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Abstract: Monoamine oxidases (MAOs) are oxidative enzymes that catalyze the conversion of bio-
genic amines into their corresponding aldehydes and ketones through oxidative deamination. Owing
to the crucial role of MAOs in maintaining functional levels of neurotransmitters, the implications
of its distorted activity have been associated with numerous neurological diseases. Recently, an
unanticipated role of MAOs in tumor progression and metastasis has been reported. The chemical
inhibition of MAOs might be a valuable therapeutic approach for cancer treatment. In this review,
we reported computational approaches exploited in the design and development of selective MAO
inhibitors accompanied by their biological activities. Additionally, we generated a pharmacophore
model for MAO-A active inhibitors to identify the structural motifs to invoke an activity.
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1. Introduction

By 1928, Mary Bernheim discovered the first enzyme of monoamine oxidase, and it
was called tyramine oxidases [1]. Monoamine oxidases are in the flavin protein family,
which is essentially composed of flavin amine oxidoreductases [2]. Monoamine oxidase
can be classified into two types: monoamine oxidase A (MAO-A) and monoamine oxidase
B (MAO-B). MAO-A is present in the gastrointestinal tract, lung, liver, and placenta,
whereas MAO-B is present in blood platelets [3]. Monoamine oxidase A (MAO-A), a
mitochondrial oxidative enzyme in the broad class of deaminating oxidases [4], essentially
catalyzes the conversion of biogenic amines, such as dopamine and epinephrine, into their
corresponding aldehydes through oxidative deamination with the concurrent production
of reactive oxygen species (ROS) [5-7]. The prevalent existence of MAO-A is accredited to
a conserved biological role in amine metabolism [5], and therefore it may be engaged in
crucial cellular functions, such as monitoring cell growth and differentiation, maintaining
the polyamine reservoir, and regulating levels of neurotransmitters [8].

Due to the essential role of MAO-A in preserving functional levels of neurotransmit-
ters, the implications of its abnormal activity have been linked to several neurological
disorders. For instance, increased activity of MAO-A has been associated with depression
and anxiety [9,10]. On the other hand, deficiency of MAO-A enzymatic activity has been
demonstrated in patients with mental retardation and abnormal behavior [11]. Moreover,
the pathogenesis of neurodegenerative diseases, such as Parkinson’s and Alzheimer’s
diseases, was proposed to be mediated by increased expression and activity of MAO-
A [12,13]. Notably, several cardiovascular diseases, including heart failure [14], vascular
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remodeling [15] and myocardial injury [16], have been also related to abnormal levels and
activity of MAO-A.

Monoamine oxidase B can be classified as a flavin adenine dinucleotide (FAD)-
dependent mitochondrial enzyme. It acts primarily by catalyzing the oxidative deamina-
tion of different amines [17]. MAO-B shows preferential selectivity toward two substrates,
which are 2-phenylethylamine and benzylamine. Dopamine and tyramine are also con-
sidered substrates for MAO-B. Selegiline (L-deprenyl), one of the first selective MAO-B
inhibitors with an enhanced profile, has been used for almost 40 years to treat Parkinson’s
disease. Glial brain cells are rich in MAO-B enzyme, especially in the neighborhood of
dopaminergic synapses [18]. MAO-B participates mainly in storage regulation, release, and
concentrations of biogenic amines in the synaptic cleft. Reactive oxygen species (ROS) are
generated through monoamine substrate oxidation via MAO-B. Oxidation overabundance
encourages neurotoxins synthesis. Tetrahyroisoquinolone (TIQ) and 6-hydroxydpamine
are two of the most common neurotoxins whose high concentrations fasten chronic neu-
rodegenerative disease [19].

During the last decade, several reports were published connecting the MAO-A-
mediated production of ROS with tumor development and progression. Patients with
advanced prostate cancer (PCa) showed elevated expression of MAO-A [20,21]. Oxidative
stress and the resulting DNA damage caused by ROS were used to explain tumor initiation
and progress in several types of cancers [22,23]. In addition, the ability of cancer cells to
migrate from their primary location to another tissue appears to be linked to signaling
pathways that involve MAO-A activity [24]. Interestingly, several MAO-A inhibitors were
reported to modulate cell proliferation and result in cell cycle arrest in a dose-dependent
trend. Cancer cell death induced by apoptosis pathways has been reported to be the main
effect of certain MAO-A inhibitors on prostate cancer cells [25]. It is not only synthetic drugs
that demonstrate anticancer activity; curcumin, a bioactive phytochemical compound that
is proposed to work through the inhibition of MAO-A/mTOR/HIF-1« signaling pathways,
revealed a reduction in cancer-associated fibroblast-induced invasion and ROS production
in prostate cancer [26-28]. From this perspective, we review the existing studies on the role
of MAO-A and MAO-B in cancer development and progression with a special focus on the
design and use of MAO-A inhibitors in cancer chemotherapy.

2. MAO-A’s Location and Function

MAO-A gene is an X-linked gene, located on the X chromosome (Xp11.23), encoding
the outer mitochondrial membrane MAO-A protein [29]. The protein is a pro-oxidative en-
zyme that is extensively present in all the mammalian cell types except erythrocytes [4]. It
catalyzes the oxidation of primary and secondary amines into their respective imine form;
followed by nonenzymatic hydrolysis to the corresponding aldehydes or ketones [30],
as illustrated in Figure 1. The enzyme has a covalently bound FAD cofactor linked
via a thioether bridge [31]. MAO-A favorably catalyzes the metabolism of serotonin
(5-hydroxytryptamine), norepinephrine, and dopamine [31,32]. MAO-A plays a key role
in many neuropsychiatric diseases, as it is involved in controlling levels of neurotrans-
mitters [33]. In addition, MAO-A contributes to ROS generation through its catalytic
by-product hydrogen peroxide (H,O;) [34]. Reactive oxygen species levels control normal
mitochondprial functions and may result in multiple dysfunctions as well [35].
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Figure 1. Oxidation of primary and secondary amines into their respective imine form, followed by nonenzymatic hydrolysis
to their corresponding aldehydes or ketones.

3. MAO-A’s Role in Cancer

The MAO-A-mediated production of ROS could lead to DNA damage and oxida-
tive injury of cells and thus may participate in tumor initiation and progression. Many
studies have shown that MAO-A overexpression is associated with an increased risk of
cancer [23,36]. Aggressive prostate cancer (PCa) demonstrated high expression of MAO-
A [21]. Hodorova et al. reported that renal cell carcinoma may have high-grade MAO-A
expression [37]. It has also been proposed that MAO-A expression is relatively increased in
human glioma tissues and cell lines. The chemical inhibition of MAO-A with clorgyline,
a selective and irreversible inhibitor of MAO-A, was effectively cytotoxic for glioma and
decreased the invasion in vitro [38,39].

MAO-A protein and mRNA expression were significantly higher in non-small cell
lung carcinoma (NSCLC) tissues compared to the matched non-tumor adjacent lung tis-
sues [40]. Moreover, MAO-A expression was linked to the clinical stage and lymph node
metastases [41]. Recently, it has been suggested that MAO-A may have a role in promoting
the progression of NSCLC by regulating the epithelial to mesenchymal transition (EMT)
process, a key step in cancer invasion and metastasis, by negatively affecting E-cadherin
expression and positively affecting the expressions of N-cadherin [42—44].

One of the deadliest diseases affecting women is breast cancer [45]. Cancer progression,
angiogenesis, and metastasis require more exploration, especially at the molecular level [46].
MAO-A appears to play a different role in breast cancer pathogenesis [47]. Based on the
available literature, MAO-A was found at a low expression level in many types of breast
cancers [48]. Interleukin-6 is a cytokine principally abundant in a number of inflammatory
conditions [49]. Many reports proposed that cytokine is involved in cancer progression,
metastasis, chemo-resistance, angiogenesis, and epithelial to mesenchymal transition [50].
Interleukin 6 (IL-6) is connected to more aggressive and invasive types of cancer. In
addition, IL-6 acts primarily through activating a series of downstream signaling cascades,
including GP130, JAK/STAT, MAPK, and AKT, which are all involved in cancer initiation
and progression [51]. Bharti et al. reported that a low level of MAO-A promotes tumor
angiogenesis and invasion in breast cancer in a hypoxic environment. IL-6/IL-6R was
found to exert a negative regulation pattern on MAO-A activity [47]. Diacerein (Dia) acts
through the inhibition of the IL-6/IL-6R signaling pathway, suppressing angiogenesis and
invasion by up-regulating MAO-A expression [52].

4. MAO-B’s Role in Cancer

A few years ago, interest in MAO-B increased, as it was linked with a direct relation-
ship to many types of cancer. A considerable number of studies showed that both MAOs
have high levels in different cancer types [53]. Colorectal cancer (CRC) is considered one of
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the most common cancers worldwide, especially in Asia. Surgery is considered the first
choice of treatment in most colorectal cancer cases. However, the rate of reoccurrence is
about 30% due to distant metastasis, particularly in late-stage patients [54]. Yang et al. [55]
studied MAO expression in colorectal cancer using in silico analysis and tissue microarrays.
In 203 cases of colorectal adenocarcinoma, MAO-B demonstrated high expression in cancer
tissues in comparison to normal tissues. The study compared MAO-B expression with clin-
icopathological parameters of patients. The results showed that high MAO-B expression in
tissues related well with high reoccurrence rate and poor prognosis. On the other hand,
MAO-B expression had a positive correlation with epithelial-to-mesenchymal-transition-
related gene expression in CRC tissues [55].

One of the heterogeneous tumors is breast cancer. In 2020, breast cancer was classified
as the world’s largest occurrence cancer [56]. Usually, breast cancer is categorized based
on the expressed hormone receptors (estrogen, progesterone, human epidermal growth
factor receptor 2), and it is divided into different subtypes (luminal A, luminal B, HER-2
type, triple negative breast cancer (TNBC)) [57]. As MAO-A showed high expression in
luminal A and luminal B, MAO-B was highly expressed in TNBC with a p-value of 0.02. In
contrast, a study reported that cells expressing estrogen-related receptor (ERR) showed
high MAO-B expression as well [58].

