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ABSTRACT 

The monoaminergic hypothesis regarding Major Depressive Disorder postulates that an 

underlying deficiency in monoamine transmission leads to mood alterations, forming the 

therapeutic foundation on which monoamine oxidase (MAO) inhibitor antidepressants 

are based on. This study is interested in the MAO-inhibitory effects of Hydroxytyrosol, a 

powerful antioxidant olive-derived phenolic compound, enriched in the Mediterranean 

diet. Having previously demonstrated the potent inhibitory effects of HT on Lysine 

Specific Demethylase 1 (LSD1), a nuclear homolog of the amine oxidase family, we 

hypothesized that HT is also a potent inhibitor of structurally similar MAO enzymes. 

Thus, this study aimed to determine the inhibitory capacity of HT and its analogues on 

both MAO subtypes. Compound screening assays using purified enzyme were carried out 

to quantitatively assess the effect of direct inhibitor binding at various concentrations. 

This was then followed up with in vitro enzyme activity assays analysing the effects of 

test inhibitor treatment on enzyme activity in a small scale cell culture model system. As 

such, we were able to confirm HT’s potent inhibitory effects on LSD1 both through direct 

enzyme binding and in vitro inhibition of enzyme activity. Moreover, we observed HT to 

selectively inhibit MAO-A, while its structural analogues proved comparatively more 

effective at inhibiting MAO-B. Taken together, this study offers an initial biochemical 

explanation behind the antidepressive effects of the Mediterranean diet and provides an 

informative basis on which further in vivo studies to explore the effects of HT on key 

molecular and cellular entities implicated in MDD pathophysiology may be undertaken. 
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LITERATURE REVIEW & INTRODUCTION 

1.0 An Introduction to Major Depressive Disorder 

Major Depressive Disorder (MDD), colloquially known as depression, culminates a 

diverse range of aetiologies and overlapping clinical presentations. As such, the 

heterogeneous nature of the disorder poses unique challenges with regards to building a 

succinct knowledge basis of disease pathophysiology. In comparison with similarly 

chronic and potentially fatal multifactorial conditions e.g. type 2 diabetes, the mechanistic 

understanding of MDD has been described as rudimentary (1), insufficient to address the 

major public health burden it poses in terms of global prevalence and impact on individual 

livelihoods. The World Health Organisation (WHO) recently documented depression to 

be the leading cause of years lost to disability, with a 50% higher burden in females 

compared to men (2), emphasizing the sheer pertinence of the issue at hand. 

Despite the wide variability between individual presentations, the core symptom of 

depression consistent among all patients is depressed, low mood, exhibited alongside 

other key features including anhedonia (reduced pleasure-experiencing capacity from 

natural rewards), reduced energy, heightened irritability, attention deficits, and appetite 

and sleep abnormalities (3). Depression-associated mortality is attributed primarily to 

suicide, however MDD sufferers are reportedly more susceptible to developing co-

morbidities including coronary artery disease and type 2 diabetes (4), while also 

complicating the prognosis of many associated chronic conditions (5).  

The primary diagnostic approach for MDD is based on a series of subjective clinical 

measures indicating the persistence of specific symptoms over an extended duration of 

time (1). Diagnosis of MDD does not necessarily entail the classical challenges of under-

diagnosis or misdiagnosis upon patient presentation to primary care. The common 

challenge rather is differential diagnosis (1), another implication of the sheer 

heterogeneity of MDD symptomologies leading to inevitable overlaps with other mood 

disorders. For example, a single occurrence of a manic episode in a patient diagnosed 

with MDD overturns the initial diagnosis in favour of bipolar disorder. Thus, the 

diagnostic limitations of a symptom-based approach are evident.  

Despite the lack of systematic information allowing clear distinction and categorisation 

of clinical presentation, two principle subtypes have been proposed that offer somewhat 

reliable clinical specifiers easing diagnostic and treatment conundrums; melancholic and 

atypical (6). Melancholic depression is characterised by a state of hyperarousal and 
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anxiety, with converging data suggesting a pathologically activated stress system leading 

to secondary dysfunction affecting inflammation and metabolism. In contrast, atypically 

depressed individuals present with more neurovegetative symptoms including lethargy, 

social withdrawal, weight gain from excessive food intake (7). Despite presenting as the 

antithesis of one another, both subtypes share hallmark MDD symptoms of dysphoria and 

anhedonia (6). Approximately 30% of patients diagnosed with MDD present with pure 

melancholic symptoms while a further 15-30% present with pure atypical features (6), 

thus allowing a clinically relevant stratification of a MDD patient minority on the basis 

of phenotypic presentation. 

1.1 Neural Circuitry of Depression 

The neural circuitry underlying MDD is believed to heavily involve several brain regions 

and circuits that culminate to form what is known as ‘limbic’ region signalling. These 

anatomical regions regulate emotion, reward and executive function, where dysfunctional 

changes in these limbic regions have been implicated in MDD pathophysiology as well 

as therapeutic action underpinning antidepressant treatment (8). Furthermore, both 

clinical and preclinical studies have demonstrated an association between stress and 

diminished-mood, and cortical atrophy through neuron/glial loss. These pathological 

changes in the prefrontal cortex (PFC) and hippocampus contribute to the reduction in 

size and function of mood-determining limbic regions (9). Neuroimaging studies 

involving experimentally placed lesions in in vivo models have also identified 

abnormalities within these regions, corroborating the limbic circuitry hypothesis 

underlying a contributory facet of disease pathophysiology (10).  

In addition, metabolic reductions were also identified in defined regions of the PFC, the 

connecting dorsal anterior cingulate cortex and hippocampus, where a decreased 

fluorodeoxyglucose (FDG) uptake and cerebral blood flow (CBF) was reported (11). In 

contrast, the integrative centre of emotion control was found to have an increased FDG 

uptake and CBF, while also yielding a correlation with disease severity. However 

characterising the neural circuitry of such a heterogeneous psychiatric disorder, it is 

important to note that the precipitation of depressive symptoms most plausibly requires 

diffuse dysfunction in an array of systemic neural networks (1). This field often utilises a 

much-too simplistic approach relying on distinct anatomical localisation examining 

previously discussed limbic substrates e.g. classifying the amygdala as the exclusive 

control centre for fear and anxiety processing while the nucleus accumbens (NAc) is 
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responsible for reward associated behaviours. Perhaps our limited capacity to understand 

neural dysfunction on a systems level is reflected in such habitual artificial distinctions.  

 

Figure 1. Distinct neurocircuitry of atypical and melancholic subtypes of depression. 
An imbalance in neuronal signalling leads to downstream dysfunction in levels of stress 
systems effectors. Under homeostatic conditions, the stress system does not remain 
quiescent, rather functioning in a balanced, dynamic state. In the presence of stressful 
stimuli, these pathway undergo pathological hyperactive and hypoactive shifts, proposed 
to be specific to the patient’s phenotypic subtype. (Adapted from Gold et al. 2002 (12)) 

1.2 A complex, multifactorial aetiology 

The largely idiopathic occurrence of depression, coupled with the lack of neurobiological 

understanding has deduced the underlying aetiology into a list of risk factors including 

stressful life events, endocrine dysfunction (hypercortisolism and hypothyroidism (13)), 

various cancers (14) (breast, pancreatic adenocarcinoma) and long-term treatment with 

medications such as isotretinoin (15) for acne. Although efforts have been made to 

identify genetic risk modifiers, genetic association studies to date have yielded only weak 

and inconsistent profiles, in which several studies have failed to report a single locus that 

reached genome-wide significance through combined discovery and replication analyses 

of MDD (16). This is perhaps unsurprising in consideration of the complex heterogeneity 

of depressive phenotypes. Nonetheless, as with most multifactorial chronic conditions, 

the interaction between environmental risk factors e.g. stressful life events, and genetic 

predisposition (yet to be defined) is thought to be key in precipitating depressive episodes 

in some individuals with MDD (17). Genetic factors have also been suggested to 

influence the onset of the disorder through hyper-sensitisation of individuals to the 

depression-inducing effect of stressful life events (18). Given the undeniable success of 

GWAS in characterising robust and replicable genetic markers for a host of human 
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diseases, its inability to yield concrete conclusions on MDD is both intriguing and 

informative. This has further augmented speculation over the particularly salient gene-

environment interactions in MDD, highlighting the possibility that a precise 

understanding of MDD can only be achieved through simultaneous modelling of genetic 

and environmental risk factors (16).  

1.3 Pathophysiology: The three key hypotheses 

The Monoamine Hypothesis. Considered to be the classical model behind depression 

pathophysiology, the monoamine hypothesis was founded on the basis of two unrelated 

novel compounds, imipramine and iproniazid, both of which were observed to have 

unprecedented yet potent antidepressant effects in humans (19). Both these compounds 

were originally developed as non-psychiatric therapeutics however following the 

discovery of such off-target effects, consequent follow-up investigations demonstrated a 

marked increase in monoamine (specifically serotonin (5-HT) and noradrenaline) 

transmission in the brain following drug administration. In contrast, another compound 

which depletes monoamine stores, reserpine, was shown to induce a depressive 

phenotype in a subset of patients (19). Taken together, these clinical discoveries gave rise 

to the postulation that a decrease in monoamine function in the brain is what ultimately 

causes depression.  

As such, the therapeutic development approach in the search for novel antidepressant 

agents shifted focus towards targeting the monoaminergic system. While most of these 

agents work to increase monoamine transmission in the brain, there are variations with 

regards to the mechanism by which each yield their therapeutic benefit. Commons modes 

of action include inhibition of the monoamine oxidases (MAO) preventing transmitter 

degradation (e.g. tranylcypromine, a non-selective MAO inhibitor), or inhibition of 

neuronal uptake allowing perpetuation of synaptic presence and downstream signalling 

(e.g. fluoxetine, a selective serotonin reuptake inhibitor (SSRI)). Relative to historically 

significant compounds, these modern antidepressants have been optimised for improved 

therapeutic indices as well as decreased adverse off-target effects in most patients (1).  
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Figure 2. MAO-A and MAO-B mediated enzymatic oxidation of Dopamine (DA). 
Dopamine, metabolic product of Tyrosine, is released in postsynaptic cleft. Degradation 
of dopamine may occur in the presynaptic terminal, taken up by astrocytes or glial cells 
for intracellular oxidation. Selective and non-selective MAO inhibitors are also shown to 
target their corresponding MAO subtype, acting at various cellular locations. (Adapted 
from Youdim et al. 2006 (20)) 

Despite the anti-depressive potency of these monoamine-targeted agents, it is much too 

simplistic to accredit the cause of MDD solely to central monoamine deficiency (1). 

Perhaps the clearest evidence pertaining to this is the temporal lag in therapeutic benefit 

following administration of MAO inhibitors and SSRIs. Despite a measurable immediate 

increase in monoamine transmission, these agents’ anti-depressive properties require 

long-term treatment of weeks to months to take effect. Furthermore, studies have shown 

drug-induced monoamine depletion to have no mood-altering effects in healthy 

individuals, while only demonstrating a marginal mood decrease in non-medicated 

depressed patients (21). Detrimental effects of monoamine enhancement have also been 

observed in rodent stress models, where increased dopamine and noradrenaline 

transmission induced maladaptive cognitive responses (22).  

Taken together, these conflicting phenomena have led to the theory that increased 

monoamine transmission promotes secondary neuroplastic alterations that ultimately 

yield the observed mood-enhancing therapeutic benefit. These indirect mechanisms are 

thought to occur on a longer time scale, in which the molecular and cellular changes 

induced by antidepressant therapy pose a striking resemblance to those observed in 

synaptic plasticity under physiological circumstances (23). For example, a range of 

studies have demonstrated the antidepressant-induced upregulation of the cyclic AMP 
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(cAMP) signal transduction pathway, a critical regulator of long-term potentiation (LTP) 

and synaptic plasticity (24). In vivo studies have elucidated a direct link between chronic 

antidepressant administration and upregulation of CREB (cyclic-AMP response element 

binding protein), a transcription factor that lies downstream of various serotonin receptor 

isoforms (23, 25). However it is important to note that while amplification of CREB in 

the hippocampus produces an anti-depressive response, analogous upregulation in the 

NAc prompts depression and stress-like responses in animal models (26). This highlights 

the critical brain region-specific activity of both monoamine neurotransmitters and their 

downstream effectors, a concept the simplistic monoamine model neglects to address. 

Additionally, a specific isoform of the serotonin receptor was shown to interact with p11, 

a unique multifunctional calcium-binding protein which is upregulated in MDD-pertinent 

brain regions following chronic SSRI treatment and deficient in post-mortem cortical 

samples of MDD patients (27). Transgenic overexpression of p11 in the brain was 

previously shown to produce an antidepressant phenotype (28), thus demonstrating the 

importance of downstream mechanisms following therapeutic-induced amplification of 

serotonergic signalling.  

While MAO-based antidepressants continue to be the first-line treatment with regards to 

pharmacological intervention, the search for more potent and widely efficacious agents 

is underway. While a complete overhaul and replacement of MAO-based agents is 

unlikely, emerging studies are bringing forth an array of novel therapeutic targets which 

may prove beneficial in combination with existing therapeutics. For example, 

polymorphic variation in the gene encoding P-glycoprotein was shown to heavily 

influence antidepressant efficacy in depressed individuals (29), thus highlighting the 

value of harnessing a promising pharmacogenetic lead in the development of 

antidepressant therapeutics (30). 

