines, with an increase (3–8 fold) being observed
as the lines became senescent [44]. Due to the stable amine oxidase expression profile of BJ
cells, the human foreskin-derived fibroblast cell line was selected for use in this study [44].
The viability of BJ cells was measured using the CellTiter-Blue Cell Viability Assay. The
cells were treated with OLC or OLP at concentrations of 25, 50, 75, and 100 µM. Untreated
BJ cells were used as controls. The BJ cells treated with OLP and OLC maintained their
proliferation potential, similar to the untreated cells (Figure S1). González-Acedo et al.
recently showed that the phenolic compounds HT and OLC significantly increased the



Molecules 2024, 29, 2446 9 of 21

growth capacity of human skin fibroblasts in comparison to untreated controls at certain
doses [45].

As seen in Figure S2, the relative viability of BJ cells decreased at the highest concen-
tration of OLP (500 µM). A reduction in the viability of BJ cells treated with 500 µM OLC
was also observed at each time point. At lower concentrations, up to 200 µM, the viability
of BJ cells treated with OLC and OLP was largely maintained. Most notably, OLC and OLP
were found to be non-toxic at the concentrations used in our further experiments. The IC50
value of OLC at 24 and 48 h was determined to be 123 and 111.3 µM, respectively. The IC50
value of OLP at 24 and 48 h was determined to be 219.5 µM and 257 µM, respectively.

2.3. Inhibition of LSD1 Demethylase Activity

The potential inhibitory activity of the phenolic compounds HT, HTA, OLC and
OLP, was investigated through direct compound incubation with purified LSD1. TCP
was used as the positive control. In comparison to TCP (IC50 = 110.5 µM), the phenolic
compounds HT (IC50 = 0.039 µM), HTA (IC50 = 1.1 µM), and OLP (IC50 = 0.80 µM) were
found to be more potent inhibitors of LSD1 (Figures 6A and S3). In a separate set of
experiments (performed by Reaction Biology Corp.), the irreversible LSD1 inhibitor HCl
489479 was used as the positive control and had an IC50 value of 5.4 nM (Figure 6B).
HTA (IC50 = 0.031 µM) exhibited a high level of inhibitory activity followed by OLP
(IC50 = 0.12 µM), HT (IC50 = 0.57 µM), and OLC (IC50 = 12 µM) (Figures 6B and S3).

Furthermore, the BJ cells were incubated with normal growth medium or stimulated
with DEX prior to treatment with TCP and the phenolic compounds. In cultures stimulated
with DEX, a significant reduction in LSD1 activity was induced by TCP, HT, HTA, and OLP
(Figure S4). Compared to the untreated cells, HT, HTA, and OLP increased the baseline
levels of H3K4 mono-methylation in the BJ cells. The effects were more pronounced when
the BJ cells were stimulated with DEX (Figure S4).

Cuyàs et al. initially employed a chemoinformatics approach to investigate the poten-
tial biomolecular targets of oleacein, a secoiridoid compound found in EVOO [46]. Various
metabolic and epigenetic targets were identified, including LSD1 [46]. In a subsequent
study, a combination of molecular docking, molecular dynamics (MD) simulations, and
in vitro methods were used to further explore the mechanisms of action of oleacein against
LSD1 [47]. The results from the in vitro assays demonstrated the ability of oleacein to act
as an inhibitor of LSD1, as the mean IC50 value was found to be ~2.5 µmol/L [47].

In a study by Zheng et al., baicalin was characterised as the first flavonoid-based LSD1
inhibitor with an IC50 of 3.0 µM [48]. In addition to oleacein and baicalin, the inhibitory
activity of natural polyphenols including resveratrol, curcumin, (-)-epigallocatechin gallate,
and quercetin has been evaluated [49]. The IC50 values of resveratrol and curcumin have
been reported to be 15 µM and 9.6 µM, respectively [49,50]. The chemical structures of
resveratrol and curcumin have been used as scaffolds for the development of derivatives
with potent inhibitory activities against LSD1 [50,51]. Capsaicin, which is a derivative of
homovanillic acid, has also been found to inhibit LSD1 with an IC50 of 0.6 µM [52].
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Figure 6. Inhibitory activity of phenolic compounds against LSD1. (A) The results of the control
compound TCP and the phenolic compounds HT, HTA, and OLP from the direct enzymatic assays
are provided. The data presented denote the mean ± SEM from duplicate (TCP, HTA, and OLP) and
triplicate (HT) assays (representative results from n = 3 independent experiments). (B) A separate
set of experiments were performed by Reaction Biology Corporation using the positive control
inhibitor HCl 489479 and the phenolic compounds OLP, HT, HTA, and OLC. The demethylase activity
(%) of LSD1 was measured for the control compound HCl 489479 and the phenolic compounds at
concentrations ranging from 0–10 µM and 0–100 µM, respectively.