Lung cancer is the leading cause of cancer death, constituting 25% of all cancer
deaths [59]. One of the major problems challenging lung cancer treatment is the high level
of ionizing radiation resistance that decreases radiation therapy effectiveness [60]. Ionizing
radiation resistance is mainly attributed to nuclear factor kappa-light-chain-enhancer of
activated B cell (NF-KB) pathway activation. One of MAO-B’s catalyzing products is
hydrogen peroxide, which is important for the NF-KB activation pathway in NSCLC. It has
been found that MAO-B is overexpressed in lung cancer cells in comparison to normal cells.
MAO-B expression increased (mRNA and protein levels) in A549 and H1299 upon ionizing
radiation (IR) treatment in a dose-dependent manner [61]. Therefore, it is concluded that
MAO-B can be considered a biomarker for NSCLC and IR resistance. MAO-B acts primarily
through NF-KB activation [62]. Danshensu is a traditional oriental medicine that has been
shown to reduce IR resistance mainly through NF-KB activation. Danshensu works on
reducing MAO-B activity and regaining the radio-sensitization of NSCLC [63].

Oral squamous cell carcinoma (OSCC) is one of the most prevalent cancer types in
south Asia. An in silico drug design and molecular docking study identified Galuteolin
and Linarin as potential leads for oral squamous cell carcinoma (OSCC) treatment [64].
Both Galuteolin and Linarin inhibited AKtl and AKt2 proteins, but not MAO-B, which
showed a decreased expression in OSCC tissues. On the other hand, Diosmetin, Acacetin,
and Epicatechin appear to inhibit MAO-B selectively, but not AKtl and AKt2 proteins.
Consequently, it was concluded that MAO-B inhibitors could be used for the treatment of
cancer types other than OSCC [64].

Young Oh et al. [65] studied MAO-B as a potential biomarker for the early detection
of OSCC. The study included 34 samples from healthy individuals and 33 samples from
OSCC patients. Real-time PCR for six genes was performed, and mRNA levels were
compared. MAO-B showed decreased expression in OSCC patients in comparison to
healthy individuals. MAO-B expression could be used as an early diagnosis indicator for
OSCC [65].

In addition, gliomas appear to have a strong correlation with MAO-B; MAO-B has a
high expression level in this type of cancer, especially with high-grade tumors [66]. More-
over, MAO-B has a strong correlation with hypoxia-inducible factor 1 alpha (Hif-1x) expres-
sion. Therefore, MAO-B can be considered a hot target for the treatment of Gliomas [67].

The gastrointestinal tract (GIT) contains many neurotransmitters, and MAO-B is one
of the major metabolizing enzymes for these neurotransmitters [68]. Quantitative real-time
PCR and the Seahorse assay were used to study the MAO-B in GI cancers. Norepinephrine
levels showed high levels in gastric cancer tissues. MAO-A and MAO-B appeared to be
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expressed in low levels. The high levels of norepinephrine and low MAO-B expression
could be a good target for immune therapy [69].

Human carcinogens such as Betal Quid and Areca Nut are usually associated with
a high incidence risk of oral malignant disorders [70]. Arecolin is an alkaloid usually
metabolized by MAO proteins with a concurrent production of reactive oxygen species.
Decreased expressions of MAO-A and MAO-B were demonstrated in such cancerous
tissues in comparison to non-cancerous tissues [71].

MicroRNAs (miRNA) could act either as tumor suppressers or cancer-promoting
factors [72]. The effect of miR-522 in endometrial carcinoma was studied, and it has been
shown that miR-522 decreased MAO-B expression. This effect usually occurs due to miR-
522 binding to MAO-B with a putative site. Therefore, miR-522 accelerated endometrial
carcinoma through MAO-B inhibition [73].

5. Structural Design of MAO-A Inhibitors

The crystal structures of the human MAO-B complex with isatin (PDB ID: 2BK5) [74]
and the MAO-A complex with clorgyline (PDB ID: 2BXS) [75] were released in 2002 and
2005, respectively. Since MAO enzymes are involved in diverse biological pathways of
clinical significance, they seem to be promising targets in pharmacological research [76,77].
Due to their potential clinical importance, rigorous research has been attempted to retrieve
new compounds with MAO-suppressive activity with few adverse effects. One of the
main adverse effects demonstrated by the first generation of irreversible inhibitors was
liver toxicity or the ‘cheese effect’ distinguished by hypertensive crisis [78,79]. The release
of two MAO crystal structures encouraged researchers in the same field to delineate the
structural basis of ligand—-MAO complex formation [80-83]. Such a finding is significant
in the rationale design and development of novel MAO inhibitors. Ligand-based drug
design approaches are successful in designing and optimizing new compounds with better
activity, whereas structure-based drug design strategies explore ligand /MAOQ interaction
and elucidate potential mechanisms of action [84]. Ligand-based approaches inspect
molecular fingerprints (similar structural features have similar biological activities). Ligand-
based tactics accommodate a quantitative structure-activity relationship (QSAR), having
2D and 3D physicochemical descriptors [85,86], 3D-comparative molecular field analysis
(CoMFA) [87], 3D-pharmacophore [88], or ligand-centric network models [89]. QSAR
studies are wide-spread ligand-based approaches in medicinal chemistry [90]. The major
steps implicated in QSAR development are illustrated in Figure 2.

After the QSAR model is developed, the next step is predicting the biological activity
of new compounds and interpreting the results to better understand the mechanism
of action. Different methodologies have been developed to contrast the spread of 3D
descriptors’ space as a 3D structure for ligand /receptor interaction. In order to generate
electronic, steric fields, or pharmacophore modeling, an alignment of the given structure
with the calculation of the 3D molecular conformations is required [91]. The developed
pharmacophore modeling may explain the biological /chemical complementarity with the
target. One of the common challenges that faces this type of modeling is the final model
construction, especially when large structural differences exist in the compounds. However,
pharmacophore modeling is still a reliable approach to explain how structurally different
ligands interact with their targets [92]. Network analysis is another type of model that
provides a pharmacological general strategy. One of the applications in drug design is
computational biology network modeling that provides a tool to explain the relationships
between ligands and pharmacological targets [93,94]. Improving efficiency in the process of
drug design and discovery is mainly achieved through analysis of ligand—protein networks
that present a better understanding of the relevance of biological targets. To endow insights
into the relationship between MAO activity and structural scaffolds, a series of ligand-based
models are illustrated below [95].
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Figure 2. Main steps involved in the development of a QSAR model.

6. Xanthone Derivatives

Gnerre et al. [96] studied MAO inhibitors in a set of 59 natural and synthetic xanthones
derivatives (Figure 3). The compounds showed more selectivity toward MAO-A than
MAO-B with ICsj values in the nanomolar range. Charge transfer interactions with the
FAD cofactor are the most accepted hypothesis, although the molecular mechanism is not
completely understood [97]. Both COMFA studies and ALMOND procedure are involved
in studying the structural activity relationship [83].

Studying MAO-A activity by using topological descriptors, pyrrole derivatives are one
of the examples of 2D-QSAR. La Regina et. al. studied a series of new pyrrole derivatives
that are synthesized and evaluated for their monoamine oxidase (MAO) A and B inhibitory
activity and selectivity [98].

It was found that the most selective compounds were N-Methyl, N-(benzyl), N-(pyrrol-
2-ylmethyl)amine (5) and N-(2- benzyl),N-(1-methylpyrrol-2-ylmethyl)amine (6) (Figure 4)
for MAO-B [(1, SI) 0.0057] and MAO-A [(2, SI) 12500] inhibitors, respectively. Docking and
molecular dynamics simulations play an important role in giving structural insights into
the MAO-A and MAO-B selectivity. This could be explained by compound (6), as it forms
a H-bond with GIn215 through its protonated amino group in the MAO-A binding site,
while it is absent in the compound (5) MAO-A complex. Moreover, it could be noticed
that 5 places its phenyl ring into an aromatic cage of the MAO-B receptor binding pocket,
as it forms charge-transfer interactions. The slightly different binding pose of 6 into the
MAO-B active site appears to be forced by a bulkier Tyr residue, which substitutes a smaller
Ile residue present in MAO-A [99]. A study of 32 pyrrole derivatives (2) (Figure 3) and
analogues with 28 topological descriptors was accomplished using SPSS software, through
multiple linear regression [98]. A model with a squared correlation coefficient (0.9) was
found [98]. Seven topological descriptors were chosen through stepwise regression to
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be in the last model: the total structure connectivity index (Xt), mean square distance
index (MSD), all-path Wiener index (WAP), eccentric index (DECC), Kier flexibility index
(PHI), superpendentic index (SPI) and the mean Wiener index (WA) [100], as well as the
cross-validation strategy, were investigated. It is found that the positive coefficients of the
indices DECC, MSD, PHI, and SPI confirm that an increase in their values produces higher
values for the Ki. However, large WA, WAP, and Xt (negative coefficients) decrease the Ki
values [101].

R1
Rg (0] R4 ’\i R1
Ry Rz E/)—< R4
N
Rg (0] R3 R3 Rsg
Rs R4

1

2
Xanthone derivatives Main Scaffold in the pyrrole derivatives

N=N
R1
N\ //
HaC
R2
o) NH,
3 4

Pyridazine derivatives Phenyl alkylamine

Figure 3. Main scaffolds of Xanthone, Pyrrole, Pyridazine, and Phenyl alkylamine derivatives studied
as MAO-inhibitors (R; = OH, Ry = MeO, R3 = MeO, R4 = H or OH R5 = H, Rg = CHMe,, Ry = NHMe,
NMez, NHz, Rg = H)

a CH;3 @ H
‘ r f r
H CH3

5 6

Figure 4. The structure of pyrrole derivatives; compounds 5 and 6 represent MAO-B and MAO-A selective inhibitors, respectively.