Neurogenesis and Neurotrophic Interactions. Ongoing investigations implicate 

neuroplasticity as a critical component of MDD pathophysiology, while also forming a 

requisite intermediate to antidepressant agent efficacy. Put simply, the neurogenic theory 

of depression posits that impaired adult neurogenesis leads to a reduced hippocampal and 

pre-frontal cortical volume, regions that regulate vital cognitive functions found to be 

impaired in individuals with a range of mood-disorders (31). This anatomical decrement 

is thought to trigger the onset of depression while restoration leads to recovery.  

Although speculative, this theory is backed by mechanistic plausibility. The addition of 

adult-born neurons to the ventral dentate gyrus, a hippocampal region that acts as a key 
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regulator of mood and anxiety, is a well-defined physiological occurrence (32). 

Generation and sustained renewal of these anatomically-specific neurons is required for 

efficient cognitive processing, specifically pattern recognition and separation and 

cognitive flexibility (31). Studies have shown impairments in such cognition in 

individuals with MDD and anxiety disorders (33). Tying these pieces of evidence together 

is the extensive in vivo evidence demonstrating the importance of adult hippocampal 

neurogenesis in antidepressant efficacy (34).  

In delving deeper into the mechanisms through which this occurs, further studies have 

focussed on the role of specific neurotrophic factors with plasticity regulatory capacities 

in the adult brain (35). Although the neurotrophic model may often be discussed in 

singularity, its molecular interactions are inherently integrated with the previously 

discussed neurogenesis model. Within the scope of MDD neurobiology, the 

developmentally expressed brain-derived neurotrophic factor (BDNF) has garnered a 

particularly large amount of interest and aptly demonstrates the interplay between 

neurotrophic factors and resultant neuroplasticity.  

The physiological role of BDNF is to support neuronal survival and mediate activity-

dependant plasticity in the developing brain as well as in the adult central nervous system 

(35). Downstream molecular events of chronic antidepressant treatment have been shown 

to increase the expression of BDNF, in turn increasing neurogenesis in a number of brain 

regions. These observations led to the popular suggestion that a neurotrophic synthesis 

and signalling deficiency underlies the aetiology of depression. Despite this, an array of 

studies have since disproved the simplicity of this concept, suggesting the role of BDNF 

in MDD pathophysiology is far more complex than a neurotrophic deficiency. 

Nonetheless, BNDF upregulation is a firmly established intermediate mechanism critical 

to antidepressant efficacy (35).  

 

 



16 
 

 

Figure 3. BDNF in Major Depressive Disorder. Altered BDNF expression in MDD 
within specific limbic regions of the human brain precipitates depressive symptoms, as 
indicated by post-mortem histological analysis of MDD patients. Dysregulated BDNF 
levels in rodent models also present with phenotypic features attributable to MDD. 
(Adapted from Krishnan et al. 2008 (1)) 

Although this pair of interconnecting theories does not wholly encompass the 

multifactorial aetiology of MDD, there is sufficient evidence suggesting at least a 

proportion of cases are caused and perpetuated by neurodegeneration and aberrant 

neuronal network function (36).  

The Neuroimmune Hypothesis and Microglial Involvement. The implications of a 

dysfunctional central immune system arose as the most recently elucidated 

neurobiological link attempting to explain the complex pathophysiology of MDD. A 

range of innate and adaptive neuroimmune mechanisms have been shown to promote the 

development of depressive symptoms with the potential to trigger downstream depressive 

episodes (8). Validation of this hypothesis has been made through a range of preclinical 

studies harnessing endotoxin-induced transient inflammation to observe and analyse 

consequent effects on behaviour and cognition. This intervention induced what has been 

described as a “sickness-like behaviour” incorporating an array of depression-like 

behaviours such as lethargy, social withdrawal and reduced exploratory behaviour in 

rodent models (37).  

Evidence for a cytokine basis of MDD highlights a number of circulatory serum mediators 

believed to contribute to the pathophysiology of depression. Specific proinflammatory 

cytokines of interest include interleukin-1beta (IL-1beta), tumour necrosis factor (TNF) 

and interleukin-6 (IL-6), with serum concentration and brain tissue expression of each 

enhanced following stress exposure in rodent models (38, 39). Further studies have 

demonstrated psychosocial stress, a hallmark cognitive precipitant of MDD, to stimulate 

expression of inflammatory signalling molecule NFKB (40). These preclinical studies 

have been further validated by clinical investigations concluding MDD patients to exhibit 



17 
 

increased inflammatory biomarkers concentration in peripheral blood (8). Alongside 

elevated levels of TNF and IL-6, increased numbers of granulocytes and monocytes were 

also measured in the blood of depressed individuals (41, 42). Moreover, these 

proinflammatory cytokines have been shown to penetrate the blood-brain barrier (BBB) 

and interact with almost every pathophysiological domain implicated in MDD (37) such 

as neuroplasticity and neurotransmitter degradation.  

 

 

Figure 4. The involvement of neuroimmune mechanisms in MDD pathophysiology 
and treatment. Upregulation of pro-inflammatory cytokines among other mediators in 
the presence during stress and depressive stimuli leads to a heightened neuroimmune 
response. Antidepressant therapy will oppose a proinflammatory environment and 
upregulate neurotrophic factor expression e.g. BDNF. (Adapted from Wohleb et al. 2016 
(8)) 

Under physiological circumstances, microglia acts as tissue resident macrophages 

conducting immune surveillance in support of neuroplasticity and homeostatic 

maintenance (43). In light of the discussion thus far, microglial involvement in the 

pathophysiology of depression confers an overlap between dysfunction on the 

neuroimmune front and those observed in the neuroendocrine system. Preclinical studies 

present evidence indicating the effect of repeated stress exposure on the morphological 

and functional profiles of microglia, shifting from a ramified latent phenotype to an 

activated state (8). Further studies have implicated several factors such as cytokines, 

neurotransmitters and stress hormones among many others, to potentially directly alter 

the stress-associated microglial activation state (8). Specific neurotransmitters including 

glutamate and GABA may influence microglial motility following stress-induced 

fluctuations (44). Converging data from a range of in vivo reports suggest a range of 

mechanisms by which elevated microglial numbers and enhanced activation status occur, 

as observed in post-mortem brain samples obtained from depressed and suicidal 
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individuals. Thought to be at least partially contributory, these molecular and cellular 

events include circulating glucocorticoid level elevation, altered glutamate and GABA 

signalling and impaired regulation of neuron-microglia interactions (45). As such, a large 

endeavour of studies have been carried out to identify and characterise potential 

molecular and cellular signals that activate microglia, some of which have demonstrated 

somewhat robust link with processes that contribute to stress-induced depressive 

behaviours. Nevertheless, more in-depth investigations are required to draw concrete 

conclusions on specific neuron-derived factors underpinning brain region-specific 

microglial function. 

 

Figure 5. Microglial activation in MDD. Microglia transition from a quiescent ramified 
cell type to an inflammatory activated state under stress-influenced conditions. (Adapted 
from Wohleb et al. 2016 (8)) 

Thus despite the sheer volume of preclinical and clinical studies being conducted, 

inconsistent findings suggests that immune dysregulation is characteristic of a minority 

subset of MDD cases. This minority is also inclusive of individuals with established 

comorbid chronic inflammatory conditions such as diabetes, cancer and rheumatoid 

arthritis (46), with high rates of such comorbidities yielding further indication supporting 

inflammatory involvement in MDD. 

Neuroendocrine Mechanisms. Neuroendocrine contribution to the pathophysiology of 

MDD was first elucidated following identification of minor but reproducible increases in 

serum glucocorticoid concentration in affected individuals. This discovery fuelled 

substantial interest into the potential pathological involvement of a dysfunctional 

hypothalamic-pituitary-axis (HPA) (47). Ensuing studies found that depression-like 

symptoms could be induced in rodents through chronic administration of glucocorticoids 

(48), while also impinging on neurogenesis in the subgranular zone (SGZ) and promoting 

atrophic changes in hippocampal subregions (49). Associations between depression and 

a number of metabolic abnormalities including insulin resistance and abdominal obesity 

can also be at least partially attributable to an increase in circulating glucocorticoids (50). 
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In particular, hypercortisolaemia is believed to manifest at multiple levels; from 

diminished glucocorticoid-receptor-mediated negative feedback (50), to adrenal hyper-

responsiveness to circulating adrenocorticotropic hormone (ACTH) and hypersecretion 

of corticotropin-releasing factor (CRF) (47), the hypothalamic effector of pituitary ACTH 

release. In relation to the clinical presentation of MDD, recent studies suggest that 

hypercortisolaemia may exclusively feature of severe depressive episodes. In contrast, 

the atypical subtype of MDD encompassing hyperphagia and hypersomnia seems to 

harbour a stronger link with hypocortisolaemia (51). 

An all-inclusive model of MDD. While it is clear none of these singular hypotheses offer 

an adequately holistic explanation encompassing the entire pathophysiology of 

depression, their amalgamation does shed light on key trends observed throughout a range 

of preclinical and clinical studies. Each model discussed presents a framework in which 

symptomology may be linked to molecular and cellular events, allowing at least some 

degree of understanding of such divergent neurobiological phenomena. 

MONOAMINE OXIDASE PROTEINS 

2.0 An Introduction to the Monoamine Oxidases 

Monoamine oxidase enzymes are multifunctional proteins responsible for catalysing the 

oxidative deamination reaction leading to the degradation of a range of monoamines, 

including 5-hydroxytryptamine (5-HT) or serotonin, histamine as well as the 

catecholamine neurotransmitters dopamine, noradrenaline and adrenaline (20). The 

enzymatic activity of the MAO family proteins is critical for normal brain development 

and function, with expression levels varying temporally throughout the human lifespan. 

Novel investigations have also highlighted the potential link between the genetically 

determined level of MAO enzyme activity and personality, thus its unsurprising 

association with MDD pathophysiology (20). 

Tissue localisation and distribution. While both subtypes of MAO (A and B) are 

intrinsically associated with the mitochondrial outer membrane, presence of each enzyme 

does occur in small proportions within the microsomal fraction. In the developing brain, 

MAO-A is the first to appear, closely followed by MAO-B, of which levels dramatically 

increase post-partum (20). Under physiological circumstances, MAO is widely expressed 

in a range of mammalian tissues. The distribution of the two subtypes vary proportionally 

in different tissue types, while also conferring regional differences with regards to 

enzymatic activity. For example, in the human brain, high levels of activity have been 
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recorded in the striatum of the basal ganglia and the hypothalamus, in comparison to 

lower levels of activity in the cerebellum and neocortex (52). Intraneuronal distribution 

also varies across subtypes as determined through immunohistochemical studies 

indicating a predominant presence of MAO-B in serotonergic neurons (e.g. neurons of 

the dorsal raphe nucleus) and astrocytes, while catecholaminergic neurons (e.g. substantia 

nigra neurons) are densely populated with MAO-A (1). 

Physiological function. In peripheral tissues, such as sections of gastrointestinal tract, 

lungs and liver, MAO enzyme are largely involved protecting the body from toxic amines 

by way of oxidative degradation, preventing entry into the circulation (20). MAO-B is 

also presumed to have a similar protective function within microvessels of the blood-

brain-barrier, with the enzymatic function of the protein acting as an additional metabolic 

barrier. While the synaptic actions of MAO in the brain are well established, it has also 

been suggested that intraneuronal MAO offers intrinsic protection from exogenous 

amines, while also terminating amine neurotransmitter activity and content regulating 

intracellular amine stores (20). 

Considering the relatively low level of MAO-A expression in serotonergic neurons, the 

contribution of glial cells in the metabolism of excess 5-HT may be inferred. Moreover, 

this highlights the pertinence of MAO-B action in serotonergic neurons, in eliminating 

foreign amines restricting their synaptic vesicular access. Noradrenergic neurons 

however, contain proportionate levels of both MAO subtypes (53), with protein substrate 

specificity harbouring a reasonable compatibility with noradrenaline. However, due to 

kinetic favouritism towards noradrenaline vesicular uptake, the neurotransmitters 

incorporation in synaptic vesicles will largely prevail over degradation by MAO-A or 

MAO-B (20). 

Enzymology. Oxidation catalysis of 5-HT is exclusive to MAO-A, while MAO-B is 

responsible for benzylamine and 2-phenylethylamine metabolism. Substrates shared by 

both subtypes in most species include tryptamine, tyramine, dopamine, noradrenaline and 

adrenaline (20). During the oxidation reactions, oxygen molecules (O2) act as the electron 

acceptors, which are subsequently converted into hydrogen peroxide through the 

enzymatic action (54). Other products include a substrate-corresponding aldehyde and 

either an ammonia or substituted amine molecule depending on the structure of the 

original substrate (20). Despite previous reports suggesting iron or copper ion dependent 

enzymatic catalysis, it is now known that MAO proteins are not metallo-enzymes (20).  
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The function of MAO metabolites are also thought to have biologically active properties 

at a paracrine level, while the toxicity profiles of some determine their temporal and 

spatial presence in various tissues. For example, despite its toxic profiles at higher 

concentrations, hydrogen peroxide is believed to mediate vital metabolic and signalling 

processes in the brain (55). Moreover, resultant aldehydes from noradrenaline and 5-HT 

deamination may also play a critical role in sleep regulation (56), while the dopamine-

derived aldehyde is cytotoxic, thus its accumulation in the healthy brain is tightly 

regulated (57). 

2.1 Gene and Protein Structure 

Genetic identity between the two MAO protein subtypes is approximately 70%. 