2.4. Inhibition of MAOs

The inhibitory activity of TCP, HT, HTA, OLC, and OLP was tested through di-
rect compound screening with MAO-purified enzymes. The phenolic compound OLP
(IC50 = 0.85 µM) was found to be a more potent inhibitor of MAO-A compared to OLC
(IC50 = 1.9 µM) and the positive control TCP (IC50 = 1.4 µM). HT (IC50 = 0.43 µM)
and HTA (IC50 = 0.70 µM) exhibited potent inhibition of MAO-A at a low micromolar
range (Figure 7A). Moreover, HT, HTA, and OLP demonstrated greater inhibitory activity
against MAO-A compared to MAO-B (OLP: IC50 = 32 µM, HT: IC50 = 4087 µM, HTA:
IC50 = 91.42 µM) (Figure 7B). At a low micromolar range, TCP was found to have an IC50
of 0.80 µM for MAO-B.

The effects of DEX and hydrocortisone (HC) incubation on MAO activity in BJ cell
cultures were examined (Figure 7C). DEX was shown to be a more effective stimulant of the
MAO enzymes compared to HC. The results revealed that the phenolic compounds, OLC
and OLP, were primarily able to downregulate MAO-A, MAO-B, and total MAO activity
when basal levels were heightened with DEX (Figure 7C) or HC (Figure S5).



Molecules 2024, 29, 2446 11 of 21Molecules 2024, 29, x FOR PEER REVIEW 11 of 21 
 

 

 

Figure 7. Potent inhibition of MAO-A by phenolic compounds. (A) Inhibition (%) of MAO-A by the 

control compound TCP and the phenolic compounds HT, HTA, OLP, and OLC. The data presented 

denote the mean ± SEM from duplicate (TCP, OLC, OLP, and HT) and triplicate (HTA) assays. (B) 

Inhibition (%) of MAO-B by the control compound TCP and the phenolic compounds HT, HTA, and 

OLP. The data presented denote the mean ± SEM from duplicate (TCP) and triplicate (HT, HTA, and 

OLP) assays. (C) The BJ cells were incubated with normal growth medium (−DEX) or 100 μM DEX 

(+DEX) for 7 days and treated with 50 μM OLP, 50 μM OLC, or 5μM TCP for 24 h. The data obtained 

are represented as the mean ± SEM from duplicate assays. p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** 

p ≤ 0.0001 quantified using a 2-way ANOVA with Tukey’s post-hoc multiple comparisons test. 

2.5. hESC-Derived Neurons: Inhibition of MAO Activity 

Following the analysis of MAO activity within BJ fibroblast cells, hESC-derived neu-

rons were selected as a novel and representative in vitro platform for modelling the MAO 

imbalance associated with depression (Figure S6). Over a 63-day period, cells derived 

from hESCs were incubated with growth factors to induce differentiation towards dor-

sal/ventral forebrain cortical neurons. At 14d + 5d, fine branching became apparent be-

tween neuronal progenitor cells. At days > 14 d + 5 d, the cells appeared dense with clear 

discrepancies between the cell body and dendritic connections. At this point, cells that 

were clustered near neurospheres appeared shrunken and cells that were characteristic of 

Figure 7. Potent inhibition of MAO-A by phenolic compounds. (A) Inhibition (%) of MAO-A by the
control compound TCP and the phenolic compounds HT, HTA, OLP, and OLC. The data presented
denote the mean ± SEM from duplicate (TCP, OLC, OLP, and HT) and triplicate (HTA) assays.
(B) Inhibition (%) of MAO-B by the control compound TCP and the phenolic compounds HT, HTA,
and OLP. The data presented denote the mean ± SEM from duplicate (TCP) and triplicate (HT, HTA,
and OLP) assays. (C) The BJ cells were incubated with normal growth medium (−DEX) or 100 µM
DEX (+DEX) for 7 days and treated with 50 µM OLP, 50 µM OLC, or 5 µM TCP for 24 h. The data
obtained are represented as the mean ± SEM from duplicate assays. ** p ≤ 0.01, *** p ≤ 0.001, and
**** p ≤ 0.0001 quantified using a 2-way ANOVA with Tukey’s post-hoc multiple comparisons test.