Altomare et al. [102] considered some parameters of some pyridazine derivatives (3)
(Figure 3) in terms of their lipophilicity through measuring partition coefficients, thermo-
dynamics, and physiochemical parameters of RP-HPLC retention. In a set of 14 pyridazine
derivatives, using multiple linear regression (MLR), the equation yielded an r? = 0.821
and g2 = 0.704 (cross-validation), confirming the importance of lipophilic, electronic, and
steric properties in a way to explain the behavior of MAO-B inhibition [103]. The results
showed that lipophilicity plays an important role in modulating MAO-B inhibition with no
effect on A isoenzyme. Otherwise, electrostatic interactions and charge transfer bonding
are critical factors in the interaction between inhibitors and the FAD cofactor of MAO-A.
Altomare et al. concluded that most of the pyridazines derivatives showed selectivity
towards MAO-B [102].

For phenylalkylamine scaffold (4), the structural properties for 29 compounds were
analyzed by Norinder et al. and a set of physiochemical descriptors were calculated
(Figure 3) [104]. Different partial least square (PLS) models were generated with squared
correlation coefficients (r?) with a value greater than 0.85. The authors concluded that
the most essential SAR and high in vivo and in vitro activities require (S)-stereochemistry
and no substitution on the aliphatic chain. In order to develop the best QSAR, electronic
descriptors are essential variables. In order to increase in vivo activities, it is essential
to attach small, electron-withdrawing and hydrophilic substituents in ortho and meta
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positions. While symmetrical, electron-withdrawing and lipophilic substituents in the
ortho position are important for in vitro activity [104]. The order of NHMe > NMe; >
NH, > CHMe; in para positions decreases both the in vivo and in vitro activity of the
compounds [104].

7. Indole and Isatin Analogues

Medvedev et al. studied a series of indole (7) and isatin analogues (8) as MAO-
A and MAO-B inhibitors (Figure 5) [103]. It has been found that selective MAO-A or
MAO-B inhibitors occur at different molecular sizes [103,105]. Using SYBYL software,
COMFA analysis was used to study their QSAR model. As a previous step of molecular
alignment, conformations with the lowest energy were calculated. In COMFA analysis,
both electrostatic and steric fields were taken into account. PLS was used to determine the
best formula relating the biological activity against different variables. Cross-validation 12
values were 0.743 and 0.603 for both MAO-A and MAO-B, respectively. In spite of common
regions in MAO-A and MAQO-B, the analysis also shows some different patterns in steric
and electrostatic regions. These differences could help explain the distinct behavior of both
enzymes in inhibitor selectivity [106,107].

R4 3 R ‘R3 R3 .
Rs \ 5 Ré \
R 2
2 R N N
N 6 \ NH
H R4
9

Rz
8
Indole analogues Isatin analogues Pirlindole analogues
R3
N— R
N-R, 2 Ra
H,C NHR4
R4 / N R3
» R
R Re '
N 4 6 Ry o~ Yo
R, Rs
10 1 12
Indolylmethylamine Phenethylamine derivatives Coumarin derivatives

Figure 5. Main scaffolds of indole, isatin, pirlindole, indolylmethyl amine, phenethylamine, and
coumarin studied as MAO-inhibitors. (R; = OH, Ry = MeO, R3 = MeO, Ry = H or OH R5 = H,
R6 = CHMez, R7 = NHMe, NMez, NHz).

8. Pirlindole Analogues

Medvedev et al. studied the inhibitory activity (ICsp) of pirlindole analogues (9,
Figure 5) with several substitutions at C8 by COMFA analysis [108]. The molecules were
geometrically optimized and aligned by fitting the indole ring [108]. The molecular size
analysis of the rigid pirlindole analogues (9, Figure 5) with (X, Y, Z; 13.0 x 7.0 x 4.4 A) was
more effective against the MAO-A enzyme receptor, even though the flexible analogues,
regardless of size, showed acceptable potency against both MAOs [109,110].

9. Indolylmethylamine Derivatives

Maron et al. studied a set of indol ylmethylamines represented by structure 10
(Figure 5) [111]. Ki values were in the range of 0.8->10° nM and 0.75-476,000 nM for
MAO-A and MAO-B, respectively. A semi-empirical method (AM1) was used for full
geometry optimization. Superimposing the heavy atoms of the indole ring was accom-
plished by molecular alignment. SYBYL software with default parameters was used for
COMFA analysis. Cross-validation squared correlation coefficients (q%) were 0.895 for
MAO-A and 0.859 for MAO-B. In both enzymes’ models, similar contributions of steric,
solvation, and electrostatic terms were found. Possible aromatic interactions between
substitutions at C5 and Phe-208 of MAO-A and the possible hydrophobic van der Waals



Molecules 2021, 26, 6019

90f19

interaction between inhibitors and MAO-B (Ile-199) were inspected through computational
simulations [111-113].

10. Phenethylamine Derivatives

In a series of 38 phenethylamine derivatives, COMFA analysis was developed to
study the MAO inhibitory activity (ICs), represented by structure 11 (Figure 5). Different
biogenic amine inhibitors can be generated from the same scaffold because this scaffold is
found in many catecholamine neurotransmitters. The best COMFA model with 2 = 0.92 and
q? = 0.72 was gained for four components. The steric properties of the substituents played
a more essential role than those of the electrostatic properties in this type of inhibitor. The
molecular modeling of the crystal structure of clorgyline bound to MAO-A was performed
to analyze the possible interactions with the backbone of the enzyme’s active site [110-115].

11. Coumarin Derivatives

Catto et al. studied a series of 3-, 4-, 7-polysubstituted coumarins (12) and their poten-
tial MAO inhibitory activity (Figure 5) [116]. The inhibitory potency was determined by
testing the scaffold on rat brain mitochondria. Using SYBYL and CLIP software including
steric, electrostatic, and lipophilic fields, different interactions were calculated. Generat-
ing optimal linear PLS estimations (GOLPE) analysis was carried out to extract the PLS
coefficient. Both MAO activities were modulated using COMFA parameters including
electrostatic, lipophilic, and steric fields. Ligand-based approaches provided major and
valuable SAR information in the rational design of new MAO inhibitors. Ligand selec-
tivity could be described through COMFA. Ligand-based methods can be joined with
protein-structure models to identify the interactions involved in ligands and MAO enzyme
binding domains. In order to study the isoenzyme selectivity, an additional 3D QSAR was
developed that takes into account the difference between PICs; in both MAOs. Enzyme
selectivity mainly depends on the electrostatic field contrary to lipophilic and steric fields
that were not major participants in enzyme selectivity. One of the most important factors
affecting MAO selectivity was the different electron density localized on « and  positions
of the bridge that links the coumarin core with a phenyl ring. Most of the molecular
docking experiments were attempted to further study the interactions between coumarin
derivatives and MAO enzymes [116-118].

12. MAO Inhibitors

MAO inhibitors differ in their origin; some are naturally available, while others are
derived synthetically as shown in Table 1. Interestingly, MAO inhibitors show a different
pattern of selectivity toward MAO-A and MAO-B with variant ICsg, such as clorigyline
with an ICs; value of 0.0049 uM toward MAO-A.

Table 1. The chemical structures of natural and synthetic MAQO inhibitors with their ICsy values. NA stands for not available.

Scaffold Selectivity IC5 MAO-A 1C5 MAO-B Chemical Structure
Cl
HO O OH O
Chalcones [119] Nonselective 43.4 uM 43.9 uM
O
Xanthoangelol
13

Flavonoids [119]

Selective 1.23 uM NA
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. . O
Coumarins [119] Nonselective 8.9 nM 8.9 nM é\//o o (6]
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15
OH
o Z\ [
N o
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Xanthones [119] Nonselective 13.92 uM 13.92 uM
N
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16
HO._N
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17
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Caffeine [119] Selective 34 uM 0.148 yM A { \o@
|
18

Anthraquinone [119] Selective 2.5 uM NA

(0]
Pl
Indole alkaloids [119] Selective 0.07 uM NA o
N
H
19
(o] OH
O¢©°”
(o] OH

Purpurin

20
s

Synthetic [95] Selective 5.5 nM 150 nM

R
a” s
Synthetic [96] Selective 0.49 uM NA

=CH
NHf
\
N
\
21
(0]
%
NO,
22
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Table 1. Cont.
Scaffold Selectivity IC5 MAO-A IC59 MAO-B Chemical Structure
”°
\O 0
W
Synthetic [96] Selective 0.14 mM NA )0
"0
23
HO. O
N,
0
-0
Synthetic [96] Selective 0.06 UM NA g 3:0
24
C
VA
Synthetic [96] Selective 0.01 uM 2.15 N\N>:
S
—HN
25
N /
Synthetic [96] Selective NA 20 nm m
Selegiline
26
0]
HO
OH
Natural [96] Selective NA 8.3 uM OH
HO
Danshensu
27

13. Pharmacophore Model Generation

Pharmacophore model, a ligand-based drug design approach, represents ligands’
structural features that are recognized at the binding site to induce an activity. In this
context, we generated MAO-A inhibitors” pharmacophore model employing the coordi-
nates of active reported inhibitors (Table 1) using MOE software [120]. MAO-A reported
inhibitors were built, energy minimized, and superposed over clorigyline. The derived
pharmacophore model recommends four functionalities illustrated as: F1 (Aro | Hyd); F2
(Hyd); F3 (Aro | Hyd); and F4 (Acc | don). Aro stands for aromatic ring, Hyd represents
hydrophobic, Acc portrays H-bond acceptor, and don indicates H-bond donor. Our model
shows that the MAO-A inhibitor should harbor two aromatic rings and one hydrophobic
motif or three hydrophobic groups and one H-bond acceptor or donor moiety to invoke an
activity (Figure 6A).

Next, we screened the pharmacophore model against the NCI database that contains
265,240 compounds [121]. Filtration of the NCI database was applied recruiting Lipinski’s
rule [122] to retrieve drug-like molecules; 52,457 of the molecules were obtained and
identified as hits (Figure 6B).



Molecules 2021, 26, 6019

12 0of 19

Figure 6. MAO-A pharmacophore model with (A) 5-((1H-indol-2-yl)methyl) -3-methyl- 2-thioxo imidazolidin -4-one and

(B) NSC 38.