Discretely encoded by separate genes located on the short arm p of the X chromosome at 

position 11.23. Both genes contain 15 exons, sharing identical distribution and 

organisation of intronic and exonic regions (20). Differences arise in the core promoter 

region, possibly implicating endocrine involvement in the differential expression of both 

genes (58, 59), for example glucocorticoids have been shown to enhance MAO-A 

expression in fibroblasts but have little effect of MAO-B expression (60). The molecular 

pathway of MAO-A and MAO-B protein expression are also distinct, where MAO-B 

expression progresses through a mitogen-activated protein kinase (MAPK) pathway 

whereas MAO-A does not (20). 

The functional protein structure of MAO-A and MAO-B comprises of two domains: an 

extra-membrane domain and a membrane-binding domain. Subregions of the extra-

membrane domain include the FAD binding region and a substrate/inhibitor binding 

region (61). Within the active site, MAO-A confers substrate specificity and inhibitor 

selectively through structural variations at Ile-335. In MAO-B, specificity is determined 

through structural differences stemming from Tyr-326 (61). MAO-B binds to the outer 

mitochondrial membrane via a C-terminal transmembrane helix as well as a distribution 

of apolar loops (54).  
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Figure 6. The structure of MAO-A and MAO-B active site cavities. Both proteins are 
flavin-dependant enzymes, conferring inhibitor/substrate specificity. Structures are 
depicted with key amino acid residues critical for enzymatic function, notably Ile-335 in 
MAO-A and Tyr-326 in MAO-B. Subtype specific inhibitors are also bound to the 
substrate cavity in position N5. (Adapted from Youdim et.al 2006 (20)) 

The earliest reports of crystallised MAO-A presented a unique monomeric human 

subtype, shown to behave in a hydrodynamic manner in solution, characteristic to 

monomeric structures. This structural finding differed from the dimeric structures 

previously elucidated through crystallisation of human MAO-B and rat MAO-A (62). 

Nonetheless, the most recently reported human crystal structures of MAO-A and MAO-

B have resolved each to 2.2Å (61) and 3Å (54) respectively. 
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Study Rationale 

3.0 Study background 

There are undeniable gaps in a number of critical areas of knowledge regarding MDD, 

warranting urgent progress in research to address the concerning dearth of 

neurobiological understanding. Our ensuing investigation is focussed on elucidating an 

initial neurobiological link between diet and depression. In light of the discussion thus 

far, our studies will explore MDD pathophysiology, specifically addressing the 

monoamine model while also integrating aspects of the neuroimmune and neuroendocrine 

hypotheses. 

To introduce the context on which this study was founded, the following components are 

of particular importance: 

� Lysine-specific Demethylase 1 (LSD1)  

LSD1 is an epigenetic-modifying nuclear homolog of the amine oxidases, belonging to 

the same enzyme family as both MAO subtypes. X-ray analyses have revealed the overall 

structure of LSD1 to closely resemble other flavin-dependent oxidases (63), sharing 

considerable homology with both MAO-A and MAO-B. Tranylcypromine, a selective 

MAO inhibitor has also been shown to be somewhat effective at irreversible inhibition of 

LSD1, yielding pharmacological confirmation regarding the degree of shared homology 

(64). 

Prior to the identification of LSD1 in 2004 (65), methylation of histone proteins was 

thought to be an irreversible posttranslational epigenetic modification. It is now 

understood that LSD1 is able to selectively remove monomethyl and dimethyl, but not 

trimethyl groups from Lys4 (H3K4me1, H3K4me2) and Lys9 (H3K9me1, H3K9me2) on 

histone H3. Unlike histone acetylation which is largely associated with transcriptional 

activation, histone methylation is linked to both transcriptional activation and repression 

(66). With regards to downstream effects of LSD1 activity, the enzyme generally 

functions as transcriptional corepressor, shown through derepression of target genes 

following RNAi inhibition of LSD1 (65). 

The pathological implications correlated with LSD1 activity is a avenue of ongoing 

research endeavour. Upregulation of LSD1 expression has been detected in a range of 

malignancies including neuroblastoma and breast and prostate cancers. Direct correlation 

with worsening clinical outcomes has also been elucidated in the context of 
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neuroblastoma (67). Thus identification of novel LSD1 inhibitors poses potentially 

significant clinical implications with regards to refining treatment strategies for cancer 

among other human pathologies associated with dysregulated gene expression. 

� Hydroxytyrosol (HT) 

There is a growing body of evidence attributing the health benefits of the Mediterranean 

diet to the monounsaturated fatty acid and (poly)phenolic content in extra virgin olive oil 

(EVOO). As part of the Mediterranean diet, EVOO is consumed in high quantities 

alongside a range of fruits, vegetables, cereals, nuts and legume, accompanied by a low 

and moderate intake of meats and seafood respectively (68). While adherence to the diet 

has been linked to a reduction in prevalence and incidence of numerous human 

pathologies, this study is particularly interested in the ongoing epidemiological and 

clinical analyses reporting a lower incidence of depression occurring within geographical 

regions where the majority of the population adhere to the Mediterranean diet. 

Hydroxytyrosol (3,4-Dihydroxyphenylethanol) is a potent anti-inflammatory phenolic 

compound forming a predominant constituent of the total polyphenol content enriched in 

EVOO. From a nutraceutical perspective, HT has been exploited extensively within the 

naturopathy, cosmeceutical and food industries on the basis of the widely acknowledged 

health benefits associated with EVOO consumption (69). Within EVOO, the compound 

is found in either simple phenolic form, or esterified to form oleuropein aglycone (70), 

both of which demonstrate a number of biologically significant activities. 

HT’s powerful antioxidant properties rests on its ability to efficiently scavenge peroxyl 

radicals, shown to counteract the cytotoxic effects of free radicals in a range of human 

cellular systems (71). The phenolic compound has also undergone extensive analysis for 

various anti-proliferative (72), antimicrobial (73) and neuroprotective effects (74) in vitro 

and in vivo. Moreover, ADMET analysis has shown that HT is able to permeate the BBB 

with considerable bioavailability maintaining its native structure enabling it to elicit 

functional biological effects within the brain (75).  

Relevant to the scope of this study, HT will be assessed for LSD1 and MAO enzymatic 

inhibition alongside two structural analogues, hydroxytyrosol acetate (HTS) and methyl 

malate-B-hydroxytyrosol ester (MMBHTE) (Figure 7). Although to a lesser extent, these 

compounds are also naturally-occurring phenolics found in EVOO, reported as part of a 

comprehensive library of compounds extracted from Oleo europaea (olives) (76). 
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Figure 7. Chemical structures of HT (1), HTS (2) and MMBHTE (3). (Adapted from 
Bonvino et al. 2018 (76)) 

3.1 Aims and Hypothesis 

We have previously identified Hydroxytyrosol (HT) to be an effective in vitro inhibitor 

of LSD1, more potent than the control compound Tranylcypromine (a well-established 

LSD1 inhibitor). Amongst the many clinical benefits of Tranylcypromine is its anti-

depressive effects, elicited through its ability to inhibit MAO-A/B enzyme activity. On 

the basis that LSD1 belongs to the same family of monoamine oxidases while also sharing 

homology with MAO-A/B, we hypothesize that: 

� Hydroxytyrosol is able to inhibit MAO, providing the “first” account for the 

molecular basis of the anti-depressive effect of the Mediterranean diet, a 

phenomena exemplified via previously conducted epidemiological and clinical 

studies (77).  

Thus, in light of our proposed hypothesis, this study aims to: 

� Confirm inhibition of MAO and LSD1 by HT using commercially available kits, 

demonstrating inhibition with direct compound screening assays and indirect in 

vitro enzyme activity assays and, 

� Investigate the LSD1 and MAO-inhibitory effects of HT in comparison to 

tranylcypromine in an in vitro cell culture model system. 
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MATERIALS AND METHODS 

4.0 Routine Cell Culture of Secondary Cell Lines 

Publicly available cell line cultures were purchased from the American Type Culture 

Collection (ATCC). All growth medium and various culture reagents were heated to 37⁰C 

prior to use. All cell culture methods were carried out in a laminar flow fume hood with 

aseptic technique. 

4.1 U-87 MG Human Glioma (ATCC HTB-14) 

U-87 MG Human Glioma (ATCC HTB-14) were cultured in T-75 flasks (Corning 

430641, NY USA), with 10mL of Minimum Essential Medium (Gibco 11090-081, CA 

USA) supplemented with 10% Heat-Inactivated Fetal Bovine Serum (GE Healthcare 

SH30084.02, UK), 1% L-Glutamine (Gibco 25030081, CA USA), 1% Non-Essential 

Amino Acids (Gibco 11140-076, CA USA) and 1% Penicillin Streptomycin (Gibco 

15140-122, CA USA). Medium was renewed 2 to 3 times per week, and subcultured at a 

1:5 ratio once per week. 

This human tumour-derived cell line was selected on the basis of its likely CNS origin 

(78), and consequent amine oxidase expression profile.  

4.2 BJ Human Fibroblast (ATCC HTB-14) 

BJ Human Fibroblasts (ATCC HTB-14) were cultured in T-75 flasks (Corning 430641, 

NY USA) with 10mL Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (Gibco 

11330-032 CA USA) supplemented with 10% Heat-Inactivated Fetal Bovine Serum (GE 

Healthcare SH30084.02, UK) and 1% Penicillin Streptomycin (Gibco 15140-122, CA 

USA). Medium was renewed 1 to 2 times per week, and subcultured at a 1:3 ratio once 

per week.  

This human foreskin-derived cell line was selected on the basis of its amine oxidase 

expression profile. Normal human skin fibroblasts in culture are known to express both 

MAO-A and MAO-B as well as LSD1, with amounts of activity remaining stable 

throughout continuous passage cycles (79). 

Subculturing 

To subculture adequately confluent flasks, culture medium was removed via aspiration 

and cells were briefly washed with D-PBS (Gibco 14190-144, CA USA) to remove all 

remaining traces of FBS. Dispersion of the cell layer was achieved via a 2 minute (U-87 
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MG) or 5 minute (BJ) incubation with 5mL Trypsin-EDTA solution (ThermoFisher 

Scientific R001100, MA USA) heated to 37⁰C. 7mL of growth medium was then added 

to the flask followed by gentle aspiration to obtain a single cell suspension. Cell 

suspension was then transferred into a 15mL tube (Corning 430791, NY USA) for a 5 

minute centrifugation at 335g. The resulting cell pellet was then resuspended in fresh 

growth medium and aliquoted into new culture vessels at appropriate subculturing ratio. 

Cell cultures were incubated at 37⁰C with 5% CO2 atmospheric content. 

5.0 In vitro Model and Phenolic Treatments 

A basic in vitro model of MDD was established using Dexamethasone (DEX) (Sigma-

Aldrich, D4902) as an amine oxidase activity and expression stimulus. All cell treatments 

were carried out in duplicate (n=2) T-75 culture flasks for each distinct treatment group. 

A flowchart outline comparing the initial and revised treatments protocols is included 

(Figure 8). 

5.1 Initial treatment protocol: 3day/72hrs DEX incubation + (2x24hrs) 48hrs 

Phenolic treatment 

For both U-87 MG and BJ cultures, the treatment protocol began when flasks reached 

(60-70%) sub-confluence. A total of 20 T-75 flasks were cultured for each cell line, with 

10 flasks receiving stimulant DEX treatment forming the in vitro model group. Original 

growth medium was removed via aspiration from all flasks irrespective of treatment 

group allocation. Flasks allocated to the in vitro model group were then treated with 50nM 

DEX, incorporated into 10mL of their respective growth medium, and left to incubate at 

37⁰C for 3 days (72hrs). The remaining flasks were replenished with a fresh 10mL of (-) 

DEX growth medium and incubated at 37⁰C for 3 days. At the conclusion of the DEX 

incubation period, the remaining growth medium was aspirated from the cell layer 

followed by a brief wash with D-PBS in preparation for treatment with test inhibitors. 

Cells were then treated with test inhibitors once immediately after removal of (+/-) DEX 

supplemented medium, and again 24hrs later, allowing for a total 48hr test inhibitor 

exposure window. 8mL of either normal (untreated) growth medium, or growth medium 

supplemented with one of: 5µM Tranylcypromine (TCP; CalbioChem 616431, NJ USA), 

50µM Hydroxytyrosol (HT; Cayman Chemicals 70604, MI USA), 50µM Hydroxytyrosol 

Acetate (HTS; Enzo ALX-350-404-M050, NY USA), 50µM Methyl malate-B-

hydroxytyrosol ester (MMBHTE; Occhem Lab, MN USA) was applied to appropriate 

flasks (Table 1). Treatment concentrations were chosen on the basis of previously 
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determined toxicology parameters specific to HT (80-82). The same concentrations were 

also adopted for MMBHTE and HTS to maintain consistency and upon consideration of 

their structural similarity to HT. Cells were then incubated for 24hrs at 37⁰C before 

immediate collection by proceeding into the relevant sample collection method as 

outlined below. 

5.2 Revised treatment protocol: 6day/144hrs DEX incubation + (1x24hrs) 24hrs 

Phenolic treatment 

Following analysis of data obtained from the original treatment protocol, a revised 

schedule was introduced to observe the effects of a longer DEX incubation period 

followed by a reduced test inhibitor exposure time.  

Similarly, the revised treatment protocol began when all 20 flasks of each cell line reached 

60-70% sub-confluence. Key revisions of original protocol included extending the DEX 

incubation period to 6 days (144hrs). Cells were then treated with test inhibitors once 

immediately after removal of (+/-) DEX supplemented medium, allowing for a total 24hr 

test inhibitor exposure window. Cell cultures were then immediately collected via the 

relevant sample collection method as outlined below.  