2.5. hESC-Derived Neurons: Inhibition of MAO Activity

Following the analysis of MAO activity within BJ fibroblast cells, hESC-derived neu-
rons were selected as a novel and representative in vitro platform for modelling the MAO
imbalance associated with depression (Figure S6). Over a 63-day period, cells derived from
hESCs were incubated with growth factors to induce differentiation towards dorsal/ventral
forebrain cortical neurons. At 14 d + 5 d, fine branching became apparent between neuronal
progenitor cells. At days > 14 d + 5 d, the cells appeared dense with clear discrepancies
between the cell body and dendritic connections. At this point, cells that were clustered
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near neurospheres appeared shrunken and cells that were characteristic of mature neurons
appeared most abundant away from these locations. Observational recordings of neurons
at each stage of differentiation enabled us to deduce the time point at which neurons were
healthiest and thus formed the basis of our treatment timeline.

Neuronal cells were differentiated until 31 days (14 d + 17 d). They were then pre-
incubated with all-trans retinoic acid (ATRA, 1 µM) for 24 h and treated with NBM medium,
TCP (5 µM), OLC (50 µM), or OLP (50 µM) for 24 h. Following stimulation with ATRA, TCP,
OLC, and OLP significantly reduced MAO-A, MAO-B, and total MAO activity (Figure 8).
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Figure 8. Inhibition of MAO activity by phenolic compounds within hESC-derived neurons stimu-
lated with ATRA. hESC-derived neuron cultures were incubated with NBM medium or 1 µM ATRA
for 24 h before treatment with 50 µM OLP, 50 µM OLC, or 5 µM TCP for a further 24 h. The total
protein concentration was determined through a Bradford assay where the cells were then directly
assayed. Through fluorometric kinetic detection, MAO-A (A), MAO-B (B), and the total MAO activity
(C) were measured. The data obtained are represented as the mean ± SEM from duplicate assays.
** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001 quantified using a 2-way ANOVA with Tukey’s post-hoc
multiple comparisons test.

The in vitro inhibitory activity of phenolic compounds, particularly flavonoids, against
MAOs has been reported [53]. Coumarins have been previously found to inhibit MAOs,
with potent MAO-B inhibitory activity [53,54]. By using the structure of coumarin as a chem-
ical scaffold, several derivatives have been synthesised and evaluated [10,54]. Binda et al.
demonstrated that the inhibition constants of the coumarin analogs, 7-(3-chlorobenzyloxy)-
4-(methylamino)methyl-coumarin and 7-(3-chlorobenzyloxy)-4-carboxaldehyde-coumarin,
for MAO-B were 0.10 (MAO-A: 15.7) and 0.40 (MAO-A: 11.0) µM, respectively [10].

Harmine, which was used as a control compound in our molecular docking analysis,
is a naturally occurring β-carboline alkaloid that exhibits high potency for MAO-A [8]. Like
coumarin, the inhibition properties of β-carboline and carbazole derivatives have been
investigated [55]. Furthermore, Zhang et al. investigated the selectivity of dietary phenolics
for the inhibition of MAO-A and MAO-B [56]. Resveratrol (MAO-A: IC50 = 0.313 µM, MAO-
B: IC50 = 15.8 µM) and isoeugenol (MAO-A: IC50 = 3.72 µM, MAO-B: IC50 = 102 µM) were
found to be selective for MAO-A, while pterostilbene (MAO-A: IC50 = 13.4 µM, MAO-B:
IC50 = 0.138 µM) was selective for MAO-B [56].

3. Materials and Methods
3.1. Molecular Docking to FAD-Dependent Monoamine Oxidases
3.1.1. Preparation of Protein Structures and Ligands

The structures of LSD1 in complex with CoREST (PDB ID: 5YJB), MAO-A monomer
(PDB ID: 2Z5X), and MAO-B dimer (PDB ID: 2V5Z) were obtained from the RCSB Protein
Data Bank [8,10,40]. Using PyMOL, the co-crystallised inhibitors and water molecules
were removed from the protein structures, while the FAD co-factor was retained [57]. The
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chemical structures of TCP, HT, HTA, and OLC were obtained from the National Center for
Biotechnology Information PubChem database [58]. The structure of oleohydroxypyretol
(OLP) was drawn using Chem3D 21.0.0 (PerkinElmer, Waltham, MA, USA).

The structures of LSD1-CoREST, MAO-A, and MAO-B were imported into AutoDockTools-
1.5.7 and were prepared as macromolecules [59]. The 3D chemical structures of TCP, HT,
HTA, OLC, and OLP were imported into PyRx and energy minimised using the universal
force field through Open Babel (v.2.2.3) [60,61]. The energy-minimised structures and
co-crystallised inhibitors were prepared as ligands using AutoDockTools-1.5.7 [59].