14. Docking

Reported docking studies [123] against MAO-A disclosed Tyr69, Asn181, Phe208,
Val210, GIn215, Cys323, Ile325, 11e335, Leu337, Phe352, Tyr407, and Tyr444 as key binding
residues. The results showed that the % inhibitory activity of 3-(4-methoxyphenyl)-2,3-
dihydro-1H-benzo[f]chromen-1-one (DK382) was 83.8% (29, Figure 7) competitive to that
of clorgyline (28, Figure 7) (80.8%). The MAO-A inhibitory activity of benzoflavanone
(DK382) was comparable to that of clorgyline [123].

Other docking studies of coumarin derivatives and clorgyline against the MAO-
A binding site revealed that aromatic (n-stacking) interaction guides ligand/complex
interaction, particularly with Tyr407 [124]. The aromatic ring properly assists in the
orientation of the ligand in the MAO-A catalytic domain [124]. Moreover, a reported
pharmacophore model highlighted the significance of three hydrophobic features that
accord with the aromatic interaction in the binding domain [124]. Further docking studies
of fucoxanthin (30, Figure 7), a carotenoid in edible seaweeds, against MAO-A and B
binding sites demonstrated that fucoxanthin accommodates the binding sites of MAO-
A and B through hydrogen bonding and hydrophobic interactions [125]. Fucoxanthin
exerted an inhibitory activity against MAO-A and B with ICsy values of 197.41 + 2.2 and
211.12 + 1.17 uM, respectively [125].
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Cl
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Cl
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1 1 °
Clorgyline
28 (DK382)
29

OCOCH;

Fucoxanthin
30

Figure 7. Structures of compounds designed employing in silico docking: clorgyline (28), DK382 (29), and fucoxanthin (30).

15. MAO-A Inhibitors as Anticancer Agents

MAO-A is a novel target gene of repressor element-1 silencing transcription factor
(REST). It was reported that the neuroendocrine differentiation (NED) of prostate cancer
(PCa) requires the downregulation of REST and activation of autophagy [126]. Studies
showed that MAO-A inhibitors (pargyline and phenelzine) significantly reduced the NED
and autophagy activation of PCa cells. Therefore, MAO-A inhibitors were considered a
potential therapy for neuroendocrine tumors [126]. Yang et al. reported that a combination
of isoniazid (INH), MAO-A inhibitor and tumor-targeting hepatomethine cyanine dyes
proved to be a highly promising treatment tool for advanced PCa [127]. On the other
hand, clorgyline, a selective irreversible inhibitor of MAO-A, prompted a mesenchymal
to epithelial transition (EMT) in MDA-MB-231. Biological data showed that clorgyline
induced E-Cardin (known epithelial protein marker) in breast cancer (MDA-MB-231) cells.

Moreover, clorgyline was shown to interfere with the 3-catenin/p-GSK3f3 complex in
addition to the E-cadherin/3-catenin complex. Overall, MAO-A is an essential regulator
of EMT in breast cancer. Contrastingly, clorgyline was shown to reduce temozolomide
(TMZ)-resistant glioma progression. Clorgyline induced cytotoxicity and reduced tumor
cell invasion [39]. Thus, MAO-A inhibitor either alone or in combination with a low dose
of TMZ may be potential therapy for the treatment of brain tumors [39].

16. Conclusions and Perspectives

MAO-A and MAO-B are highly expressed in diverse human cancers. MAO-A is
expressed in prostate and lung cancer, whereas MAO-B is expressed in gliomas and renal
cancer. The increased production of ROS mediated by MAO-A oxidative deamination
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activity might aggravate tumorigenesis and metastasis in high-grade tumors. The chemical
inhibition of MAO-A might present a valuable therapeutic approach for cancer treatment.
In this review, we reported different approaches exploited in the design and development
of selective MAO-A inhibitors accompanied by biological activities. Additionally, we
applied a ligand-based drug design approach to generate a pharmacophore model for
active MAO-A inhibitors. Our pharmacophore model suggests that the MAO-A inhibitor
should harbor two aromatic rings and one hydrophobic motif or three hydrophobic groups
and one H-bond acceptor or donor moiety to elicit an activity.
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EMT Epithelial to Mesenchymal Transition

QSAR Quantitative structure—-activity relationship
CoMFA  Comparative molecular field analysis

PLS Partial least square

REST Repressor element-1 silencing transcription factor
NED Neuroendocrine differentiation

PCa Prostate cancer

References

1.

® NG

Yeung, A WK.; Georgieva, M.G.; Atanasov, A.G.; Tzvetkov, N.T. Monoamine oxidases (MAOs) as privileged molecular targets in
neuroscience: Research literature analysis. Front. Mol. Neurosci. 2019, 19, 143. [CrossRef] [PubMed]

Tripathi, A.C.; Upadhyay, S.; Paliwal, S.; Saraf, S.K. Privileged scaffolds as MAO inhibitors: Retrospect and prospects. Eur. ]. Med.
Chem. 2018, 145, 445-497. [CrossRef]

Manzoor, S.; Hoda, N. A Comprehensive Review of Monoamine Oxidase Inhibitors as Anti-Alzheimer’s Disease Agents: A
Review. Eur. |. Med. Chem. 2020, 206, 112787. [CrossRef]

Shih, J.C.; Chen, K.; Ridd, M. Monoamine oxidase: From genes to behavior. Ann. Rev. Neurosci. 1999, 22, 197-217. [CrossRef]
Singer, T.P.; Ramsay, R.R. Monoamine oxidases: Old friends hold many surprises. FASEB J. 1995, 9, 605-610. [CrossRef]
Wouers, J. Structural aspects of monoamine oxidase and its reversible inhibition. Curr. Med. Chem. 1998, 5, 137-162.

NS, S. Chemical aspects of amine oxidation by flavoprotein enzymes. Nat. Prod. Rep. 2004, 21, 722-730.

Wang, C.C.; Borchert, A.; Ugun-Klusek, A.; Tang, L.Y.; Lui, W.T.; Chu, C.Y; Billett, E.; Kuhn, H.; Ufer, C. Monoamine oxidase
a expression is vital for embryonic brain development by modulating developmental apoptosis. J. Biol. Chem. 2011, 286,
28322-28330. [CrossRef] [PubMed]


http://doi.org/10.3389/fnmol.2019.00143
http://www.ncbi.nlm.nih.gov/pubmed/31191248
http://doi.org/10.1016/j.ejmech.2018.01.003
http://doi.org/10.1016/j.ejmech.2020.112787
http://doi.org/10.1146/annurev.neuro.22.1.197
http://doi.org/10.1096/fasebj.9.8.7768351
http://doi.org/10.1074/jbc.M111.241422
http://www.ncbi.nlm.nih.gov/pubmed/21697081

Molecules 2021, 26, 6019 15 of 19

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cathcart, M.K.; Bhattacharjee, A. Monoamine oxidase A (MAO-A): A signature marker of alternatively activated mono-
cytes/macrophages. Inflamm. Cell Signal. 2014, 2014, 152-159.

Meyer, ].H.; Ginovart, N.; Boovariwala, A.; Sagrati, S.; Hussey, D.; Garcia, A.; Young, T.; Praschak-Rieder, N.; Wilson, A.A.; Houle,
S. Elevated monoamine oxidase a levels in the brain: An explanation for the monoamine imbalance of major depression. Arch.
Gen. Psychiatry 2006, 63, 1209-1216. [CrossRef] [PubMed]

Brunner, H.G.; Nelen, M.; Breakefield, X.O.; Ropers, H.H.; van Oost, B. Abnormal behavior associated with a point mutation in
the structural gene for monoamine oxidase A. Science 1993, 262, 578-580. [CrossRef] [PubMed]

Schwartz, T.L. A neuroscientific update on monoamine oxidase and its inhibitors. CNS Spectr. 2013, 1, 25-32. [CrossRef]

Naoi, M.; Maruyama, W.; Akao, Y.; Yi, H.; Yamaoka, Y. Involvement of type A monoamine oxidase in neurodegeneration:
Regulation of mitochondrial signaling leading to cell death or neuroprotection. J. Neural. Transm. Suppl. 2006, 71, 67-77.
Kaludercic, N.; Carpi, A.; Menabo, R.; Di Lisa, F.; Paolocci, N. Monoamine oxidases (MAO) in the pathogenesis of heart failure
and ischemia/reperfusion injury. Biochim. Biophys. Acta 2011, 1813, 1323-1332. [CrossRef]

Coatrieux, C.; Sanson, M.; Negre-Salvayre, A.; Parini, A.; Hannun, Y.; Itohara, S.; Salvayre, R.; Auge, N. MAO-A-induced
mitogenic signaling is mediated by reactive oxygen species, MMP-2, and the sphingolipid pathway. Free Radic. Biol. Med. 2007,
43, 80-89. [CrossRef]

Bianchi, P.; Kunduzova, O.; Masini, E.; Cambon, C.; Bani, D.; Raimondi, L.; Seguelas, M.-H.; Nistri, S.; Colucci, W.; Leducq, N.
Oxidative stress by monoamine oxidase mediates receptor-independent cardiomyocyte apoptosis by serotonin and postischemic
myocardial injury. Circulation 2005, 112, 3297-3305. [CrossRef] [PubMed]

Gaweska, H.; Fitzpatrick, PF. Structures and mechanism of the monoamine oxidase family. Biomol. Concepts 2011, 2, 365-377.
[CrossRef]

Finberg, ].P. Update on the pharmacology of selective inhibitors of MAO-A and MAO-B: Focus on modulation of CNS monoamine
neurotransmitter release. Pharmacol. Ther. 2014, 143, 133-152. [CrossRef] [PubMed]

Shih, J.C. Monoamine oxidase isoenzymes: Genes, functions and targets for behavior and cancer therapy. J. Neural. Transm. 2018,
125, 1553-1566. [CrossRef]