 

Figure 8. Flowchart representation of treatment protocols comparing initial and 
revised schedules. For culture samples assigned to the in vitro model treatment groups, 
an initial incubation with 50nM DEX was followed by treatment with test inhibitors. Both 
DEX and inhibitor treatment times were adjusted in the initial vs. the revised protocols. 
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Treatment Group (+/-) DEX Test Inhibitor 

N/T (-) None 

N/Tdex (+) 50nM None 

TCP (-) 5µM Tranylcypromine 

TCPdex (+) 50nM 5µM Tranylcypromine 

HT (-) 50µM Hydroxytyrosol 

HTdex (+) 50nM 50µM Hydroxytyrosol 

MMBHTE (-) 50µM Methyl malate-B-hydroxytyrosol ester 

MMBHTEdex (+) 50nM 50µM Methyl malate-B-hydroxytyrosol ester 

HTS (-) 50µM Hydroxytyrosol Acetate 

HTSdex (+) 50nM 50µM Hydroxytyrosol Acetate 

Table 1. U-87 MG and BJ in vitro treatment groups. Irrespective of treatment protocol 
(initial or revised), all treatment groups received the same concentration of DEX/test 
inhibitor. Only dosage repetitions and incubation times were altered.  

Imaging of treated cultures 

One flask from each treatment group was imaged using a Nikon Eclipse Ts2 light 

microscopy (Nikon Ti TS2-S-SM, Tokyo Japan) at 4x objective magnification following 

each 24hr incubation window. Images were captured via NIS Elements D V5 imaging 

software (NIS Elements Advanced Research, Tokyo Japan). Images (not depicted) were 

used primarily to ensure compound toxicity was not detrimentally affecting in vitro 

sample generation and collection. 

6.0 In vitro Sample Collection 

All U-87 MG and BJ treatment groups underwent the following three cell component 

extraction methods in preparation for subsequent protein expression and enzymatic 

activity analysis.  

Prior to commencing each of the following protocols and estimation of approximate cell 

numbers was made to pre-determine reagent concentration and volume requirements. As 

such, cell numbers in each culture flask were estimated on the basis of confluency. Both 

U-87 MG and BJ cultures reached maximal 100% confluency in all flasks at the 

conclusion of both initial and revised treatment protocols. Thus an estimated 1 x 107 U-

87 MG and 5 x 106 BJ cells were contained per T-75 culture flask. All reagent volumes 

quoted in the following three methods apply to a single flask of 100% confluent cells 

unless otherwise specified. 



30 
 

6.1 Mammalian Protein Extraction 

Growth medium was carefully decanted from T-75 culture flasks and briefly washed with 

PBS (1X) (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4). 8mL of fresh 

PBS was then added to the flask and cells were detached via gentle mechanical disruption 

using a cell scraper (Nunc 179693, MA USA). Cell solution was then transferred into a 

15mL tube (Corning 430791, NY USA) and centrifuged at 335g for 5 minutes. After 

removing all PBS (1X) the cell pellet was broken via tapping, then resuspended in 1mL 

of ice cold PBS (1X) and transferred to a 1.5mL microcentrifuge tube (Eppendorf T9661, 

Hamburg Germany). Cells were then centrifuged at 95g for 10 minutes at 4⁰C. 

Supernatant was then removed via careful aspiration and the required amount of MPER 

(ThermoFisher Scientific 78501, MA USA) + Pi (Roche 11836153001, Mannheim 

Germany) was added to the cell pellet. For every 1 x 106 cells, 60µL of MPER (+2.4µL 

Pi) was added.  

Cells were then lysed via a 15 minute agitation at 4⁰C, and centrifuged for a final time at 

14,000g for 15 minutes at 4⁰C to separate cellular debris from the soluble protein fraction. 

Supernatant containing the protein soluble fraction was then transferred to a fresh 0.5mL 

microcentrifuge tube (Eppendorf T8911, Hamburg Germany) and stored at -80⁰C. 

Remainder cell debris pellet was discarded.  

6.2 Nuclear/Cytosol Protein Fractionation 

A nuclear/cytosol fractionation kit (BioVision K266-25, CA USA) was used to obtain 

separation of nuclear extract from cytoplasmic fraction of U-87 MG and BJ cells. Please 

see appendices for a detailed step-by-step protocol as issued by the manufacturer. All 

chemicals and reagents used were supplied by the manufacturer with the exception of 

PBS (1X). 

Cells were detached from flask surface via gentle mechanical disruption using a cell 

scraper (Nunc 179693, MA USA). Cell solution was then transferred into a 15mL tube 

(Corning 430791, NY USA) and centrifuged at 335g for 5 minutes. Growth medium was 

then removed via decanting and aspiration, with the remaining cell pellet resuspended in 

1mL ice cold PBS (1X). Cell solution was then transferred into a 1.5mL microcentrifuge 

tube and spun at 600g for 5 minutes at 4°C. For every 2 x 106 cells, 0.2mL of Cytosol 

Extraction Buffer-A (CEB-A) mix, pre-prepared with 0.2µL 1M Dithiothreitol (DTT) and 

0.4µL Protease Inhibitor Cocktail (PIC), was added. Cells were vortexed vigorously for 

15 minutes to fully resuspend the cell pellet, followed by a 10 minute incubation on ice. 
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11µL of pre-chilled Cytosol Extraction Buffer B (CEB-B) was then added, after which 

each tube was vortexed at the highest setting for two separate 5 second periods. This was 

immediately followed by a 5 minute 16,000g centrifugation at 4°C. The resulting 

supernatant containing the cytoplasmic extract fraction was transferred to clean 0.5mL 

tubes and stored at -80°C.  

100µL of Nuclear Extraction Buffer containing 0.2µL 1M DTT and 0.4µL PIC was then 

added to the remaining nuclei-containing pellets. Full resuspension was achieved through 

multiple rounds of vigorous vortexing and ice incubations (to maintain protein integrity). 

Once the entire pellet was visibly resuspended in NEB, tubes were centrifuged at 16,000g 

for 10 minutes. The resulting supernatant containing the nuclear extract fraction was 

transferred to clean 0.5mL tubes and stored at -80°C.  

6.3 Acid Extraction of Histone Proteins 

Cells were washed in 10mL of pre-chilled PBS (1X) and detached from flask surface via 

mechanical disruption using a cell scraper. Cell solution was then transferred into a 15mL 

tube and centrifuged at 150g for 10 minutes. Supernatant was then discarded and the 

remaining cell pellet resuspended in 0.5mL PBS (1X) and transferred into a 1.5mL 

microcentrifuge tube. Cells were then centrifuged at 9400g for 20 seconds, after which 

the supernatant was removed and discarded. The remaining pellet was then briefly 

resuspended in 600µL of acid extraction lysis buffer (10mM KCl, 10mM HEPES, 1.5nM 

MgCl2) containing cOmplete™ Mini Protease Inhibitor Cocktail (Roche 11836153001, 

Mannheim Germany) and 0.3µL 1M DTT. This will cause cells to pre-swell, resulting in 

a reduced amount of PBS (1X) remaining in the microcentrifuge tube that may deter 

maximal cell lysis capacity. Cells were then centrifuged at 9400g for 20 seconds with the 

resultant supernatant aspirated and discarded. Cells were then lysed by adding 250µL of 

acid extraction lysis buffer containing cOmplete™ Mini Protease Inhibitor Cocktail, 

followed by vigorous vortexing to achieve complete resuspension. 16.25µL of Sulphuric 

acid (Sigma-Aldrich 339741, MO USA) was then added to the sample and vigorously 

vortexed to evenly disperse the acid. Sample containing tubes were then left to incubate 

on ice for 1 hour with intermittent vortexing every 15 minutes. Remaining cellular debris 

was removed through centrifugation at 15,870g at 4°C for 10 minutes. The supernatant 

fraction containing acid soluble proteins were transferred into a clean 1.5mL tube, in 

which acid soluble proteins were precipitated with 9 volumes of acetone (Sigma-Aldrich 

650501, MO USA) at -20°C for 1 hour. To obtain resultant precipitate in pellet form, 

samples were centrifuged at 15,870g for 10 minutes at 4°C and supernatant was discarded 
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thereafter. Protein pellets were then washed in 70% ethanol, air-dried and dissolved in 

60µL of MilliQ H2O (Merck Millipore, MA USA). Maximal dissolution was achieved 

through intermittent pipetting over a 1-2 hour on-ice incubation period. The resultant 

solution containing desired acid soluble histone proteins were stored at -80°C.  

7.0 Western Blotting 

7.1 Bradford Assay (protein concentration adjustment) 

Frozen protein samples were thawed and incubated on ice for the entire duration of the 

assay procedure. All samples of unknown protein concentration were prepared to a 1:5 

dilution (4µL sample + 16µL nuclease free H2O (ThermoFisher Scientific AM9932, MA 

USA)) and a 1:10 dilution (5µL 1:5 dilution sample + 5µL nuclease free H2O). 10µL of 

each sample at both dilutions were transferred into pre-assigned wells in a clear flat-

bottom 96-well assay microplate (Corning CLS3997, NY USA). 10µL of diluted BSA 

Albumin Standard (ThermoFisher Scientific 23209, MA USA) at various dilutions (0-

2000µg/mL) was pipetted in duplicate into pre-assigned wells. 250µL of Coomassie Blue 

Bradford reagent (Sigma-Aldrich B6916, MO USA) was then added to each well. The 

assay plate was then covered in foil and incubated at room temperature on a rotating 

platform for 10 minutes. Absorbance was then measured at 595nm on a CLARIOstar 

Microplate Reader (BMG Labtech, Ortenberg Germany). Analysis of spectrophotometric 

readout allowed standardisation of protein concentration for test samples prior to loading 

for gel electrophoresis.  

Histone protein samples obtained from U-87 MG cells were prepared for a total loading 

volume of 15µL at a protein concentration of 5µg per well. Histone protein samples 

obtained from BJ cells were prepared for total loading volume of 22µL at a protein 

concentration of 1µg per well. Cytosolic protein fractions obtained from U-87 MG and 

BJ cells were prepared for a total loading volume of 40µL at protein concentrations of 

5µg and 10µg per well respectively. All final volumes of prepared loading sample is 

inclusive of 5µL NuPAGE LDS Sample Buffer (4X) (Novex Invitrogen NP0007, CA 

USA) used for sample weight.  

7.2 Protein Separation via Gel Electrophoresis and Membrane Transfer 

Pre-prepared samples were heated on a dry block heater at 95°C for 5 minutes to decrease 

viscosity. Gel combs were removed from 10 or 15 well Bolt 4-12% Bis-Tris Plus Gels 

(Invitrogen NW04120BOX (10 well)/BG04125BOX (15 well), CA USA). All gels were 

run in an XCell SureLock Mini-Cell Electrophoresis System (Invitrogen EI0001, CA 
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USA). Gels in each mini-chamber were clamped into place and 1x NuPAGE MOPS SDS 

running buffer (50nM MOPS, 50mM Tris base, 0.1% SDS, 1mM EDTA, pH 7.7) was 

poured into the central chamber to 2/3rds maximal volume. Each well was washed twice 

with running buffer using a 22 gauge syringe (Terumo Corporation, Laguna Philippines) 

after which 6µL of SeeBlue Plus2 pre-stained protein standard (Invitrogen LC5925, CA 

USA) was loaded into the first well followed by test samples at their appropriate loading 

volumes. Gels were run at 200V for an initial 10 minutes, then at 150V for approx. 45-90 

minutes.  

Gels were then transferred onto Odyssey Imaging System-compatible PVDF Immobilon-

FL transfer membranes (IPFL00010, Merck Millipore MA USA) pre-soaked in 100% 

methanol (Sigma-Aldrich 322415, MO USA) for 1 minute. Constructed transfer 

chambers were then placed in a mini cell tank (Novex Invitrogen, CA USA) and filled 

with enough NuPAGE transfer buffer (25mM Bicine, 25mM Bis-tris, 1.0mM EDTA, 

0.05mM Chlorobutanol, pH 7.2) to cover the blotting pads. Mini tanks were then left to 

transfer overnight at 30V. 

7.3 Immunoblotting & Odyssey Imaging 

An initial total protein stain was carried out to ensure gel-to-membrane transfer was 

successful, as well as for use in expression analysis and normalisation. After removal 

from transfer chambers, membranes were air-dried, soaked briefly in 100% methanol and 

rinsed with MilliQ H2O. Membranes were then incubated on a rotating platform with 5mL 

of REVERT Total Protein Stain (LI-COR 926-11011, NE USA). Membranes were then 

washed in REVERT wash solution (6.7% glacial acetic acid, 30% (v/v) methanol) and 

MilliQ H2O, and immediately imaged at 700nm using the Odyssey CLx Imaging System. 

Stain was then removed with REVERT reversal solution (0.1% (w/v) NaOH, 30% (v/v) 

methanol) and rinsed with MilliQ H2O before proceeding to blocking and 

immunodetection. 

Membranes were blocked in Odyssey Blocking Buffer (LI-COR 927-50000, NE USA) 

for 1 hour at room temperature on a rotating platform followed by a brief rinse in PBST. 

Primary antibodies were made up in Odyssey Blocking Buffer to their appropriate 

dilution ratios (as specified by manufacturers’ protocol) ranging from 1:500-1:2000 (v/v) 

(see table in appendix). Membranes were then incubated in primary antibody overnight 

at 4°C. Following removal of primary antibody, membranes were washed three times in 

PBST before a 1 hour incubation with appropriate IRDye secondary antibody (see table 
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in appendix) secondary antibody at room temperature. Membranes were then washed 

again with PBST three times followed by a brief rinse in 1xPBS.  