3.1.2. Ligand-Binding Site Analysis and Molecular Docking

The PrankWeb server was used to evaluate protein surfaces and predict potential
ligand-binding sites (Table S2) [62]. The evolutionary conservation analysis option was
selected [62]. Molecular docking was performed at an exhaustiveness of 2048 using
AutoDock Vina [63]. The receptor grids (20 × 20 × 20 Å in size) were centered around the
co-crystallised inhibitors 4-[5-(piperidin-4-ylmethoxy)-2-(p-tolyl)pyridin-3-yl]benzonitrile,
harmine, and safinamide for LSD1, MAO-A, and MAO-B, respectively. The results were
visualised using Maestro 13.2 and Visual Molecular Dynamics 1.9.3 [64,65]. Non-covalent
protein–ligand interactions were evaluated using the default criteria for non-bonded inter-
actions and were visualised using the Ligand Interaction Diagram Tool in Maestro 13.2 [64].
The in-place root mean square deviation (RMSD) values between the co-crystallised and
docked ligands were calculated using PyMOL [57].

3.1.3. Protein–Peptide Docking

The crystal structure of LSD1-CoREST in complex with a histone H3 peptide was
obtained from the RCSB PDB (ID: 2V1D) [43]. To study the potential effects of olive phenolic
ligands on histone peptide binding, the crystallographic H3 peptide was removed from
LSD1-CoREST, and the phenolic compounds were docked to the substrate-binding cavity
using AutoDock Vina [63]. The docked phenolic compounds were retained in the substrate-
binding cavity of LSD1 and protein–peptide docking was subsequently performed [66].
The HPEPDOCK 2.0 server was used to perform blind protein–peptide docking [66]. The
structure of LSD1 without compounds bound to the substrate-binding cavity was utilised
as a control. The top-ranking complexes generated from protein–peptide docking were
uploaded to the Proteins, Interfaces, Structures, and Assemblies (PDBePISA) server to
evaluate hydrogen bonds and salt bridges [67]. PDBePISA detects hydrogen bonds if
the distance between the heavy atoms of the donor and acceptor is less than 3.89 Å [67].
When the hydrogen atom is present, the acceptor-H distance must be ≤4 Å and the angle
A-H-D must be between 90 and 270 [67]. The distance for a salt bridge is 4 Å [67]. The
in-place RMSD values between the co-crystallised and docked peptide were calculated
using PyMOL [57].

3.2. Cell Culture
3.2.1. BJ Cells

Publicly available cell line cultures were purchased from the American Type Culture
Collection (ATCC). All growth media and various culture reagents were heated to 37 ◦C
prior to use. BJ human fibroblasts (ATCC CRL-2522) were cultured in T-75 flasks (Corning,
430641U, Corning, NY, USA) with 10 mL Dulbecco’s modified Eagle medium/nutrient
mixture F12 (Thermo Fisher Scientific, Gibco 11330032, Waltham, MA, USA) supplemented
with 10% heat-inactivated fetal bovine serum (HyClone Characterized FBS, SH30084.02)
and 1% penicillin–streptomycin (Thermo Fisher Scientific, Gibco 15140122, Waltham, MA,
USA). The medium was renewed once or twice per week and subcultured at a 1:3 ratio
once per week.

The cell culture medium was aspirated, and confluent flasks were washed twice with
D-PBS (Thermo Fisher Scientific, Gibco 14190144, Waltham, MA, USA). The cells were
detached using trypsin-EDTA (5 mL, 5 min, Thermo Fisher Scientific, Gibco R001100,
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Waltham, MA, USA). Growth medium (7 mL) was then added to the flask followed by
gentle aspiration to obtain a single cell suspension. The cell suspension was then transferred
into a 15 mL tube (Corning, 430791, Corning, NY, USA) for 5 min centrifugation at 335 g.
The resulting cell pellet was then resuspended in a fresh growth medium and aliquoted into
new culture vessels at an appropriate subculturing ratio. The cell cultures were incubated
at 37 ◦C with 5% CO2 atmospheric content. The growth medium was removed from the
T-75 flasks and washed twice with D-PBS. Fresh growth medium was added to the flasks,
and using a cell scraper (Thermo Fisher Scientific, Thermo Scientific 179693, Waltham,
MA, USA), the cells detached through mechanical disruption. The cell suspension was
transferred to a 15 mL tube and centrifuged (350 g for 5 min). The samples were either
stored at −80 ◦C or incubated on ice for subsequent procedures.