Partin, A.W.; Kattan, M.W.; Subong, E.N.; Walsh, P.C.; Wojno, K.J.; Oesterling, J.E.; Pearson, ].D. Combination of prostate-specific
antigen, clinical stage, and Gleason score to predict pathological stage of localized prostate cancer: A multi-institutional update.
JAMA 1997, 277, 1445-1451. [CrossRef]

Wu, J.B,; Shao, C.; Li, X,; Li, Q.; Hu, P;; Shi, C,; Li, Y,; Chen, Y.-T,; Yin, F; Liao, C.-P. Monoamine oxidase A mediates prostate
tumorigenesis and cancer metastasis. . Clin. Investig. 2014, 124, 2891-2908. [CrossRef]

Poyton, R.O.; Ball, K.A.; Castello, P.R. Mitochondrial generation of free radicals and hypoxic signaling. Trends Endrocrinol. Metab.
2009, 20, 332-334. [CrossRef]

Rybaczyk, L.; Bashaw, M.; Pathak, D.; Huang, K. An indicator of cancer: Downregulation of Monoamine Oxidase-A in multiple
organs and species. BMIC Genom. 2008, 9, 134. [CrossRef]

Li, J.; Yang, X.-M.; Wang, Y.-H.; Feng, M.-X,; Liu, X.-J.; Zhang, Y.-L.; Huang, S.; Wu, Z.; Xue, F,; Qin, W.-X. Monoamine oxidase A
suppresses hepatocellular carcinoma metastasis by inhibiting the adrenergic system and its transactivation of EGFR signaling.
J. Hepatol. 2014, 60, 1225-1234. [CrossRef]

Frick, L.R.; Maximiliano, R. Antidepressants: Influence on cancer and immunity? Life Sci. 2013, 92, 525-532. [CrossRef]

Lee, H.T; Choi, M.R.; Doh, M.S.; Jung, K.H.; Chai, Y.G. Effects of the monoamine oxidase inhibitors pargyline and tranylcypromine
on cellular proliferation in human prostate cancer cells. Oncol. Rep. 2013, 30, 1587-1592. [CrossRef]

Satram-Maharaj, T.; Nyarko, ].N.K.; Kuski, K.; Fehr, K.; Pennington, P.R.; Truitt, L.; Freywald, A.; Lukong, K.E.; Anderson,
D.H.; Mousseau, D.D. The monoamine oxidase-A inhibitor clorgyline promotes a mesenchymal-to-epithelial transition in the
MDA-MB-231 breast cancer cell line. Cell. Signal. 2014, 26, 2621-2632. [CrossRef] [PubMed]

Du, Y,; Long, Q.; Zhang, L.; Shi, Y,; Liu, X,; Li, X,; Guan, B.; Tian, Y.; Wang, X; Li, L. Curcumin inhibits cancer-associated
fibroblast-driven prostate cancer invasion through MAOA /mTOR/HIF-1alfa signaling. Int. ]J. Oncol. 2015, 47, 2064-2072.
[CrossRef] [PubMed]

Bach, A.W.; Lan, N.C,; Johnson, D.L.; Abell, CW.; Bembenek, M.E.; Kwan, S.W.; Shih, ]J.C. cDNA cloning of human liver
monoamine oxidase A and B: Molecular basis of differences in enzymatic properties. Proc. Natl. Acad. Sci. USA 1988, 85,
4934-4938. [CrossRef]

Edmondson, D.; Bhattacharyya, A.; Walker, M. Spectral and kinetic studies of imine product formation in the oxidation of
p-(N,N-dimethylamino) benzylamine analogues by monoamine oxidase B. Biochemistry 1993, 32, 5196-5202. [CrossRef] [PubMed]
Bach, R.; Andres, J.; Su, M.-D.; McDouall, J.J. Theoretical model for electrophilic oxygen atom insertion into hydrocarbons. J. Am.
Chem. Soc. 1993, 115, 5768-5775. [CrossRef]

Johnston, J.P. Some observations upon a new inhibitor of monoamine oxidase in brain tissue. Biochem. Pharmacol. 1968, 17,
1285-1287. [CrossRef]

Knoll, J. Citation Classic-Some Puzzling Pharmcological Effects of Monamine-oxidase inhibitors. Curr. Contents Clin. Med. 1982,
28, 20.

Ozcan, A.; Metin, O. Biochemistry of reactive oxygen and nitrogen species. In Basic Principles and Clinical Significance of Oxidative
Stress; Gowder, S.J.T., Ed.; IntechOpen: London, UK, 2015; Volume 3, pp. 37-58. [CrossRef]


http://doi.org/10.1001/archpsyc.63.11.1209
http://www.ncbi.nlm.nih.gov/pubmed/17088501
http://doi.org/10.1126/science.8211186
http://www.ncbi.nlm.nih.gov/pubmed/8211186
http://doi.org/10.1017/S1092852913000734
http://doi.org/10.1016/j.bbamcr.2010.09.010
http://doi.org/10.1016/j.freeradbiomed.2007.03.036
http://doi.org/10.1161/CIRCULATIONAHA.104.528133
http://www.ncbi.nlm.nih.gov/pubmed/16286591
http://doi.org/10.1515/BMC.2011.030
http://doi.org/10.1016/j.pharmthera.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24607445
http://doi.org/10.1007/s00702-018-1927-8
http://doi.org/10.1001/jama.1997.03540420041027
http://doi.org/10.1172/JCI70982
http://doi.org/10.1016/j.tem.2009.04.001
http://doi.org/10.1186/1471-2164-9-134
http://doi.org/10.1016/j.jhep.2014.02.025
http://doi.org/10.1016/j.lfs.2013.01.020
http://doi.org/10.3892/or.2013.2635
http://doi.org/10.1016/j.cellsig.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25152370
http://doi.org/10.3892/ijo.2015.3202
http://www.ncbi.nlm.nih.gov/pubmed/26499200
http://doi.org/10.1073/pnas.85.13.4934
http://doi.org/10.1021/bi00070a031
http://www.ncbi.nlm.nih.gov/pubmed/8494896
http://doi.org/10.1021/ja00066a049
http://doi.org/10.1016/0006-2952(68)90066-X
http://doi.org/10.5772/61193

Molecules 2021, 26, 6019 16 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bardaweel, S.; Gul, M.; Alzweiri, M.; Ishaqat, A.; ALSalamat, H.; Bashatwah, R. Reactive Oxygen Species: The Dual Role in
Physiological and Pathological Conditions of the Human Body. Eurasian |. Med. 2018, 50, 193-201. [CrossRef] [PubMed]
Alfadda, A.; Sallam, R. Reactive oxygen species in health and disease. ]. Biomed. Biotechnol. 2012, 2012, 936486. [CrossRef]
Hodorova, I.; Rybarova, S.; Vecanovs, J.; Solar, P.; Domorakova, I.; Adamkov, M.; Mihalik, ]. Comparison of expression pattern
of monoamine oxidase A with histopathologic subtypes and tumour grade of renal cell carcinoma. Med. Sci. Monit. 2012, 18,
BR482-BR486. [CrossRef] [PubMed]

Youdim, M.B.; Edmondson, D.; Tipton, K.E. The therapeutic potential of monoamine oxidase inhibitors. Nat. Rev. Neurosci. 2006,
7,295-309. [CrossRef] [PubMed]

Kushal, S.; Wang, W.; Vaikari, V.P; Kota, R.; Chen, K.; Yeh, T.S,; Jhaveri, N.; Groshen, S.L.; Olenyuk, B.Z.; Chen, T.C.; et al.
Monoamine oxidase A (MAO A) inhibitors decrease glioma progression. Oncotarget 2016, 7, 13842-13853. [CrossRef] [PubMed]
Renaud, S.; Falcoz, P.; Olland, A.; Reeb, ].; Santelmo, N.; Massard, G. Mediastinal downstaging after induction treatment is not
a significant prognostic factor to select patients who would benefit from surgery: The clinical value of the lymph node ratio.
Interact. Cardiovasc. Thorac. Surg. 2015, 20, 222-227. [CrossRef]

Akthar, A.; Ferguson, M.; Koshy, M.; Vigneswaran, W.; Malik, R. Limitations of PET/CT in the detection of occult N1 metastasis
in clinical stage I(T1-2aN0) non-small cell lung cancer for staging prior to stereotactic body radiotherapy. Technol. Cancer Res.
Treat. 2017, 16, 15-21. [CrossRef] [PubMed]

Liu, S.; Yang, H.; Chen, Y.; He, B.; Chen, Q. Kriippel-like factor 4 enhances sensitivity of cisplatin to lung cancer cells and inhibits
regulating epithelial-to-mesenchymal transition. Oncol. Res. 2016, 24, 81-87. [CrossRef]

Yu, S.; Yan, C.; Yang, X.; He, S.; Liu, J.; Qin, C.; Jia, L. Pharmacoproteomic analysis reveals that metapristone (RU486 metabolite)
intervenes E-cadherin and vimentin to realize cancer metastasis chemoprevention. Sci. Rep. 2016, 6, 22388. [CrossRef] [PubMed]
Liu, F; Hu, L.; Ma, Y.,; Huang, B.; Xiu, Z.; Zhang, P.; Zhou, K; Tang, X. Increased expression of monoamine oxidase A is associated
with epithelial to mesenchymal transition and clinicopathological features in non-small cell lung cancer. Oncol. Lett. 2018, 15,
3245-3251. [CrossRef] [PubMed]

Schneider, A.P.; Zainer, C.M.; Kubat, C.K.; Mullen, N.K.; Windisch, A.K. The breast cancer epidemic: 10 facts. Linacre Q. 2014, 81,
244-277. [CrossRef]

Zuazo-Gaztelu, I.; Casanovas, O. Unraveling the Role of Angiogenesis in Cancer Ecosystems. Front. Oncol. 2018, 8, 248. [CrossRef]
[PubMed]

Bharti, R.; Dey, G.; Das, A.K.; Mandal, M. Differential expression of IL-6/IL-6R and MAO-A regulates invasion/angiogenesis in
breast cancer. Br. J. Cancer 2018, 118, 1442-1452. [CrossRef]