Membranes were imaged with the Odyssey CLx Imaging Workstation (LI-COR, NE 

USA) using appropriate channels (800nm) as indicated by IRDye secondary antibody 

specifications. Expression analysis and quantification was carried out using Image Studio 

Lite Version 5.2 (LI-COR, NE USA). 

8.0 Enzyme Inhibition and Activity Analysis 

For assay reagent details and a step-by-step protocol please refer to manufacturers’ 

product information sheets (see appendix). Assay-specific details regarding calculations 

carried out to analyse raw microplate reader output are also listed in the appendix. 

8.1 Histone Demethylase LSD1 Inhibitor Screening Assay 

Test compounds were screened through two independent experimental assays (n=2) for 

inhibitory capacity against purified LSD1 enzyme using a commercially available 

Histone Demethylase LSD1 Inhibitor Screening Assay Core Kit (Epigentek P-3075A, 

NY USA). General assay principle relies on the fluorometric detection of H2O2, a by-

product produced when LSD1 binds to and demethylates its native H3K4me2 substrate. 

Fluorescence intensity is therefore inversely proportional to LSD1 enzyme activity. All 

reagents were supplied by Epigentek as part of the manufacturer’s assay kit unless 

otherwise specified. 

1µL of diluted LSD1 enzyme solution containing 200ng of purified enzyme was added 

to assay strip wells (enzyme (negative) control and test inhibitor wells) with the exception 

of the blank and standard wells. For the enzyme control wells, 26µL of assay buffer 

(HH1) and 3µL of 0.7nM substrate solution (HH2) were added to designated wells. For 

test inhibitor wells, 23µL of assay buffer, 3µL of substrate solution and 1µL of test 

inhibitor at the desired concentration was added to designated wells. A standard curve 

was also generated by adding varying volumes of 100mM LSD1 assay standard (HH3) 

to corresponding wells, followed by an appropriate volume of assay buffer to adjust for a 

total well volume of 30µL. Blank wells consisted of 27µL of assay buffer added to 3µL 

of substrate solution. Assay plate was then covered and incubated at 37⁰C for 60 minutes. 

50µL of fluorescent development solution consisting of 0.125µL of fluoro-developer 

(HH5) and 0.125µL fluoro-enhancer (HH6) made up in 49.75µL fluoro-diluter (HH7) 

was then added to each well, followed by a 5 minute incubation at room temperature and 
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away from light. Assay plate was then read on a CLARIOstar Microplate Reader (BMG 

Labtech, Ortenberg Germany) at Ex/Em = 530/590nm.  

8.2 Histone Demethylase LSD1 Activity Assay 

Nuclear fractions extracted from pre-treated cell cultures were directly assayed for LSD1 

activity using a commercially available Histone Demethylase LSD1 Activity/Inhibition 

Assay Kit (Epigentek P-3076, NY USA). All assay reagents used I this procedure were 

supplied by Epigentek unless otherwise specified.  

4µL of nuclear extracts containing 5µg protein was added to designated strip wells with 

stably captured LSD1 substrate (H3K4me2), followed by an additional 26µL of 

H3K4me2 (HG3) substrate diluted in assay buffer (HG2). In no enzyme control wells, 

the 4µL of nuclear extracts was replaced with 4µL of assay buffer. Blank wells contained 

30µL of assay buffer. A standard curve was generated by adding 1µL of standard (HG4) 

at incrementally increasing concentrations (0.1-10ng/µL) to 29µL of assay buffer in 

designated standard wells. After all wells were loaded appropriately, the assay plate was 

incubated away from light at room temperature for 60 minutes. Following incubation, 

contents were aspirated and wells were washed three times with 150µL of wash buffer 

(HG1). 50µL of capture antibody (HG5) diluted at a 1:1000 ratio was then added to all 

wells before incubating at room temperature for 60 minutes on a rotating platform. Well 

contents were then aspirated and washed four times with 150µL of wash buffer. 50µL of 

detection antibody (HG6) diluted at a 1:1000 ration was then added to each well. Assay 

plate was then incubated for a final time at room temperature for 30 minutes. Well 

contents were aspirated again, followed by six washes with 150µL wash buffer. 50µL of 

fluoro-developer (HG7) was then added into each well and allowed to develop away from 

light for 1-5 minutes. Fluorescence was then read on a CLARIOstar Microplate Reader 

(BMG Labtech, Ortenberg Germany) at Ex/Em = 530/590nm 

8.3 Monoamine Oxidase A/B (MAO-A/B) Inhibitor Screening Assay 

Test compounds were screened for inhibitory capacity using purified MAO-A and MAO-

B enzyme, supplied as part of commercially available Monoamine Oxidase A (Sigma-

Aldrich MAK295, MO USA) and Monoamine Oxidase B (Sigma-Aldrich MAK296, MO 

USA) Inhibitor Screening Kits. Four independent experimental assays were carried out 

for each MAO subtype (n=4). 



36 
 

All reagents were supplied by Sigma-Aldrich as part of the manufacturer’s assay kit 

unless otherwise specified. Reagent IDs with a MAK295 component refers to MAO-A 

inhibitor screening, and those with a MAK296 component applies to MAO-B inhibitor 

screening. 

Test inhibitors were made up in assay buffer (MAK295A (MAO-A); MAK296A (MAO-

B)) to 10x the desired final concentration in a clear 96-well plate. 10µL of test inhibitors 

at various concentrations were then transferred to their appropriate wells in a black flat-

bottom 96-well microplate. 50µL of lyophilised purified enzyme (MAK295C; 

MAK296C) reconstituted and diluted in assay buffer was added to each well and left to 

incubate for 10 minutes at 25̊C for MAO-A inhibitor screening, or 37̊C for MAO-B 

inhibitor screening. Each well then received 40µL of substrate solution prepared in 

advance with 1µL of MAO-A or MAO-B substrate (MAK295D; MAK296D), 1µL of 

fluorescent developer (MAK295E; MAK296E) and 1µL of high sensitivity probe 

(MAK295B; MAK296B) combined in 37µL of assay buffer. Fluorescence was then 

measured kinetically for 30 minutes at 25̊C (MAO-A) or 60 minutes at 37̊C (MAO-B) at 

an excitation and emission wavelength of 535nm and 597nm respectively. 

8.4 Monoamine Oxidase (Total MAO/MAO-A/MAO-B) Activity Assay 

Two independent experimental assays (n=2) was conducted in a black flat-bottom 96-

well microplate with all reagents supplied by BioVision as part of the manufacturer’s 

assay kit (BioVision K795-100, CA USA) unless otherwise specified. 

Pre-treated cell cultures were homogenized via sonication in assay buffer (K795-100-1), 

centrifuged at 10 000g, with resultant supernatant collected and stored on ice for the 

duration of the assay procedure. 40µL of supernatant from relevant sample was added to 

appropriate wells followed by 10µL of 10µM Selegiline (K795-100-7) (to measure MAO-

A activity), 10µM Clorgyline (K795-100-6) (to measure MAO-B activity), or assay 

buffer (to measure total MAO activity). For positive control wells, 3µL of reconstituted 

lyophilized MAO-A enzyme (K795-100-5) and 47µL of assay buffer was added to 

desired wells. Assay plate was then incubated at 25⁰C for 10 minutes. A standard curve 

was also prepared by adding diluted H2O2 standard (K795-100-8) at incrementally 

increasing concentrations, adjusting the total well volume to 50µL. 50µL of reaction mix 

containing 47µL assay buffer, 1µL developer (K795-100-4), 1µL MAO substrate (K795-

100-3) and 1µL OxiRed probe (K795-100-2A) was added to all wells and mixed 

thoroughly. Fluorescence was then measured at Ex/Em = 535/587nm kinetically for 60 
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minutes at 25⁰C, of which two time-points in the linear range were selected for use in 

enzyme activity calculations. 

Statistical Analyses 

All statistical analyses were performed using GraphPad Prism V.7 (GraphPad Software, 

CA USA). As outlined above in individual assay methodology, data was pooled from 

independent experiments performed in duplicate/triplicate as specified. For comparison 

between control samples and test inhibitors/treatment groups, a one-way ANOVA was 

carried out followed by a Sidak’s post hoc multiple comparisons test to determine 

significance as indicated by resultant p-value. Internal comparisons between treatment 

groups were also carried out using the same statistical assessments. Data is expressed as 

mean ± S.E.M unless otherwise stated with extent of significance represented as follows; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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RESULTS 

A range of clinical studies and epidemiological meta-analyses have identified the 

Mediterranean diet to yield numerous beneficial health effects for the consumer. Among 

these, a particularly low prevalence of depression has been reported in geographical 

regions where a high proportion of the local population adhere to a Mediterranean diet. 

An important component of the Mediterranean diet is high consumption of extra virgin 

olive oil (EVOO), enriched with polyphenol compounds extracted from Oleo europaea 

or olives. Of these, a key, broadly-investigated phenolic compound is hydroxytyrosol 

(HT), shown to have diverse cellular effects in the context of various human pathologies. 

In light of this, we have conducted a thorough in silico screening analysis, resulting in the 

identification of 222 novel phenolic compounds with potential biological effects (76). 

One of these compounds that presented with particularly interesting in silico properties 

was methyl malate-B-hydroxytyrosol ester (MMBHTE). As such, we synthesized a small 

sample of pure MMBHTE for evaluation in cell culture systems. Relevant to the scope of 

this study HT, MMBHTE and hydroxytyrosol acetate (HTS), a structural analogue of HT, 

were analysed for their direct enzyme binding actions and biological in vitro activity.  

We have previously identified HT to be a potent inhibitor of Histone Demethylase LSD1, 

thus the first part of this study aimed to confirm this mechanism in an in vitro system. An 

initial direct enzyme inhibition assay was carried out before assessing the effect of each 

phenolic compound on LSD1 activity in pre-treated cells using commercially available 

assay kits alongside western blot analyses to detect for LSD1-specific epigenetic 

modifications.  

Following on from this, the second part of this study aimed to explore the effects of the 

same three olive-derived phenolic compounds on Monoamine Oxidase enzymes 

belonging to the same family of amine oxidases as LSD1. On the basis of their 

considerable structural homology, we hypothesized HT, HTS and MMBHTE to be novel 

inhibitors of MAO-A and MAO-B, key enzymes intrinsically linked to depression 

pathophysiology. To test this hypothesis, direct enzyme inhibition screening assays were 

performed before moving into a cell culture model system where MAO activity was 

stimulated through the incorporation of a 50nM Dexamethasone (DEX) incubation prior 

to treatment with test phenolic inhibitors. From this model, directly assaying resultant 

cellular extraction components allowed analysis of the effect of such phenolic compounds 

on MAO activity in a small scale real-time biological system. 
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Taken together, this study hopes to uncover an initial molecular account for the beneficial 

effects of the Mediterranean diet specifically in the prevention of depression.  

9.0 Hydroxytyrosol demonstrates strong inhibition of LSD1 activity. 

Test inhibitors were screened for inhibition properties against LSD1 through direct 

compound incubation with purified enzyme. A spectrum of concentrations were screened 

for to ensure an accurately interpolated IC50 value was captured within the specified 

range. HT and MMBHTE were assayed at concentrations between 0µM and 200µM, 

while HTS, as a structural analogue of HT, was screened at a lower window of 0µM-

100µM. Tranylcypromine (TCP), an established inhibitor of LSD1 was also incorporated 

into the assay, assessed alongside the phenolic compounds to serve as a positive control 

and point of reference for inhibition effectiveness.  

Through nonlinear regression analyses of resultant inhibition activity, HT demonstrated 

particularly strong inhibition of LSD1 at concentrations spanning its entire dosage 

spectrum (Figure 9B). Maximal inhibition was observed between 55%-60%, leading to a 

plateauing of the inhibition curve. Nonetheless, the 0.03863µM IC50 value was captured 

and interpolated from the fitted curve within the assayed spectrum, placing it well under 

that of TCP at 110.5µM (Figure 9A). Given its structural similarities to HT, HTS (Figure 

9D) demonstrated an unsurprisingly similar inhibition pattern, maintaining consistent % 

inhibition at all concentrations, approaching maximal inhibition of just above 60% with 

an IC50 of 1.065µM. Despite not demonstrating quite the efficacy of HT, MMBHTE 

(Figure 9C) was found to achieve a higher maximal threshold of inhibition of 

approximately 75%, also yielding a low IC50 of 0.8029µM.  
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Figure 9. HT inhibits Histone Demethylase LSD1 more potently than established 
LSD1 inhibitor TCP. Inhibition of Histone Demethylase LSD1 was screened for with 
established inhibitor TCP (A) and olive-derived phenolic compounds HT (B), MMBHTE 
(C) and HTS (D), each at progressively increasing concentrations to obtain an inhibition 
curve. Nonlinear regression analysis was then applied to determine IC50 values indicating 
inhibitor concentration at which LSD1 enzyme activity is reduced to 50%. Inhibition 
curves A-D were selected as representative of the mean IC50 values obtained from 2 
independent experiments. Data is represented as mean ± S.E.M (pooled from n=2 
independent experiments, performed in triplicate). 

To further investigate the inhibitory effects of HT and related phenolic compounds of 

interest on LSD1, enzyme activity assays were carried out on nuclear fractions extracted 

from BJ human fibroblast cultures pre-treated with test inhibitors, with (Figure 10B) or 

without (Figure 10A) prior DEX incubation. 