3.2.2. hESC-Derived Neurons

The hESC (H9) cell line was kindly provided by Dr Ana Antonic Baker from the
Department of Neuroscience, Monash University. The cells were grown at 37 ◦C with 5%
(v/v) CO2 atmospheric content within a humidified cell culture incubator. To promote the
differentiation of human pluripotent stem cells (hPSCs), growth factors and small molecules
were mixed with neural basal cell culture medium (NBM) (Tables S3 and S4). The cells
were driven into two weeks of neural induction where hPSCs were passaged via 0.5 mM
ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific, Invitrogen 15575020,
Waltham, MA, USA) and plated onto laminin-coated plates (Thermo Fisher Scientific,
Gibco A29248, Waltham, MA, USA) submersed in TeSR-E8 basal media (Thermo Fisher
Scientific, Gibco A1517001, Waltham, MA, USA). After 24 h, the media were replaced with
NBM in order to induce differentiation towards dorsal/ventral forebrain cortical neurons.
Following initial neural induction, media containing cell colonies were supplemented with
basic fibroblast growth factor (bFGF) for 7 days.

After 14 days, early neurospheres were harvested and transferred into a 96-well U-
bottom ultralow attachment plate (Sigma-Aldrich, Corning CLS7007, St. Louis, MO, USA).
For 21 days, early neurospheres were suspended in NBM with epidermal growth factor
(EGF) and bFGF to promote neural precursor cell expansion. Neurospheres were then
cultured for an additional 14 days, with NBM media replaced twice a week. Microplates of
24 wells were coated with phosphate-buffered saline (PBS) (1.8 mM HH2PO4, 2.7 mM KCl,
137 mM NaCl, and 10 mM Na2HPO4, w/v)-diluted laminin of 10 µg/mL concentration and
left to incubate for 2 h. The laminin was then aspirated and 500 µL of NBM (warmed to
37 ◦C) was added. Neurospheres were seeded and manually dissociated to a single cell
suspension by passing them through a sterile pipette tip and into laminin-coated wells.
The NBM was renewed three times a week, replacing half the volume of each well with
fresh media.

Following treatment of MAO stimulants and olive phenolics, the cells were washed
twice with D-PBS (Thermo Fisher Scientific, Gibco 14190250, Waltham, MA, USA). Using
200 µL of Trypsin-EDTA solution (Thermo Fisher Scientific, Gibco R001100, Waltham, MA,
USA), the cells detached from the wells (2 min exposure) and 300 µL of medium was added
to neutralise trypsin activity. The cell suspension solution was transferred to a 15 mL tube
(Corning, 430791, Corning, NY, USA) and centrifuged for 5 min at 350× g. The samples
were either stored at −80 ◦C or incubated on ice for subsequent procedures.

3.3. Cell Treatments and Analyses
3.3.1. Olea Europaea Phenolic Compounds

The purity of OLC was ≥95% (Sigma-Aldrich SMB00810, St. Louis, MO, USA),
that of HT was ≥ 98% (Cayman Chemicals 70604, Ann Arbor, MI, USA), and that of
HTA was ≥98% (Enzo Life Sciences, ALX-350-404-M050, Farmingdale, NY, USA). OLP,
which was previously identified as a novel phenolic compound [33], was synthesised by
Occhem Labs, LLC (~90%; relevant LC-MS and NMR spectra in Supplementary Methods,
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Figures S7 and S8). TCP (Sigma-Aldrich, Calbiochem 616431, St. Louis, MO, USA) was
used as a positive control inhibitor for LSD1 and the MAOs (≥97%).

3.3.2. Western Blotting

Western blots were performed on BJ cells and hESC-derived neurons to analyse H3K4
methylation status and MAO-A/B expression, respectively. Detailed instructions are
outlined in the Supplementary Methods and Tables S5 and S6.

3.3.3. Cell Viability

The BJ cells were seeded at densities of 10,000 cells in black flat bottom 96-well plates
(Nalge Nunc, Penfield, Rochester, NY, USA) and treated with a dose–response of OLC
(0–500 µM) and OLP (0–500 µM) for 24 h, 48 h, 72 h, and 7 days at 37 ◦C, 5% (v/v) CO2. Cell
viability was measured using the Cell-Titer Blue® Assay kit (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Cell-Titer Blue reagent was added to each
well and incubated for 4 h at 37 ◦C with 5% (v/v) CO2 before the fluorescence intensity was
read using the CLARIOstar Microplate Reader (BMG Labtech, Ortenberg, Germany).

A Nikon Eclipse Ts2 light microscope (Nikon Ti TS2-S-SM, Tokyo, Japan) was used to
image untreated and treated BJ cells (OLP or OLC: 0–100 µM) at 4× objective magnification
at 20, 44, and 120 h (Figures S1 and S2). Moreover, the IC50 values of OLC and OLP at 24
and 48 h were measured.