Luzzi, K.J.; MacDonald, I.C.; Schmidt, E.E.; Kerkvliet, N.; Morris, V.L.; Chambers, A.F; Groom, A.C. Multistep nature of metastatic
inefficiency: Dormancy of solitary cells after successful extravasation and limited survival of early micrometastases. Am. J. Pathol.
1998, 153, 865-873. [CrossRef]

Scheller, J.; Chalaris, A.; Schmidt-Arras, D.; Rose-John, S. The pro-and anti-inflammatory properties of the cytokine interleukin-6.
Biochim. Biophys. Acta 2011, 1813, 878-888. [CrossRef]

Bharti, R.; Dey, G.; Mandal, M. Cancer development, chemoresistance, epithelial to mesenchymal transition and stem cells: A
snapshot of IL-6 mediated involvement. Cancer Lett. 2016, 375, 51-61. [CrossRef]

Johnson, D.E.; O'Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15,
234-248. [CrossRef]

Bharti, R.; Dey, G.; Ojha, PK,; Rajput, S.; Jaganathan, S.K.; Sen, R.; Mandal, M. Diacerein-mediated inhibition of IL-6/IL-6R
signaling induces apoptotic effects on breast cancer. Oncogene 2015, 35, 3965-3975. [CrossRef]

Santin, Y.; Resta, J.; Parini, A.; Mialet-Perez, ]. Monoamine oxidases in age-associated diseases: New perspectives for old enzymes.
Ageing Res. Rev. 2021, 66, 101256. [CrossRef]

Go, PH.; Klaassen, Z.; Meadows, M.C.; Chamberlain, R.S. Gastrointestinal cancer and brain metastasis: A rare and ominous sign.
Cancer 2011, 117, 3630-3640. [CrossRef]

Yang, Y.C.; Chien, M.H; Lai, T.C.; Su, C.Y; Jan, Y.H.; Hsiao, M.; Chen, C.L. Monoamine Oxidase B Expression Correlates with a
Poor Prognosis in Colorectal Cancer Patients and Is Significantly Associated with Epithelial-to-Mesenchymal Transition-Related
Gene Signatures. Int. J. Mol. Sci. 2020, 21, 2813. [CrossRef]

Liang, Y.; Zhang, H.; Song, X.; Yang, Q. Metastatic heterogeneity of breast cancer: Molecular mechanism and potential therapeutic
targets. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2020; pp. 14-27.

Kondov, B.; Milenkovikj, Z.; Kondov, G.; Petrushevska, G.; Basheska, N.; Bogdanovska-Todorovska, M.; Ivkovski, L. Presentation
of the molecular subtypes of breast cancer detected by immunohistochemistry in surgically treated patients. Open Access Maced. ].
Med. Sci. 2018, 6, 961. [CrossRef] [PubMed]

Sun, W.Y.; Choi, J.; Cha, Y.J.; Koo, ].S. Evaluation of the expression of amine oxidase proteins in breast cancer. Int. J. Mol. Sci. 2017,
18, 2775. [CrossRef]

Bade, B.C.; Cruz, C.S.D. Lung cancer 2020: Epidemiology, etiology, and prevention. Clin. Chest Med. 2020, 41, 1-24. [CrossRef]
[PubMed]

Kery, M.; Papandreou, I. Emerging strategies to target cancer metabolism and improve radiation therapy outcomes. Br. |. Radiol.
2020, 93, 20200067. [CrossRef]


http://doi.org/10.5152/eurasianjmed.2018.17397
http://www.ncbi.nlm.nih.gov/pubmed/30515042
http://doi.org/10.1155/2012/936486
http://doi.org/10.12659/MSM.883592
http://www.ncbi.nlm.nih.gov/pubmed/23197227
http://doi.org/10.1038/nrn1883
http://www.ncbi.nlm.nih.gov/pubmed/16552415
http://doi.org/10.18632/oncotarget.7283
http://www.ncbi.nlm.nih.gov/pubmed/26871599
http://doi.org/10.1093/icvts/ivu378
http://doi.org/10.1177/1533034615624045
http://www.ncbi.nlm.nih.gov/pubmed/26792491
http://doi.org/10.3727/096504016X14597766487717
http://doi.org/10.1038/srep22388
http://www.ncbi.nlm.nih.gov/pubmed/26932781
http://doi.org/10.3892/ol.2017.7683
http://www.ncbi.nlm.nih.gov/pubmed/29435065
http://doi.org/10.1179/2050854914Y.0000000027
http://doi.org/10.3389/fonc.2018.00248
http://www.ncbi.nlm.nih.gov/pubmed/30013950
http://doi.org/10.1038/s41416-018-0078-x
http://doi.org/10.1016/S0002-9440(10)65628-3
http://doi.org/10.1016/j.bbamcr.2011.01.034
http://doi.org/10.1016/j.canlet.2016.02.048
http://doi.org/10.1038/nrclinonc.2018.8
http://doi.org/10.1038/onc.2015.466
http://doi.org/10.1016/j.arr.2021.101256
http://doi.org/10.1002/cncr.25940
http://doi.org/10.3390/ijms21082813
http://doi.org/10.3889/oamjms.2018.231
http://www.ncbi.nlm.nih.gov/pubmed/29983785
http://doi.org/10.3390/ijms18122775
http://doi.org/10.1016/j.ccm.2019.10.001
http://www.ncbi.nlm.nih.gov/pubmed/32008623
http://doi.org/10.1259/bjr.20200067

Molecules 2021, 26, 6019 17 of 19

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

Zhang, J.; Zhang, J.; Yuan, C.; Luo, Y,; Li, Y.; Dai, P.; Xie, C. Establishment of the Prognostic Index Reflecting Tumor Immune
Microenvironment of Lung Adenocarcinoma Based on Metabolism-Related Genes. . Cancer 2020, 11, 7101. [CrossRef]

Larsen, ].E.; Pavey, S.]J.; Passmore, L.H.; Bowman, R.V.,; Hayward, N.K,; Fong, K.M. Gene expression signature predicts recurrence
in lung adenocarcinoma. Clin. Cancer Res. 2007, 13, 2946-2954. [CrossRef] [PubMed]

Son, B.; Jun, S.Y.; Seo, H.; Youn, H.; Yang, H.J.; Kim, W.; Youn, B. Inhibitory effect of traditional oriental medicine-derived
monoamine oxidase B inhibitor on radioresistance of non-small cell lung cancer. Sci. Rep. 2016, 6, 21986. [CrossRef] [PubMed]
Sharif Siam, M.K.; Sarker, A.; Sayeem, M.M.S. In silico drug design and molecular docking studies targeting Aktl (RAC-alpha
serine/threonine-protein kinase) and Akt2 (RAC-beta serine/threonine-protein kinase) proteins and investigation of CYP
(cytochrome P450) inhibitors against MAOB (monoamine oxidase B) for OSCC (oral squamous cell carcinoma) treatment. J.
Biomol. Struct. Dyn. 2020, 17, 6467-6479.

Oh, S.Y,; Kang, S.M.; Kang, S.H.; Lee, H.]J.; Kwon, T.G.; Kim, ].W.; Hong, S.H. Potential salivary mRNA biomarkers for early
detection of oral cancer. J. Clin. Med. 2020, 9, 243. [CrossRef]

Marconi, G.D.; Gallorini, M.; Carradori, S.; Guglielmi, P; Cataldi, A.; Zara, S. The up-regulation of oxidative stress as a potential
mechanism of novel MAO-B inhibitors for glioblastoma treatment. Molecules 2019, 24, 2005. [CrossRef]

Sharpe, M.A.; Baskin, D.S. Monoamine oxidase B levels are highly expressed in human gliomas and are correlated with the
expression of HiF-1« and with transcription factors Sp1 and Sp3. Oncotarget 2016, 7, 3379. [CrossRef] [PubMed]

Magyar, K. The pharmacology of selegiline. Int. Rev. Neurobiol. 2011, 1100, 65-84.

Wang, Y.; Wang, S.; Yang, Q.; Li, J.; Yu, E; Zhao, E. Norepinephrine Enhances Aerobic Glycolysis and May Act as a Predictive
Factor for Immunotherapy in Gastric Cancer. J. Immunol. Res. 2021, 2021, 5580672. [CrossRef] [PubMed]

Chen, PH.; Mahmood, Q.; Mariottini, G.L.; Chiang, T.A.; Lee, K.W. Adverse health effects of betel quid and the risk of oral and
pharyngeal cancers. BioMed Res. Int. 2017, 2017, 3904098. [CrossRef]

Chen, PH.; Huang, B.; Shieh, T.Y.; Wang, Y.H.; Chen, Y.K.; Wu, ].H.; Lee, K.W. The influence of monoamine oxidase variants on
the risk of betel quid-associated oral and pharyngeal cancer. Sci. World ]. 2014, 2014, 183548. [CrossRef]

Marin-Muller, C.; Li, D.; Bharadwaj, U.; Li, M.; Chen, C.; Hodges, S.E.; Yao, Q. A tumorigenic factor interactome connected
through tumor suppressor microRNA-198 in human pancreatic cancer. Clin. Cancer Res. 2013, 19, 5901-5913. [CrossRef]
Zhang, H.C.; Han, Y.Y,; Zhang, X.M.; Xiao, N.; Jiang, T.; Zhu, S.; Chen, C.B. miR-522 facilitates the prosperities of endometrial
carcinoma cells by directly binding to monoamine oxidase B. Kaohsiung J. Med. Sci. 2019, 35, 598-606. [CrossRef]

Hubalek, E; Binda, C.; Khalil, A.; Li, M.; Mattevi, A.; Castagnoli, N.; Edmondson, D. Demonstration of isoleucine 199 as a
structural determinant for the selective inhibition of human monoamine oxidase B by specific reversible inhibitors. J. Biol. Chem.
2005, 22, 15761-15766. [CrossRef]

De Colibus, L.; Li, M,; Binda, C.; Lustig, A.; Edmondson, D.; Mattevi, A. Three-dimensional structure of human monoamine
oxidase A (MAO A): Relation to the structures of rat MAO A and human MAO B. Proc. Natl. Acad. Sci. USA 2005, 102,
12684-12689. [CrossRef] [PubMed]