Levels of enzyme activity detected in cells pre-incubated with 50nM DEX without 

phenolic treatment were significantly higher (**p<0.01; direct graphical comparison not 

depicted) than those that were not exposed to such a stimulant. Due to particularly low 

levels of basal LSD1 activity in non-stimulated cultures (Figure 10A), none of the test 

inhibitors caused a statistically significant reduction in LSD1 activity. Although graphical 
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depiction of the effect of TCP, HT and MMBHTE suggests a reduction in enzyme 

activity, it is difficult to draw reliable observations at such low basal levels. 

Quite the contrary was observed in cultures stimulated with DEX, where all three 

phenolic compounds induced a clear, significant reduction in LSD1 activity. Treatment 

with MMBHTE and HTS led to similar declines in enzyme activity by approximately 3-

fold, highlighting the two compounds as somewhat effective LSD1 inhibitors. However, 

as our previous findings alluded to, HT maintained its superiority with regards to 

inhibitory efficacy among the three test inhibitors, lowering enzyme activity to levels 

comparable to established in vitro inhibitor TCP. The ongoing inhibitory trends 

demonstrated by HT thus far suggest that optimisation of treatment and dosage protocol 

may allow the phenolic compound to surpass TCP in its in vitro inhibitory capacity.  

 
Figure 10. HT induces a substantial reduction in LSD1 activity in BJ human 
fibroblast cultures following stimulation with DEX. BJ human fibroblasts cultures 
were stimulated with DEX (50nM) (B) or incubated with normal growth medium (A) for 
72hrs prior to treatment with established inhibitor TCP (5µM) or olive polyphenol 
compounds HT (50µM), MMBHTE (50µM), HTS (50µM) for 48hrs. Nuclear proteins 
extracted from treated BJ cultures were directly assayed. LSD1 activity was measured 
through the fluorometric detection and quantification of un-demethylated histone 
following enzymatic reaction. Data is represented as mean ± S.E.M, performed in 
triplicate, where *p<0.05 and **p<0.01 as determined using a 1-way ANOVA comparing 
N/T to test inhibitors unless otherwise stated. 
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9.1 Hydroxytyrosol induces LSD1 inhibition-specific histone modifications. 

As the first lysine-specific demethylase to be discovered, LSD1 is able to selectively 

remove monomethyl and dimethyl groups attached to lysine 4 or 9 of histone 3. As such, 

increased methylation of H3K4 and H3K9 allude to lower levels of LSD1 activity, 

suggesting enzyme inhibition may be occurring. Thus, western blot analyses were 

undertaken to detect for LSD1-specific histone modifications to further investigate the 

effect of phenolic compounds on LSD1 activity.  

 

Figure 11. HT induces hyper-methylation of Lys4 and Lys9 on histone H3 in U-87 
MG cultures. U-87 MG cultures were stimulated with DEX (50nM) or incubated with 
normal growth medium for 72hrs prior to treatment with established inhibitor TCP (5µM) 
or olive polyphenol compounds HT (50µM), MMBHTE (50µM), HTS (50µM) for 48hrs. 
(“+” and “-” is indicative of DEX treatment only; type of test inhibitor treatment is stated 
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in the vertical axis.) Subsequent histone proteins extracted from treated cultures were 
analysed through western blotting (A, D) where methylation status was determined via 
immunodetection of mono- (B, E) and di-methylated (C, F) lysines on histone 3. 
Quantification of expression was normalised to blotting signals obtained from an initial 
total protein stain and represented as arbitrary units.  

A key trend detected throughout all four methylation status blots was particularly high 

expression following treatment with HT without DEX pre-incubation. Increased 

methylation of Lys4 and Lys9 on histone 3 indicates a lower level of LSD1 activity in 

this specific sample, yielding further evidence alluding to HT’s potent LSD1 inhibitory 

capacity.  

Our previous in vitro investigations (Figure 11) suggest that LSD1 activity is stimulated 

in cultures treated with 50µM DEX, thus the decrease in methylation observed in TCP 

and HT treatment groups when comparing DEX treated to non-DEX treated groups is 

unsurprising. Interestingly, MMBHTE demonstrated the inverse of this trend, with an 

increased mono- and di-methylation status observed in cultures pre-incubated with DEX 

and treated with 50µM MMBHTE compared with those not pre-incubated with DEX. 

Additionally, the effect of DEX incubation on histone methylation appeared to differ 

between mono- and di-methylation in cultures that did not undergo test inhibitor 

treatment. Mono-methylation of Lys4 and Lys9 increased with DEX incubation (Figure 

11B & 11E), while the reverse was observed in di-methylation of Lys4 and Lys9 (Figure 

11C & 11F).   
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Figure 12. HT induces increased acetylation of histone H3 and histone H2B in U-87 
MG cultures. U-87 MG cultures were stimulated with DEX (50nM) or incubated with 
normal growth medium for 72hrs prior to treatment with established inhibitor TCP (5µM) 
or olive polyphenol compounds HT (50µM), MMBHTE (50µM), HTS (50µM) for 48hrs. 
(“+” and “-” is indicative of DEX treatment only; type of test inhibitor treatment is stated 
in the vertical axis.) Subsequent histone proteins extracted from treated cultures were 
analysed through western blotting (A) where acetylation status was determined via 
immunodetection of acetylation of histone 3 (B) and histone 2B (C). Quantification of 
expression was normalised to blotting signals obtained from an initial total protein stain 
and represented as arbitrary units. 

Although not necessarily directly reflective of LSD1 activity, the acetylation statuses of 

treated cultures were also analysed to further understand the effect of each phenolic 

compound on alternate forms of epigenetic regulation. Treatment with HT induced a 

notable upwards shift in histone 3 (Figure 12A) and histone 2B (Figure 12B) acetylation. 

The increase appeared to be more marked in samples that had not been pre-incubated with 

DEX, a trend also observed when comparing DEX and no-DEX samples treated with 

TCP. 

Taken together, the statistical limitations of the observations discussed above should be 

acknowledged. Although data obtained through these western blot analyses align with 

observations drawn from previously discussed LSD1 inhibitor screening and enzyme 

activity assays, repeated independent experiments are warranted to draw statistically 

sound conclusions. 
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10.0 Olive-derived phenolic compounds HT, MMBHTE and HTS demonstrate 

potent, subtype-specific MAO inhibitory properties. 

In transitioning the study focus from LSD1 to MAO, we adopted a similar initial 

assessment protocol by screening test inhibitors directly against purified protein to detect 

for potential inhibitory trends by way of direct enzyme binding, as well as determine an 

IC50 value indicating inhibitor efficacy. 

 
Figure 13. HT inhibits Monoamine Oxidase A more potently than established MAO 
inhibitor TCP. Inhibition of MAO-A was screened for with established inhibitor TCP 
(A) and olive polyphenol compounds HT (B), MMBHTE (C) and HTS (D), each at 
progressively increasing concentrations to obtain an inhibition curve. Nonlinear 
regression analysis was then applied to determine IC50 values indicating inhibitor 
concentration at which MAO-A enzyme activity is reduced to 50%. Inhibition curves A-
D were selected as representative of the mean IC50 values obtained from 4 independent 
experiments (discussed in main body text). Data is represented as mean ± S.E.M (pooled 
from n=4 independent experiments performed in triplicate). 

Having performed a total of four independent screening experiments, the above MAO-A 

inhibition curves (Figure 13A-D) summarises the trends consistently demonstrated by 

each of the test inhibitors throughout screening rounds. Positive control compound TCP 

(Figure 13A) induced a 50% relative inhibition of MAO-A at an average concentration 
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of 1.540 ± 0.55µM (average IC50 from n=4 ± S.E.M). In comparison, HT was able to 

achieve the same level of enzyme inhibition at a significantly lower concentration of 

0.336 ± 0.10µM. Comparing the two dose-response curves (Figure 13A & 13B), one can 

clearly appreciate HT’s distinct left-shift, suggesting stronger inhibitory capacity at lower 

concentrations. Moreover, MMBHTE was also found to be a consistently potent inhibitor 

of MAO-A with an average IC50 of 0.894 ± 0.25µM, highlighting the compound as one 

with potential to perform well in in vitro analyses. As a structural analogue of HT, HTS 

was initially screened against MAO-A with the same concentration window, however 

upon analysis of resultant inhibition data, it was evident a much lower margin was 

required to obtain a distinct inhibition curve. Thus upon revision, HTS (Figure 13D) was 

screened within a 0nM-1000nM margin, considerably lower than that of HT and 

MMBHTE. From this, an IC50 value of 698.2nM or 0.06982µM was determined for HTS.  

 
Figure 14. MMBHTE and HTS inhibit Monoamine Oxidase B to a greater extent in 
comparison to potent MAO-A inhibitor HT. Inhibition of MAO-B was screened for 
with established inhibitor TCP (A) and olive polyphenol compounds HT (B), MMBHTE 
(C) and HTS (D), each at progressively increasing concentrations to obtain an inhibition 
curve. Nonlinear regression analysis was then applied to determine IC50 values indicating 
inhibitor concentration at which MAO-B enzyme activity is reduced to 50%. Inhibition 
curves A-D were selected as representative of the mean IC50 values obtained from 4 
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independent experiments (discussed in main body text). Data is represented as mean ± 
S.E.M (pooled from n=4 independent experiments, performed in triplicate). 

Interestingly, the inhibition efficacy of HT was vastly lower when screened against 

MAO-B compared to MAO-A yielding an average extrapolated IC50 value of 5333 ± 

1246µM (Figure 14B). In fact, both MMBHTE and HTS (Figure 14C & 14D) were found 

to be comparatively more effective inhibitors of MAO-B, as exemplified by their average 

IC50 values 131.4 ± 65.1µM and 118.6 ± 27.2µM respectively, calculated from four 

independent experiments. While none of the phenolic compounds were as potent in their 

inhibitory capacity of MAO-B as established inhibitor TCP, the observed dichotomy 

between test inhibitor effectiveness for each MAO subtype is an avenue which warrants 

further investigation on a pharmacological front.  

11.0 Olive-derived phenolic compounds reduce MAO activity following 

stimulation with 50nM Dexamethasone in a U-87 MG in vitro cell culture system. 

Having analysed the direct effect of each phenolic compound on purified enzyme, we 

then progressed the investigation into a cell culture system to gain a better understanding 

of their in vitro inhibitory activities. Prior to establishing a cell culture model of 

depression through DEX stimulation, the effect of the three phenolic compounds on basal 

enzyme activity levels was measured. Phenolic treatment effected a more substantial 

response in MAO-A activity compared to MAO-B. The reduction observed in MAO-A 

activity following treatment with 50µM HT, 50µM MMBHTE or 50µM HTS (Figure 

15B) was marginal compared to the response induced by 5µM TCP, nonetheless 

statistically significant, thus should not be disregarded.  

 
Figure 15. Olive polyphenols HT, MMBHTE and HTS induce a marginal reduction 
in basal MAO-A and MAO-B activity in U-87 MG cultures. U-87 MG cultures were 
treated with established MAO inhibitor TCP (5µM) or olive polyphenol compounds HT 
(50µM), MMBHTE (50µM), HTS (50µM) for 48hrs. Supernatant obtained through 
homogenisation of treated cultures were directly assayed. Total MAO (A), MAO-A (B) 
and MAO-B (C) activity was measured through the fluorometric detection and 
quantification of hydrogen peroxide (H2O2), a by-product generated from the oxidative 
deamination of native MAO substrate tyramine. Data is represented as mean ± S.E.M, 
from n=2 experiments performed in duplicate, where *p<0.05, **p<0.01, ***p<0.001, 
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****p<0.0001 as determined using a 1-way ANOVA comparing N/T to test inhibitors 
unless otherwise stated. 

To establish a basic cell culture model encapsulating a specific disease mechanism 

associated with depression, MAO activity in U-87 MG cultures was stimulated through 

either a 72 hour (Figure 16) or 144 hour (Figure 17) incubation with 50nM DEX. 

Irrespective of incubation time, both DEX incubation protocols induced a statistically 

significant increase in MAO-A activity (****p<0.0001) of approximately two-fold and 

six-fold following a 72 hour and 144 hour 50nM DEX incubation respectively. Successful 

stimulation of MAO-B activity was achieved only through the 72 hour incubation, 

whereas enzyme activity levels were difficult to detect following a 144 hour incubation. 

As such, the effect of test inhibitors was measured in an in vitro system demonstrating 

heightened enzymatic turnover.  

 
Figure 16. Olive polyphenols HT, MMBHTE and HTS induce a moderate reduction 
in MAO-A activity and a marginal reduction in MAO-B activity in U-87 MG 
cultures following 72hrs of incubation with DEX. U-87 MG cultures were stimulated 
with DEX (50nM) (B) or incubated with normal growth medium (A) for 72hrs prior to 
treatment with established inhibitor TCP (5µM) or olive polyphenol compounds HT 
(50µM), MMBHTE (50µM), HTS (50µM) for 48hrs. Supernatant obtained through 
homogenisation of treated cultures were directly assayed. Total MAO (A), MAO-A (B) 
and MAO-B (C) activity was measured through the fluorometric detection and 
quantification of hydrogen peroxide (H2O2), a by-product generated from the oxidative 
deamination of native MAO substrate tyramine. Data is represented as mean ± S.E.M, 
from n=2 experiments performed in duplicate, where *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 as determined using a 1-way ANOVA comparing N/T to test inhibitors 
unless otherwise stated. 

All phenolic compounds induced a moderate reduction in MAO-A activity (Figure 16B) 

and marginal reduction in MAO-B activity (Figure 16C) following 72 hours of DEX 

incubation. Positive control compound TCP proved to be the most effective at reducing 

activity for both subtypes, however to a greater extent (approx. 6-fold) for MAO-A. 