3.3.4. LSD1 Activity and H3K4 Mono-Methylation in BJ Cells

The BJ cell cultures were incubated with normal growth medium or stimulated with
DEX (50 µM) for 72 h prior to treatment with TCP (5 µM), OLP (50 µM), HT (50 µM), or
HTA (50 µM) for 48 h. As described in the Supplementary Information, nuclear proteins
extracted from the BJ cultures were directly assayed for LSD1 activity (Epigentek P-3076,
Farmingdale, NY, USA). Fluorescence was read on a CLARIOstar Microplate Reader (BMG
Labtech, Ortenberg, Germany) at Ex/Em = 530/590 nm (Figure S4). Histone proteins were
extracted from the treated cultures and were analysed through Western blotting. The mono-
methylation status of lysine on histone 3 (H3K4) was determined via immunodetection
(Table S6).

3.3.5. MAO Upregulation in BJ Cells

The BJ cells were initially treated with varying time and dose concentrations of hy-
drocortisone (HC) and DEX to optimise the cell treatments (Figures S9 and S10). The cells
were incubated with 1, 5, or 10 µM of HC for 5 days. The BJ cells were also incubated
with 10, 50, or 100 µM of DEX for 5 or 7 days. Untreated cells received normal growth
medium. The cells were collected, homogenised, and analysed through Western blotting
where MAO-A/B expression was determined through immunodetection.

The BJ cells were subsequently incubated with 10 µM HC or 100 µM DEX to stimulate
MAO expression. Following 5 or 7 days of incubation, for HC or DEX, respectively, the cells
were washed and treated with 5 µM TCP, 50 µM OLC, or 50 µM OLP. The untreated BJ cells
received normal growth medium. The cells were collected, homogenised, and analysed
through Western blotting where the expression of MAO-A/B was determined through
immunodetection of protein subtypes.

3.3.6. MAO Upregulation in hESC-Derived Neurons

An in vitro model of MDD was designed for stem cell-derived neuronal cells through
incubation of 1 µM all-trans retinoic acid (Sigma-Aldrich PHR1187, St. Louis, MO, USA).
All cell treatments were conducted in duplicate and replicated using independently differ-
entiating neuronal plates. At 31 days of incubation, the cells were incubated with normal
NBM medium or 1 µM all-trans retinoic acid (ATRA) for 24 h, followed by treatment with
either 5 µM TCP, 50 µM OLC, or 50 µM OLP for a further 24 h.
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3.3.7. MAO-A/B and Total MAO Activity Assay

Activity assays were commercially sourced from BioVision (Abcam, BioVision ab241031,
Waltham, MA, USA) and were performed according to manufacturer’s instructions. The
treatment groups were plated in duplicate on a black, flat 96-well microplate. The cells
were homogenised in assay buffer using a microtube mixer at 4 ◦C and centrifuged at
10,000× g for 10 min. A Bradford assay was performed to determine the total protein
concentration within each cell pellet (200 µg/well for BJ cells, 40 µg/well for hESC-derived
neurons). Approximately 40 µL of supernatant was loaded into wells along with 10 µL
of either selegiline for MAO-A activity, clorgyline for MAO-B activity, or assay buffer for
total MAO activity. A H2O2 standard was pipetted as supplied and 50 µL of reaction mix
was pipetted into all wells. Using a CLARIOstar Plus Microplate Reader, (BMG Labtech,
Ortenberg, Germany), fluorescence was measured kinetically at 25 ◦C for 60 min with
Ex/Em = 535/587 nm.

3.4. Inhibitor Screening Assays
3.4.1. LSD1 Direct Screening Assay

The inhibitory activity of TCP, HT, HTA, and OLP against purified LSD1 was measured
using a commercially available histone demethylase LSD1 inhibitory screening assay
core kit (Epigentek P-3075A, Farmingdale, NY, USA) according to the manufacturer’s
instructions. TCP was used as a positive control inhibitor. The inhibitory activity of TCP
was tested in 8-dose IC50 mode with 2-fold serial dilution starting at 100 µM, while the
inhibitory activity of HT and HTA was tested in 8-dose IC50 mode with 2-fold serial dilution
starting at 200 µM. The inhibitory activity of OLP was tested in 11-dose IC50 mode with
2-fold serial dilution starting at 200 µM. Fluorescence was measured using a CLARIOstar
Plus Microplate Reader (BMG Labtech, Ortenberg, Germany) at excitation and emission
wavelengths of 530 nm and 590 nm, respectively (Ex/Em = 530/590 nm).