Serra, S.; Ferino, G.; Matos, M.J.0.; Vazquez-Rodreguez, S.; Delogu, G.; Vina, D.; Cadoni, E.; Santana, L.; Uriarte, E. Hydroxy-
coumarins as selective MAO-B inhibitors. Bioorg. Med. Chem. Lett. 2012, 22, 258-261. [CrossRef] [PubMed]

Matos, M.].; Vazquez-Rodriguez, S.; Uriarte, E.; Santana, L.; Vina, D. MAO inhibitory activity modulation: 3-Phenylcoumarins
versus 3-benzoylcoumarins. Bioorg. Med. Chem. Lett. 2011, 21, 4224-4227. [CrossRef]

Cesura, A.M.; Pletscher, A. The new generation of monoamine oxidase inhibitors. In Progress in Drug Research/Fortschritte der
Arzneimittelforschung/Progres des Recherches Pharmaceutiques; Springer: Berlin/Heidelberg, Germany, 1992; pp. 171-297.
Youdim, M.B. The advent of selective monoamine oxidase A inhibitor antidepressants devoid of the cheese reaction. Acta
Psychiatr. Scand. Suppl. 1995, 91, 5-7. [CrossRef] [PubMed]

Binda, C.; Newton-Vinson, P.; Hubalek, F.; Edmondson, D.E.; Mattevi, A. Structure of human monoamine oxidase B, a drug target
for the treatment of neurological disorders. Nat. Struct. Mol. Biol. 2002, 9, 22. [CrossRef] [PubMed]

Johnson, C.L. Quantitative structure-activity studies on monoamine oxidase inhibitors. J. Med. Chem. 1976, 19, 600-605. [CrossRef]
Mahmoudian, M. QSAR of inhibition of monoamine oxidase by substituted phenylalkylamines in vitro and in various neurons
in vivo. Acta Pharm. Suec. 1988, 25, 151-162. [PubMed]

Zhang, L.; Tsai, K.-C.; Du, L.; Fang, H.; Li, M.; Xu, W. How to generate reliable and predictive COMFA models. Curr. Med. Chem.
2011, 18, 923-930. [CrossRef]

Hong, R.; Li, X. Discovery of monoamine oxidase inhibitors by medicinal chemistry approaches. MedChemComm 2019, 10, 10-25.
[CrossRef] [PubMed]

Vilar, S.; Cozza, G.; Moro, S. Medicinal chemistry and the molecular operating environment (MOE): Application of QSAR and
molecular docking to drug discovery. Curr. Top. Med. Chem. 2008, 8, 1555-1572. [CrossRef] [PubMed]

Winkler, D.A. The role of quantitative structure-activity relationships (QSAR) in biomolecular discovery. Brief. Bioinform. 2002, 3,
73-86. [CrossRef]

Cramer, R.D.; Patterson, D.E.; Bunce, ].D. Comparative molecular field analysis (CoMFA) 1. Effect of shape on binding of steroids
to carrier proteins. J. Am. Chem. Soc. 1988, 110, 5959-5967. [CrossRef] [PubMed]

Mannhold, R.; Kubinyi, H.; Folkers, G. Pharmacophores and Pharmacophore Searches; John Wiley & Sons: Hoboken, NJ, USA, 2006;
Volume 32.

Park, K.; Kim, D. Binding similarity network of ligand. Proteins 2008, 71, 960-971. [CrossRef]


http://doi.org/10.7150/jca.49266
http://doi.org/10.1158/1078-0432.CCR-06-2525
http://www.ncbi.nlm.nih.gov/pubmed/17504995
http://doi.org/10.1038/srep21986
http://www.ncbi.nlm.nih.gov/pubmed/26906215
http://doi.org/10.3390/jcm9010243
http://doi.org/10.3390/molecules24102005
http://doi.org/10.18632/oncotarget.6582
http://www.ncbi.nlm.nih.gov/pubmed/26689994
http://doi.org/10.1155/2021/5580672
http://www.ncbi.nlm.nih.gov/pubmed/33855088
http://doi.org/10.1155/2017/3904098
http://doi.org/10.1155/2014/183548
http://doi.org/10.1158/1078-0432.CCR-12-3776
http://doi.org/10.1002/kjm2.12107
http://doi.org/10.1074/jbc.M500949200
http://doi.org/10.1073/pnas.0505975102
http://www.ncbi.nlm.nih.gov/pubmed/16129825
http://doi.org/10.1016/j.bmcl.2011.11.020
http://www.ncbi.nlm.nih.gov/pubmed/22137786
http://doi.org/10.1016/j.bmcl.2011.05.074
http://doi.org/10.1111/j.1600-0447.1995.tb05917.x
http://www.ncbi.nlm.nih.gov/pubmed/7717095
http://doi.org/10.1038/nsb732
http://www.ncbi.nlm.nih.gov/pubmed/11753429
http://doi.org/10.1021/jm00227a005
http://www.ncbi.nlm.nih.gov/pubmed/3239401
http://doi.org/10.2174/092986711794927702
http://doi.org/10.1039/C8MD00446C
http://www.ncbi.nlm.nih.gov/pubmed/30774851
http://doi.org/10.2174/156802608786786624
http://www.ncbi.nlm.nih.gov/pubmed/19075767
http://doi.org/10.1093/bib/3.1.73
http://doi.org/10.1021/ja00226a005
http://www.ncbi.nlm.nih.gov/pubmed/22148765
http://doi.org/10.1002/prot.21780

Molecules 2021, 26, 6019 18 of 19

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Lee, Y;; Lim, Y. 3D-QSAR method on indole and pyrrole inhibitors of monoamine oxidase type A. Mol. Simul. 2009, 35, 1242-1248.
[CrossRef]

Xie, H.; Chen, L.; Zhang, J.; Xie, X.; Qiu, K.; Fu, J. A Combined Pharmacophore Modeling, 3D QSAR and Virtual Screening Studies
on Imidazopyridines as B-Raf Inhibitors. Int. J. Mol. Sci. 2015, 16, 12307-12323. [CrossRef] [PubMed]

Yamaotsu, N.; Hirono, S. 3D-pharmacophore identification for k-opioid agonists using ligand-based drug-design techniques. In
Chemistry of Opioids; Springer: Berlin/Heidelberg, Germany, 2010; pp. 277-307.

Keiser, M.].; Roth, B.L.; Armbruster, B.N.; Ernsberger, P.; Irwin, J.].; Shoichet, B.K. Relating protein pharmacology by ligand
chemistry. Nat. Biotechnol. 2007, 25, 197. [CrossRef]

Santana, L.; Gonzélez-Diaz, H.; Quezada, E.; Uriarte, E.; Yafiez, M.; Vifia, D.; Orallo, F. Quantitative structure-activity relationship
and complex network approach to monoamine oxidase A and B inhibitors. J. Med. Chem. 2008, 51, 6740-6751. [CrossRef]
Ramsay, R.R.; Popovic-Nikolic, M.R.; Nikolic, K.; Uliassi, E.; Bolognesi, M.L. A perspective on multi-target drug discovery and
design for complex diseases. Clin. Transl. Med. 2018, 7, 3. [CrossRef]

Gnerre, C.; Thull, U,; Gaillard, P; Carrupt, P.-A,; Testa, B.; Fernandes, E.; Silva, F,; Pinto, M.; Pinto, M.M.M.; Wolfender, J.-L.
Natural and synthetic xanthones as monoamine oxidase inhibitors: Biological assay and 3D-QSAR. Helv. Chim. Acta 2001, 84,
552-570. [CrossRef]

Moureau, E; Wouters, J.; Vercauteren, D.P,; Collin, S.; Evrard, G.; Durant, F.o.; Ducrey, E; Koenig, J.-J.; Jarreau, Fo.-X. A reversible
monoamine oxidase inhibitor, Toloxatone: Spectrophotometric and molecular orbital studies of the interaction with flavin adenine
dinucleotide (FAD). Eur. J. Med. Chem. 1994, 29, 269-277. [CrossRef]

La Regina, G.; Silvestri, R.; Artico, M.; Lavecchia, A.; Novellino, E.; Befani, O.; Agostinelli, E. New pyrrole inhibitors of
monoamine oxidase: Synthesis, biological evaluation, and structural determinants of MAO-A and MAO-B selectivity. J. Med.
Chem. 2007, 50, 922-931. [CrossRef]

Kumar, V.; Bansal, H. QSAR studies on estimation of monoamine oxidase-A inhibitory activity using topological descriptors.
Med. Chem. Res. 2011, 20, 168-174. [CrossRef]

Todeschini, R.; Consonni, V. Molecular Descriptors for Chemoinformatics. 1. Alphabetical Listing; Wiley-VCH: Hoboken, NJ, USA, 2009.
Vilar, S.; Ferino, G.; Quezada, E.; Santana, L.; Friedman, C. Predicting monoamine oxidase inhibitory activity through ligand-based
models. Curr. Top. Med. Chem. 2012, 12, 2258-2274. [CrossRef] [PubMed]

Altomare, C.; Cellamare, S.; Summo, L.; Catto, M.; Carotti, A.; Thull, U.; Carrupt, P; Testa, B.; Stoeckli-Evans, H. Inhibition of
monoamine oxidase-B by condensed pyridazines and pyrimidines: Effects of lipophilicity and structure-activity relationships.
J. Med. Chem. 1998, 41, 3812-3820. [CrossRef] [PubMed]

Medvedev, A.; Ivanov, A.; Kamyshanskaya, N.; Kirkel, A.; Moskvitina, T.; Gorkin, V.; Li, N.; Marshakov, V. Interaction of indole
derivatives with monoamine oxidase A and B. Studies on the structure-inhibitory activity relationship. Biochem. Mol. Biol. Int.
1995, 36, 113-122.