Nevertheless, differences in inhibition effectiveness between each of the phenolic 

compounds followed the same trend as what was observed in our initial inhibitor 

screening assessment. HT was the most effective of the three compounds, eliciting a 
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statistically significant reduction in MAO-A activity when compared directly to responses 

following MMBHTE and HTS treatment (*p<0.05; not represented graphically). In 

contrast but still consistent with our MAO-B inhibitor screening data, HT was once again, 

found to be the least effective phenolic compound (Figure 16C). While the response 

induced by HT and MMBHTE treatment were not statistically significant from one 

another, HTS was determined to be superior to HT and MMBHTE in its inhibitory effect, 

demonstrating a statistically significant difference in response (*p<0.05).   

 
Figure 17. Olive polyphenols HT, MMBHTE and HTS induce a substantial 
reduction in MAO-A activity in U-87 MG cultures following 144hrs of incubation 
with DEX. U-87 MG cultures were stimulated with DEX (50nM) (B) or incubated with 
normal growth medium (A) for 144hrs prior to treatment with established inhibitor TCP 
(5µM) or olive polyphenol compounds HT (50µM), MMBHTE (50µM), HTS (50µM) 
for 24hrs. Supernatant obtained through homogenisation of treated cultures were directly 
assayed. Total MAO (A), MAO-A (B) and MAO-B (C) activity was measured through 
the fluorometric detection and quantification of hydrogen peroxide (H2O2), a by-product 
generated from the oxidative deamination of native MAO substrate tyramine. Data is 
represented as mean ± S.E.M, from n=2 experiment performed in duplicate, where 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined using a 1-way ANOVA 
comparing N/T to test inhibitors unless otherwise stated. 

(Conclusive observations cannot be drawn from data obtained on MAO-B activity 

following a 144 hour DEX incubation (Figure 17C) due to the statistical insignificance of 

measured enzyme levels, suggesting perhaps MAO-B expression or activity as averse to 

an extended DEX incubation, or a potential error occurring during the assay procedure.)  

Upon incubation with 50nM DEX for 144 hours, the absolute reduction in MAO-A 

activity (Figure 17B) among all phenolic treatment groups was perceivably substantiated 

compared to its 72 hour iteration with levels decreasing by approximately 4-5-fold. 

Distinction between the effectiveness of each three phenolic compounds is difficult to 

determine due to statistical limitations, however this does not detract from the clarity of 

inhibition demonstrated by all three collectively.  
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DISCUSSION 

12.0 Dexamethasone as a monoamine oxidase stimulant 

Dexamethasone is a synthetic glucocorticoid used in the treatment of wide range of 

conditions spanning malignancies, skin pathologies and chronic respiratory disorders to 

name a few. The hormone has also been shown to regulate levels of MAO activity in vivo, 

however a range of inconsistent fluctuations in resultant changes in enzyme activity have 

been reported, likely due to discrepancies in animal age and sex as well as tissue type 

(83). In light of this, a range of in vitro studies to ascertain the effect of DEX exposure 

on enzyme expression and activity in an isolated tissue type have been undertaken. 

In a study investigating Brunner’s Syndrome, a behavioural pathology associated with a 

point mutation in the MAO-A gene, 50nM DEX was used to stimulate total MAO activity 

in cultured human fibroblasts. Investigators reported a 6- to 14-fold increase in MAO-A 

activity compared to a lesser 2- to 3-fold increase in MAO-B activity (84). This decision 

to incorporate DEX as a stimulus stemmed from earlier findings where Edelstein et al. 

(1981) observed a selective increase in MAO-A activity following 8-9 days of exposure 

to 5x10-8M DEX, again, in human fibroblasts. In fact, a dramatic change in ratio of MAO-

A to MAO-B activity was reported, shifting from 35% A: 65% B to 90% A: 10% B 

following treatment with DEX. Similar changes were also observed in DEX-treated 

primary human skeletal myocytes where MAO-A was identified through cDNA 

microarray to be the most significantly upregulated gene among other transcriptional 

adaptions potentially impacting on mitochondria function in skeletal muscle (85). 

Although our MAO investigations were conducted in U-87 MG Glioma cultures, we also 

observed a very similar preferential effect with regards to regulation of subtype specific 

MAO by DEX. Levels of MAO-A activity increased to a greater extent in comparison to 

MAO-B following stimulation with 50nM DEX irrespective of exposure time.   

On the contrary, selective regulation of MAO-B expression by DEX in a dose and time 

dependent manner has been reported in cultured rat astrocytes. This account specifically 

identified an upregulation in protein expression, reporting a marked increase in MAO-B 

mRNA expression following DEX treatment (86). Interestingly, this investigation is the 

most similar to ours of all reports discussed thus far with regards to cell type, however a 

resultant inverse phenomena was described. Although it is difficult to say why this may 

be the case, perhaps the underlying functional molecular and cellular discrepancies 

between non-cancerous primary astrocyte cultures and a secondary immortalised 

astrocytoma cell line intrinsically influence responses to hormonal stimuli. Going 



51 
 

forward, reassessment and revision of DEX stimulation in the context of MAO-B may be 

necessary. Alternate treatments such as retinoic acid, which has been found to 

significantly upregulate MAO-B promoter activity and mRNA expression in a human 

neuroblastoma cell line (87), should be considered to achieve desired experimental 

parameters. 

Furthermore, the suitability of DEX stimulation to model the psychophysiological aspects 

of MDD is highlighted when considering the clinical presentation of patients with 

glucocorticoid dysregulation. Whether it be through exogenous administration or inherent 

alterations in circulating levels as a result of underlying adrenal pathologies (e.g. 

Addison’s and Cushing’s disease), affected individuals present with psychological 

manifestations (88) characteristic to psychopathological phenotypes associated with 

altered MAO levels. In this case, specific relevance is drawn on MAO-A activity, where 

previously discussed hormone-induced alterations in enzyme expression and activity may 

yield clinically significant effects given MAO-A holds substrate preference for 

noradrenaline and serotonin (61). 

While our investigation was centred around an in vitro cell culture system, expanding the 

study through in vivo analysis may provide insights into the potential establishment of a 

novel animal model for MDD. However the complexities of reaching such an endpoint is 

demonstrated through the sheer inundation of studies reporting mismatched and at times 

contradictory observations regarding the effects of DEX treatment on neurobiological 

status. Furthermore, the complexity of defining treatment effects according to tissue type 

and localisation presents even more challenges. This notion is exemplified through a 

rodent-based study identifying a significant increase in hypothalamic serotonin levels, 

while observing a significant decrease in cortical serotonin levels following a single acute 

intraperitoneal dose of 20µg DEX (89). 

Taken together, the basis of our investigation rests on the proven effectiveness of MAO 

inhibitors in the treatment of MDD, which will be further expanded on in a later section. 

In saying that, we acknowledge that MAO overactivity is not a whole disease-

encompassing pathological mechanism, however within the scope of our study, its 

relevance and necessity to the pharmacological assessment of inhibitor discovery is 

considered above all else.  
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13.0 Identification of novel LSD1 inhibitors 

Having been discovered only relatively recently, small molecular inhibitors of LSD1 are 

yet to be identified as specific to the enzyme itself. Of the few that have proved somewhat 

effective, most have been established MAO inhibitors e.g. TCP, paragylin, phenelzine 

(90); a seemingly natural starting point for LSD1 inhibitor discovery given their 

considerable structural homology. However none of these are quite as potent and selective 

in their inactivation potential when screened against LSD1, thus cannot be classified as 

true LSD1 inhibitors (90). Nonetheless, researchers have taken particular interest in 

Tranylcypromine (TCP) or as it is commonly referred to as when discussing its medicinal 

chemical properties, 2-PCPA. From our investigations, screening the inhibitory efficacy 

of TCP on LSD1, an IC50 value of 110.5µM was determined. In comparison, 

substantially lower IC50 values were obtained for inhibition of both MAO subtypes; 

measured at 1.540µM for MAO-A and 0.772µM for MAO-B. Despite its specificity bias 

towards MAO, this compound has been the most representative of potential LSD1 

inhibitors, found to restrain LSD1 activity via formation of a covalent adduct through a 

flavin loop in the enzyme active cavity (91). Efforts to elucidate a selective LSD1 

inhibitor have centred around the synthesis of small molecule derivatives using 2-PCPA 

as the principle skeleton (91), with one group reporting two compounds, 2 & 3 (Figure 

18), shown to be far more robust inhibitors of LSD1 (IC50 = 1.9µM) than the original 

structure on which they were based on (92). In light of their x-ray crystallographic 

analyses, investigators attributed their effectiveness to the compounds’ stereo-

compatibility with the capacious LSD1 active site, accommodating the large substituent 

attached to the phenyl ring of 2-PCPA. Active sites on both MAO-A (61) and MAO-B 

(93) are insufficiently spacious to allow for inhibitor entry, conferring selectivity for 

LSD1. 

 

Figure 18. Chemical structure of Tranylcypromine/TCP/2-PCPA (1) and its 
synthetic substituted analogues (2-3). (Adapted from Zheng et al. (2015) (90)) 

Large efforts have been placed on the development of a synthetic chemical LSD1 

inhibitor, however our investigation, among a number of others, aimed to identify 

naturally-derived bioactive compounds with LSD1 inhibitory effects. As such, we were 
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able to demonstrate specific targeting of LSD1 by established antioxidant HT, alongside 

other analogous phenolic structures MMBHTE and HTS. Of the three compounds, HT 

presented with the most pronounced inhibitory potency with an IC50 of 0.03863µM, with 

MMBHTE and HTS closely following at 0.8029µM and 1.065µM respectively. 

Interpretation of each kinetic progress curve alludes to the potential inhibitory mechanism 

of these compounds within the recombinant assay. Given all compounds demonstrated 

nonlinear progress curves until reaching a plateau value, an irreversible, time-dependent 

mode of inhibition is likely. This assessment aligns with previous studies investigating 

the inhibition kinetics of synthetically derived LSD1 inhibitors (91). However, to 

ascertain a more detailed insight into the mode of inhibition elicited by our lead 

compounds, additional parameters specific to enzyme kinetics should be assayed for. 

In light of our experimental findings, we would like to highlight two studies that reported 

several natural compounds demonstrating potent LSD1 inhibitory effects. Of particular 

interest is one which specifically focused on a series of dietary polyphenols and their 

novel protein targeting abilities (94). Resveratrol, curcumin and quercetin were all found 

to surpass TCP in their in vitro inhibitory potency. All three compounds have previously 

been shown to harbour a wide range of medical applications such as anti-inflammation, 

prevention and slowing disease progression in type 2 diabetes, cancers and various 

cardiovascular conditions (95-97). Resveratrol was emphasised as the most promising of 

the three, yielding an IC50 at 15µM. Similarities in experimental outcome can be drawn 

with our study’s lead compound HT, a powerful antioxidant for which we have identified 

a novel molecular target. A relatively recent report identified yet another natural 

compound, geranylgeranoic acid (GGA) as a non-competitive LSD1 inhibitor with 

similar potency to TCP (64). Thus in consideration of these previous findings, our 

identification of the sheer inhibitory potency of HT and its derivatives seems less than 

surprising. 

Beyond direct selective inhibition of LSD1, these naturally-derived compounds have also 

been shown to modulate downstream biological pathways. Resveratrol, shown to be 

active in recombinant assays, also induced in vitro enrichment of H3K4me2, a distinct 

phenomenon observed in our own western blot analyses of H3K4 and H3K9 methylation 

status following treatment with HT. Downstream biological consequences of LSD1 

inhibition by Resveratrol in C2C12 fibroblasts resulted in silencing of the myogenic and 

MHC gene disrupting normal myogenesis (94). The forward effects of such epigenetic 

modifications are further demonstrated through a study reporting pan-histone 
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demethylase inhibitors with the ability to induce cell cycle arrest and prevent extensive 

apoptosis in a human prostate cancer cells via hyper-methylation of H3K4 and H3K9 

(98). 

In the context of clinical significance, it is important to mention that many novel LSD1 

inhibitors are currently being studied for their anti-cancerous therapeutic potential. Given 

the sheer number of publications emerging since the enzyme’s discovery, there is clearly 

an undeniably interest in the development of a potent LSD1-specific inhibitor. Although 

our primary interest in LSD1 lies in its structural homology shared with MAO enzymes, 

the clinical repercussions of a successful inhibitor may yield novel perspectives regarding 

the treatment of solid tumour malignancies (99) as well as blood-borne cancers such as 

acute myelogenous leukaemia (100). Relevant to the scope of our study, confirming HT’s 

potent LSD1 inhibitory capacity endorsed a scientifically justified segue into our ensuing 

MAO investigation.  

14.0 Identification of novel MAO inhibitors 

Having confirmed the potency of HT in its inhibitory effect on LSD1, the natural 

progression of our investigation led us to explore the effects of the same three phenolic 

compounds in the context of MAO inhibition. As these three compounds are naturally-

derived and specific to a major component of the Mediterranean diet, our investigations 

aimed to elucidate and link a molecular mechanism to upstanding epidemiological data 

reporting psychological health benefits arising from adherence to such a diet.  