The inhibitory activity of HCl 489479, OLC, and OLP was measured using a flu-
orescence coupling enzyme assay (performed by Reaction Biology Corporation). The
inhibitory activity of HT, HTA, OLC, and OLP was tested in 10-dose IC50 mode with 3-fold
serial dilution in duplicate starting at 100 µM. HCl 489479 was used as a positive control,
with its inhibitory activity being tested in 10-dose IC50 mode with 3-fold serial dilution
in duplicate starting at 10 µM. All compounds were pre-incubated for 30 min with the
enzyme before the addition of 10 µM histone H3(1-21)K4me2 peptide substrate to start
the reaction. Fluorescence was measured using an EnVision Multimode Plate Reader at
Ex/Em = 535/590.

3.4.2. MAO-A/B Direct Screening Assay

TCP, HT, HTA, OLC, and OLP were screened for their inhibitory activity against
purified MAO-A (Sigma-Aldrich MAK295, St. Louis, MO, USA) and MAO-B (Sigma-
Aldrich MAK296, St. Louis, MO, USA) using commercially available inhibitor screening
kits. TCP was used as a positive control. The assays were conducted for MAO-A and MAO-
B according to the manufacturer’s instructions. The inhibitory activity of TCP, OLC, and
OLP against MAO-A was tested in 11-dose IC50 mode with 3-fold serial dilution starting at
300 µM. The inhibitory activity of HT and HTA was tested against MAO-A in 8-dose IC50
mode with 2-fold serial dilution starting at 10 µM and 1000 nM, respectively. The inhibitory
activity of TCP and OLP was tested against MAO-B in 8-dose IC50 mode with 2-fold serial
dilution starting at 10 and 200 µM, respectively. The inhibitory activity of HT and HTA
was tested in 8-dose IC50 mode with 2-fold serial dilution starting at 100 µM. Using a
CLARIOstar Plus Microplate Reader (BMG Labtech, Ortenberg, Germany), fluorescence
was measured kinetically for 30 min at 25 ◦C (MAO-A) or 60 min at 37 ◦C (MAO-B) at
Ex/Em = 535/597 nm.
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3.5. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9.5.1. (GraphPad Software,
San Diego, CA, USA). For comparisons involving treatment groups compared to the
controls, a two-way analysis of variance (ANOVA) was conducted, followed by Tukey’s post
hoc multiple comparisons test to determine statistical significance. The data presented are
shown as the mean ± standard error of the mean (SEM): * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001. A non-regression analysis was performed to determine IC50 values.

4. Conclusions

Overall, the bioactive properties of olive phenolic compounds including HT, HTA,
OLC, and OLP were investigated. The molecular modelling results show that the phe-
nolic compounds target the substrate-binding cavity of LSD1 and the active site of the
structurally similar MAO-A and MAO-B subtypes. Based on our in vitro experiments, the
compounds were found to exhibit inhibitory activity against the epigenome-modifying
LSD1 and MAOs. Modulation of MAO-A and MAO-B by these phenolic compounds is
encouraging in the context of further development for potential use in depression. Given
the potential of clinically approved antidepressant drugs and phenolic compounds to
inhibit both LSD1 and the MAOs, the role of epigenetic regulation of small molecule in-
hibitors requires further investigation. More generally, our findings highlight the molecular
mechanisms of action of olive phenolics in models of disease and represent the initial steps
in delineating the molecular mechanisms associated with the well-known health benefits of
the Mediterranean diet. As stated earlier, there are over 200 phenolic compounds associated
with Olea europaea and many remain uncharacterised. Therefore, further synthesis of olive
phenolic compounds and thorough characterisation of bioactivity is an important future
direction in the field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29112446/s1. Figure S1. Assessment of cell viability using
the CellTiter-Blue® Assay kit. The BJ cells were either untreated (N/T) or treated with increasing
concentrations (25, 50, 75, and 100 µM) of OLC and OLP. The BJ cells were imaged at 4× objective
magnification at 20, 44, and 120 h using a Nikon Eclipse Ts2 light microscope. Figure S2. Viability
of BJ cells. (A) The relative cell viability (%) of BJ cells treated with 0–500 µM OLC and OLP was
measured at 24 h, 48 h, 72 h, and 7 days. The results are shown for 50, 100, 150, 200, and 500 µM.
The error bars represent the % SEM from duplicate assays. The IC50 values were calculated at 24 h
and 48 h. The data presented denote the mean ± SEM from duplicate assays (representative results
from n = 3 independent experiments). Figure S3. Potent inhibition of LSD1 by phenolic compounds.
(A) Inhibition (%) of LSD1 by the control compound TCP and the phenolic compounds HT, HTA,
and OLP at concentrations of 12.5, 25, 50, and 100 µM. The data presented denote the mean ± SEM
from duplicate (TCP, HTA, and OLP) and triplicate (HT) assays (representative results from n = 3
independent experiments). A nonlinear regression analysis was performed to determine the IC50
values: TCP = 110.5 µM, HT = 0.039 µM, HTA = 1.1 µM, and OLP = 0.80 µM. (B) LSD1 was pre-
incubated with the control compound HCl 489479, OLP, and OLC prior to the addition of the peptide
substrate. The demethylase activity (%) of LSD1 was measured for the control compound HCl 489479
and the phenolic compounds (OLP and OLC) at concentrations ranging from 0–10 µM and 0–100 µM,
respectively. The IC50 values were determined to be 5.4 nM, 12 µM, and 0.12 µM for HCl 489479, OLC,
and OLP, respectively (as performed by Reaction Biology Corporation, fluorescence coupling enzyme
assay). Figure S4. Phenolic compounds reduce LSD1 activity in BJ fibroblasts stimulated with DEX.
(A) The BJ cell cultures were stimulated with DEX (50 µM) or incubated with normal growth medium
for 72 h prior to treatment with the established inhibitor TCP (5 µM) or the phenolic compounds
OLP (50 µM), HT (50 µM), and HTA (50 µM) for 48 h. (+ and − are indicative of DEX treatment
only; the type of test inhibitor treatment is stated in the axis). Nuclear proteins extracted from
treated BJ cultures were directly assayed. (B) Histone proteins extracted from treated cultures were
analysed through Western blotting, where methylation status was determined via immunodetection
via mono-methylated lysines on histone H3. Figure S5. Stimulation of MAO enzyme activity by HC
within BJ cells. (A–C) The BJ cells were incubated with normal growth medium (−HC) or 10 µM