Norinder, U.; Florvall, L.; Ross, S.B. A PLS quantitative structure-activity relationship study of some monoamine oxidase
inhibitors of the phenyl alkylamine type. Eur. J. Med. Chem. 1994, 29, 191-195. [CrossRef]

Mabic, S.; Castagnoli, N. Assessment of structural requirements for the monoamine oxidase-B-catalyzed oxidation of 1,4-
disubstituted-1,2,3,6-tetrahydropyridine derivatives related to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
J. Med. Chem. 1996, 39, 3694-3700. [CrossRef] [PubMed]

Mondov, B.; Agro, A.F. Structure and function of amine oxidases. In Structure and Function Relationships in Biochemical Systems;
Springer: Berlin/Heidelberg, Germany, 1982; pp. 141-153.

Harfenist, M.; Joyner, C.T.; Mize, P.D.; White, H.L. Selective inhibitors of monoamine oxidase. 2. Arylamide SAR. ]. Med. Chem.
1994, 37, 2085-2089. [CrossRef] [PubMed]

Medvedev, A.E.; Veselovsky, A.V.; Shvedov, V.I; Tikhonova, O.V.; Moskvitina, T.A.; Fedotova, O.A.; Axenova, L.N.; Kamyshan-
skaya, N.S.; Kirkel, A.Z.; Ivanov, A.S. Inhibition of monoamine oxidase by pirlindole analogues: 3D-QSAR and CoMFA analysis.
J. Chem. Inf. Comput. Sci. 1998, 38, 1137-1144. [CrossRef] [PubMed]

Altomare, C.; Carrupt, P.A.; Gaillard, P; El Tayar, N.; Testa, B.; Carotti, A. Quantitative structure-metabolism relationship analyses
of MAO-mediated toxication of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and analogs. Chem. Res. Toxicol. 1992, 5, 366-375.
[CrossRef]

Thull, U.; Kneubuhler, S.; Gaillard, P.; Carrupt, P--A.; Testa, B.; Altomare, C.; Carotti, A.; Jenner, P.; McNaught, K.S.P. Inhibition
of monoamine oxidase by isoquinoline derivatives: Qualitative and 3D-quantitative structure-activity relationships. Biochem.
Pharmacol. 1995, 50, 869-877. [CrossRef]

Moron, J.A.; Campillo, M.; Perez, V.; Unzeta, M.; Pardo, L. Molecular determinants of MAO selectivity in a series of indolylmethy-
lamine derivatives: Biological activities, 3D-QSAR/CoMFA analysis, and computational simulation of ligand recognition. J. Med.
Chem. 2000, 43, 1684-1691. [CrossRef] [PubMed]

Dewar, M.].S.; Zoebisch, E.G.; Healy, E.E; Stewart, ].].P. Development and use of quantum mechanical molecular models. 76.
AM1: A new general purpose quantum mechanical molecular model. J. Am. Chem. Soc. 1985, 107, 3902-3909. [CrossRef]
Tsugeno, Y.; Ito, A. A key amino acid responsible for substrate selectivity of monoamine oxidase A and B. J. Biol. Chem. 1997, 272,
14033-14036. [CrossRef]


http://doi.org/10.1080/08927020902974055
http://doi.org/10.3390/ijms160612307
http://www.ncbi.nlm.nih.gov/pubmed/26035757
http://doi.org/10.1038/nbt1284
http://doi.org/10.1021/jm800656v
http://doi.org/10.1186/s40169-017-0181-2
http://doi.org/10.1002/1522-2675(20010321)84:3&lt;552::AID-HLCA552&gt;3.0.CO;2-X
http://doi.org/10.1016/0223-5234(94)90096-5
http://doi.org/10.1021/jm060882y
http://doi.org/10.1007/s00044-010-9302-9
http://doi.org/10.2174/156802612805219987
http://www.ncbi.nlm.nih.gov/pubmed/23231398
http://doi.org/10.1021/jm981005y
http://www.ncbi.nlm.nih.gov/pubmed/9748356
http://doi.org/10.1016/0223-5234(94)90037-X
http://doi.org/10.1021/jm9603882
http://www.ncbi.nlm.nih.gov/pubmed/8809158
http://doi.org/10.1021/jm00039a021
http://www.ncbi.nlm.nih.gov/pubmed/8027990
http://doi.org/10.1021/ci9802068
http://www.ncbi.nlm.nih.gov/pubmed/9845968
http://doi.org/10.1021/tx00027a008
http://doi.org/10.1016/0006-2952(95)00220-T
http://doi.org/10.1021/jm991164x
http://www.ncbi.nlm.nih.gov/pubmed/10794685
http://doi.org/10.1021/ja00299a024
http://doi.org/10.1074/jbc.272.22.14033

Molecules 2021, 26, 6019 19 of 19

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Gallardo-Godoy, A.; Fierro, A.; McLean, T.H.; Castillo, M.; Cassels, B.K.; Reyes-Parada, M.; Nichols, D.E. Sulfur-substituted
alpha-alkyl phenethylamines as selective and reversible MAO-A inhibitors: Biological activities, COMFA analysis, and active site
modeling. |. Med. Chem. 2005, 48, 2407-2419. [CrossRef]

Nichols, D.E.; Marona-Lewicka, D.; Huang, X.; Johnson, M.P. Novel serotonergic agents. Drug Des. Discov. 1993, 9, 299-312.
[PubMed]

Catto, M.; Nicolotti, O.; Leonetti, E; Carotti, A.; Favia, A.D.; Soto-Otero, R.; Méndez-Alvarez, E.; Carotti, A. Structural insights
into monoamine oxidase inhibitory potency and selectivity of 7-substituted coumarins from ligand-and target-based approaches.
J. Med. Chem. 2006, 49, 4912-4925. [CrossRef] [PubMed]

Gaillard, P; Carrupt, P-A ; Testa, B.; Boudon, A. Molecular lipophilicity potential, a tool in 3D QSAR: Method and applications.
J. Comput. Aided Mol. Des. 1994, 8, 83-96. [CrossRef]

Gnerre, C.; Catto, M.; Leonetti, E; Weber, P; Carrupt, P-A.; Altomare, C.; Carotti, A.; Testa, B. Inhibition of monoamine oxidases by
functionalized coumarin derivatives: Biological activities, QSARs, and 3D-QSARs. J. Med. Chem. 2000, 43, 4747-4758. [CrossRef]
[PubMed]

Kim, J.H.; Son, YK.; Kim, G.H.; Hwang, K.H. Xanthoangelol and 4-hydroxyderricin are the major active principles of the
inhibitory activities against monoamine oxidases on Angelica keiskei K. Biomol. Ther. 2013, 21, 234-240. [CrossRef]

Ministry of Education. The Molecular Operating, Environment Chemical Computing Group; Inc Montreal: Montreal, QC, Canada,
2016.

NCI. Open Database Compounds Release 3; National Cancer Institute: Bethseda, MD, USA, 2013. Available online: http://cactus.nci.
nih.gov/download /nci (accessed on 1 April 2020).

Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, PJ. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26. [CrossRef]

Jo, G.,; Sung, S.H,; Lee, Y.; Kim, B.-G.; Yoon, J.; Lee, H.O,; Ji, S.Y.; Koh, D.; Ahn, J.-H.; Lim, Y. Discovery of monoamine oxidase A
inhibitors derived from in silico docking. Bull. Korean. Chem. Soc 2012, 33, 3841-3844. [CrossRef]

Yusufzai, S.K.; Khan, M.S.; Sulaiman, O.; Osman, H.; Lamjin, D.N. Molecular docking studies of coumarin hybrids as potential
acetylcholinesterase, butyrylcholinesterase, monoamine oxidase A/B and -amyloid inhibitors for Alzheimer’s disease. Chem.
Cent. J. 2018, 12, 1-57. [CrossRef]

Jung, H.A.; Roy, A.; Choi, ].S. In vitro monoamine oxidase A and B inhibitory activity and molecular docking simulations of
fucoxanthin. Fish. Sci. 2017, 83, 123-132. [CrossRef]

Lin, Y.-C,; Chang, Y.-T.; Campbell, M; Lin, T.-P.; Pan, C.-C.; Lee, H.-C.; Shih, J.C.; Chang, P.-C. MAOA-a novel decision maker
of apoptosis and autophagy in hormone refractory neuroendocrine prostate cancer cells. Sci. Rep. 2017, 7, 46338. [CrossRef]
[PubMed]

Yang, X.; Mou, Y.; Wang, Y.; Wang, ].; Li, Y.; Kong, R.; Ding, M.; Wang, D.; Guo, C. Design, Synthesis, and Evaluation of Monoamine
Oxidase a Inhibitors-Indocyanine Dyes Conjugates as Targeted Antitumor Agents. Molecules 2019, 24, 1400. [CrossRef]


http://doi.org/10.1021/jm0493109
http://www.ncbi.nlm.nih.gov/pubmed/8400010
http://doi.org/10.1021/jm060183l
http://www.ncbi.nlm.nih.gov/pubmed/16884303
http://doi.org/10.1007/BF00119860
http://doi.org/10.1021/jm001028o
http://www.ncbi.nlm.nih.gov/pubmed/11123983
http://doi.org/10.4062/biomolther.2012.100
http://cactus.nci.nih.gov/download/nci
http://cactus.nci.nih.gov/download/nci
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.5012/bkcs.2012.33.11.3841
http://doi.org/10.1186/s13065-018-0497-z
http://doi.org/10.1007/s12562-016-1036-2
http://doi.org/10.1038/srep46338
http://www.ncbi.nlm.nih.gov/pubmed/28402333
http://doi.org/10.3390/molecules24071400

	Introduction 
	MAO-A’s Location and Function 
	MAO-A’s Role in Cancer 
	MAO-B’s Role in Cancer 
	Structural Design of MAO-A Inhibitors 
	Xanthone Derivatives 
	Indole and Isatin Analogues 
	Pirlindole Analogues 
	Indolylmethylamine Derivatives 
	Phenethylamine Derivatives 
	Coumarin Derivatives 
	MAO Inhibitors 
	Pharmacophore Model Generation 
	Docking 
	MAO-A Inhibitors as Anticancer Agents 
	Conclusions and Perspectives 
	References