As such, we were able to identify HT as a particularly potent inhibitor of MAO-A, 

yielding an IC50 value of 0.336µM alongside a 4-5-fold reduction in MAO-A activity, 

seen in secondary U87-MG cultures stimulated with DEX. However, this potency 

evidently did not extend to MAO-B inhibition, where screening analysis against purified 

MAO-B protein exhibited 50% relative inhibition at an extrapolated concentration of 

4097µM. This selectivity towards MAO-A was also demonstrated by HT analogues 

MMBHTE and HTS, and is likely a result of the structural discrepancies between the 

active sites of each subtype. Numerous studies have been undertaken to elucidate 

explanations behind the structural basis for differential inhibitor binding as well as 

preferential substrate metabolism (101, 102). X-ray crystallographic analyses have shown 

that MAO-B harbours a small entrance cavity, with entry to the active site disrupted by 

Ile199, permitting exclusive access to smaller hydrophobic models. Additional 

mutagenesis studies have also identified a bulky Phe side chain impeding on the 
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conformational flexibility of the bipartite MAO-B cavity (103). These structural 

limitations are what restricts entry and binding of larger hydroxylated amines such as 

serotonin into the MAO-B binding cavity, thus deeming it a MAO-A selective substrate. 

In fact, the presence of a wider entry cavity leading into the MAO-A active site may 

explain the all-round inhibitory efficacy of all three phenolic compounds when screened 

against MAO-A in comparison to MAO-B. Maximal relative inhibition % at which the 

MAO-A inhibition curves began to plateau were higher for HT, MMBHTE and HTS 

relative to their MAO-B counterpart. Maximal inhibition of MAO-B was certainly 

achieved within the assay concentration window, however much higher compound 

concentrations were required to reach this parameter. Moreover, although MMBHTE and 

HTS were somewhat efficacious when screened against MAO-B, the IC50 values 

determined were substantially higher at 131.4µM and 118.6µM respectively, then their 

MAO-A counterparts. 

Drawing focus to the efficacy of each phenolic compound as shown through our MAO-

A inhibitor screening analyses, the order of increasing inhibitory potency does in fact 

inversely correlate with the size of the compounds (Figure 7). HT, the smallest of the 

three compounds leads the trio, closely followed by its slightly larger analogue HTS 

which demonstrates only a marginally higher IC50 value. Substituted with a 

comparatively extensive side chain, MMBHTE yielded the highest IC50 value, 

suggesting perhaps a reduction in ease of inhibitor entry yielding consequent impairment 

upon inhibitory execution. Interestingly, the pronounced structural restriction imposed by 

the MAO-B entry cavity (102) did not seem to reflect in the efficacy of test inhibitors on 

the basis of their molecular structure size. In fact, the opposite trend was observed 

whereby larger phenolics (MMBHTE and HTS) demonstrated consistent inhibition at 

lower IC50 values compared to their simplified parent structure HT. Perhaps this 

highlights the sheer complexity of enzyme-ligand binding interactions, where more 

detailed structural analysis of enzyme-inhibitor complexes is required to elucidate 

concrete reasoning behind inhibitor efficacy.  

Despite our investigations forming the first account of selective MAO inhibition by 

dietary phenolics HT, HTS and MMBHTE; with the exception of the latter, there have 

been a range of studies exploring their potential neurobiological applications in vitro and 

in vivo. HT in particular has been reported to demonstrate neuroprotective effects through 

a range of antioxidant and anti-inflammatory mechanisms. For example, murine-

dissociated neurons pre-incubated with HT displayed a significant attenuation in nitric 
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oxide and Fe2+-induced cytotoxicity (104). The same group also investigated the effects 

of in vivo HT administration, identifying a reduction in basal and stress-induced lipid 

peroxidation, enhancing oxidative stress resistance. Moreover, inhibition of lactate 

dehydrogenase (LDH) efflux, a marker of neuronal cell death, following oral 

administration of HT in a concentration- and dose-dependent manner was observed in rat 

brain slices obtained from an in vivo model of hypoxia-reoxygenation (105). 

Interestingly, another study analysing the differential neuroprotective effects of HT 

compared to HTS, the latter was found to be more effective at attenuating LDH efflux as 

demonstrated through higher absolute inhibition and a lower IC50 value (74). Although 

our in vitro MAO activity assay findings suggested only a marginal difference in the 

inhibitory capacity of HT and HTS, the potential to yield experimentally significant 

differences on the basis of minor discrepancies in chemical structure is certainly a 

possibility. Thus it is clear HT has numerous bioactive properties relevant to maintaining 

healthy neurological processes. In consideration of the overarching aims of our study, 

perhaps HT’s neuroprotective interactions work synergistically with its MAO-inhibitory 

effects, accounting for both the monoamine and neuro-inflammatory mechanisms behind 

MDD pathophysiology. 

Identification of novel cell-active MAO inhibitors among naturally-derived compounds 

has been explored previously among other families of compounds originating from 

natural sources. A number of studies have identified compounds with promising bioactive 

effects, then through various design and optimisation techniques to manipulate the base 

compound’s chemical structure, have achieved improved specificity and protein targeting 

outcomes. Synthetic derivatives of coumarin, a naturally occurring benzopyrone known 

for its fragrant scent, have been examined through in silico analyses to elucidate potential 

MAO inhibitory effects (106). Investigators identified differential inhibition capacity 

between compounds following structural modifications on the coumarin scaffold. 

Similarly, another study adopted in silico molecular modelling techniques to screen for 

potential MAO inhibitors amongst a series of synthetic flavonoid subclasses, sharing the 

same structural scaffolding as natural compounds found in commonly consumed food and 

beverages (107). Both studies were able to recognise specific structural iterations that 

were particularly active and selective for MAO proteins. The discovery of MMBHTE, 

one of the key phenolic compounds examined in this study exemplifies the effectiveness 

of in silico identification of promising lead compounds for development and further in 

vitro and in vivo investigation. By conducting dynamic protein docking simulations 
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MMBHTE was singled out on the basis of a range of assessed bioactive parameters. 

However unlike the synthetically-derived compounds discussed in previously published 

investigations, MMBHTE is a naturally occurring compound found in olives alongside 

HT and HTS. Thus, the natural progression from in silico identification to experimental 

analysis of effects in vitro has allowed us to demonstrate MMBHTE’s inhibitory actions 

on LSD1 and both MAO subtypes to varying degrees of potency.  

15.0 Concluding Statements 

Taken together, our study indicates that HT is both a potent LSD1 inhibitor and a MAO-

A selective inhibitor, with the latter phenomena potentially contributing to the lower 

incidence of depression observed in geographical locations reporting a high adherence to 

the Mediterranean diet. Moreover, HT analogues HTS and MMBHTE which share the 

same backbone scaffold structure also demonstrate strong inhibitory actions against 

LSD1 and MAO-A. Although both MAO subtypes are involved in MDD 

pathophysiology, the superiority of all three phenolic test inhibitors in their effects against 

MAO-A highlights the subtype as a particularly critical enzyme within the disease 

context. MAO-A’s substrate specificity and exclusivity to serotonin, a key mood-

regulating neurotransmitter, only strengthens this study’s evidence yielding an initial 

account for the molecular basis of the Mediterranean diet’s antidepressive effects. 
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15.1 Future Directions 

In light of our findings, we believe that we have formed an adequately informative basis 

for subsequent in vivo experiments exploring the antidepressive potential of short-term 

and long-term HT intake.  

To date, there is no established in vivo model that holistically recapitulates the clinical 

phenotype and associated symptoms of MDD (1). This is unsurprising considering the 

sheer variation in psychiatric and neuropathological profiles occurring among the patient 

population. Nonetheless, there have been ongoing investigations with the aim of 

identifying and developing an accurately reflective model of the disease, with which 

screening of potential antidepressant therapeutics can be carried out. Of particular interest 

to us is the occurrence of depression as a co-morbidity of diabetes mellitus (type 2), 

associated with glucose dysregulation and a heightened risk for diabetic complications as 

reported by a number of clinical meta-analyses (108). As such, we hope to continue our 

investigations in a mouse model of diabetes-induced depression using transgenic db/db 

mice. This strain of mice is a well-established model used to study a broad range of 

clinical complications tied to type 2 diabetes. Although initially lacking in preclinical 

research to support the validity of the strain as a model of the neurobehavioral 

disturbances, there have since been a number of evaluation studies published in support 

of the strain as an appropriate model on the basis of its overt presentation with depressive 

and psychosis-like symptoms (109). 

To achieve a quantitative assessment of the antidepressive pharmacological effect of our 

phenolic compounds of interest, a direct comparison to established classical 

antidepressants fluoxetine (Prozac) and imipramine will be carried out. Behavioural 

assays to be carried out to assess antidepressive tendencies following treatment include 

the forced swim test (FST) and the tail suspension test (TST). The FST and TST both 

involve timing the duration of motor struggle following exposure to a stressful stimulus. 

While the motor response analysed in the FST is associated with active motion to avoid 

drowning (110), the TST relies on mice attempting to revert back to a comfortable upright 

position (111). Despite their differing assay principles, both protocols are well-

established and widely used to characterise changes in cognitive parameters following 

antidepressant treatment, as discussed in designated studies reviewing the assays’ validity 

and reliability (112, 113). 
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The study will be undertaken on 14 week old db/db mice, as well as age-matched control 

C57/B6J mice pending AEC approval. Treatment schedule will involve intraperitoneal 

injection of test and control compounds at the following dosages: Saline (Negative 

control): 0.5% sodium CMC; Fluoxetine/Prozac (Positive control): 5mg/kg; Imipramine 

(Positive control): 15mg/kg; Hydroxytyrosol (HT): 50mg/kg; Hydroxytyrosol acetate 

(HTS): 50mg/kg; Methyl malate-B-hydroxytyrosol ester (MMBHTE): 50mg/kg. 

To assess the short-term immediate effects of our test compounds, administration of 

treatment will be carried out once, and behavioural assays will be conducted 60 minutes 

after initial administration. To assess the long-term effects, mice will undergo repeated 

administration of test phenolic compounds once every 24 hours for 4 days, and once every 

48 hours for 4 days for the fluoxetine and imipramine positive control groups. 

Behavioural assays will be conducted 60 minutes after the administration of the final 

dose.   

By undertaking this in vivo investigation we hope to gain informative insights into the 

bioactive effects of our compounds of interest in the context of a systematic biological 

entity. We believe the conclusions drawn from experimental outcomes will add an 

additional layer of understanding in relation to our in vitro findings, yielding further 

evidence in support of the antidepressive effects of the Mediterranean diet. 
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APPENDICES 

Appendix 1 – List of Primary and Secondary Antibodies used in Western Blotting 

Antibody Species Manufacturer Catalogue No. Dilution 

factor 

H3K4me1 Rabbit Abcam, Cambridge UK AB176877 1:5000 

H3K4me2 Rabbit Abcam, Cambridge UK AB32356 1:2000 

H3K9me1 Rabbit Abcam, Cambridge UK AB176880 1:10 000 

H3K9me2 Rabbit Abcam, Cambridge UK AB176882 1:1000 

Acetyl-

Histone H3 

Rabbit Millipore, MA USA 06-599 1:2000 

Acetyl-

Histone H2B 

Rabbit Epitomics, CA USA 2170-1 1:1000 

IRDye 

Donkey anti-

Rabbit 

(Secondary) 

Donkey 

(Detection 

at 800nm) 

LI-COR, NE USA 926-32213 1:2000 

Appendix 2 – Manufacturers’ Assay Datasheets/Protocols 

- EpiQuik Histone Demethylase LSD1 Inhibitor Screening Assay Core Kit 

User Guide & MSDS – https://www.epigentek.com/docs/P-3075A.pdf (Epigentek P-

3075A, NY USA) 

- EpiQuik Histone Demethylase LSD1 Activity/Inhibition Assay Kit 

User Guide & MSDS – https://www.epigentek.com/docs/P-3076.pdf (Epigentek P-3076, 

NY USA) 

- Monoamine Oxidase A/B Inhibitor Screening Kit (Fluorometric) 

MAO-A Technical Bulletin – https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/2/mak295bul.pdf (Sigma-Aldrich MAK295, MO USA) 

MAO-B Technical Bulletin – https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Bulletin/2/mak296bul.pdf (Sigma-Aldrich MAK296, MO USA) 

- Monoamine Oxidase Activity (Total MAO/MAO-A/B) Fluorometric Assay 
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Assay Datasheet – https://www.biovision.com/documentation/datasheets/K795.pdf 

(BioVision K795-100, CA USA)  

Appendix 3 – Enzyme Inhibition Screening/In vitro Activity Assay Calculations  

- EpiQuik Histone Demethylase LSD1 Inhibitor Screening Assay Core Kit 

 

 

- EpiQuik Histone Demethylase LSD1 Activity/Inhibition Assay Kit 

 

- Monoamine Oxidase A/B Inhibitor Screening Kit (Fluorometric) 

 

- Monoamine Oxidase Activity (Total MAO/MAO-A/B) Fluorometric Assay 
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Appendix 4 – Table of Laboratory Equipment and Imaging/Analysis/Graphing 

Software 

Equipment/Software Manufacturer Serial/Version No. 

Odyssey CLx Imaging 

System 

LI-COR, NE USA CLx-1664 

Allegra X-12R Centrifuge Beckman Coulter, CA 

USA 

ALX16F02 

Eppendorf 

Microcentrifuge 5427 R 

Eppendorf, Hamburg 

Germany 

2-150073 

CLARIOstar Microplate 

Reader 

BMG Labtech, Ortenberg 

Germany 

430-0764 

Nikon Model Eclipse Ts2 

Light Microscope 

Nikon Corporation, Tokyo 

Japan 

135213 

HERcell VIOS 160i CO2 

Incubator 

Thermo Scientific, 

Langensebold Germany 

41953094 

GraphPad Prism GraphPad Software, CA 

USA 

Version 7 

Image Studio Lite LI-COR, NE USA Version 5.2 

 

 

 

 

 

 

 

 

 