https://www.mdpi.com/article/10.3390/molecules29112446/s1
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HC (+HC) for 5 days and treated with 50 µM OLP, 50 µM OLC, or 5 µM TCP for 24 h. The results
depict the activity of (A) MAO-A and (B) MAO-B and (C) total MAO activity. The data obtained
are represented as the mean ± SEM from duplicate assays. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and
**** p ≤ 0.0001 quantified using a 2-way ANOVA with Tukey’s post-hoc multiple comparisons test.
Figure S6. Developmental pathway of neurons derived from hESCs. The cells were incubated with
EGF and bFGF to induce neuron-like characteristics. Following neurosphere formation, the cells
appeared as progenitors (+19 d) where half the total volume of NBM media from wells was replaced
every 3 days to promote late neuronal differentiation and transformation into mature neurons. Figure
S7. NMR spectra for the synthesised sample of OLP. OLP was dissolved in dDMSO and the NMR
analysis was performed using a Bruker 400MHz Avance equipped with an iProbe. The results can
be seen for the (A) 1H, (B) 13C, and (C) 13C DEPT-135 experiments. Figure S8. LC-MS analysis for
the synthesised sample of OLP. (A) OLP was dissolved in DMSO and 5 µL was injected into an
HPLC-DAD-ESI-MS system (Agilent 1260 Infinity II LC MSD, Australia). (B) The product ions for the
major (15.98 min) and (C-F) minor peaks (8.00, 23.45, 24.40, and 30.61 min) can be seen. The major
peak contains the OLP ion (m/z = 283, and 2m/z = 567). Figure S9. Upregulation of MAO protein
expression by HC and DEX within BJ cells. (A) The BJ cells were incubated with 1, 5, or 10 µM of HC
for 5 days. (B) The BJ cells were incubated with 10, 50, or 100 µM of DEX for a period of 5 or 7 days.
Untreated (N/T) cells received normal growth medium. Western blot results are shown, where
MAO-A/B expression was measured through immunodetection. “+” and “−“ denote the presence
or absence of HC and DEX within cell culture groups, respectively. Figure S10. Potent inhibition of
MAO enzyme expression by OLP and OLC within BJ cells. To stimulate MAO expression, the BJ cells
were incubated with 10 µM HC or 100 µM DEX. Following 5 or 7 days of incubation with HC or DEX,
respectively, the cells were washed and treated with 50 µM OLP, 50 µM OLC, or 5 µM TCP. Untreated
cells received normal growth medium. Western blot results are shown, where MAO-A/B expression
was measured through immunodetection. “+” and “−“ denote the presence or absence of HC and
DEX within cell culture groups, respectively.
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