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ABSTRACT

Context: Research interest in monoamine oxidase (MAO) as a promising drug target for neurodegenera-
tive diseases has a long history. However, efforts to develop MAO inhibitors (MAOIs) from marine sources
have been limited, despite the increasing number of interesting marine natural products.

Objective: To review the potential of marine natural products as MAOIs source, including their activities
and selectivity on MAO.

Methods: Public databases such as SciFinder, MarinLit and PubMed were systematically searched from
1991 until Dec 2019. MAO and MAOI were the key terms searched combined with marine natural prod-
ucts and marine.

Results: Six classes of marine natural products with good selectivity between the two MAO subtypes
were organized with their selectivity and sources.

Conclusions: This is the first review to investigate the potential of marine natural products as MAOIs
source. Despite the small number of known MAOIs from marine sources, marine natural products are
potential leads for the further development of MAOI drugs with novel chemical frames and good
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Introduction

Monoamine oxidases (MAQOs, E.C. 1.4.3.4) are members of the
flavin-containing amine oxidoreductases which catalyze the oxi-
dative deamination (Al-Nuaimi et al. 2012). In humans, these
ubiquitous mitochondrial enzymes have been categorized into
two subtypes, MAO-A and MAO-B. Both subtypes are found in
neurons and astroglia, and are distributed unevenly outside the
central nervous system (Shih and Chen 2004). Each isoform has
preferred substrates, stemming from structural differences in the
substrate binding site (Gaweska and Fitzpatrick 2011). MAO-A
is principally responsible for degrading serotonin, norepineph-
rine and epinephrine, whereas MAO-B prefers dopamine and
B-phenylethylamine as substrates (Westlund et al. 1985; Bolasco
et al. 2010). The central role of MAO-A in the degradation of
the neurotransmitter serotonin and biogenic amines may be
linked with the pathogenesis of mental disorders such as depres-
sion and anxiety (Shih et al. 1999). The substrate preference of
MAO-B for dopamine results in the specificity of monoamine
oxidase inhibitors (MAOIs) in clinical applications, and inhibi-
tors of MAO-B have been studied in relation to Parkinson’s dis-
ease (Dezsi and Vecsei 2017).

Research interest in MAO as a drug target goes back to the
1950s, and MAOIs are a good example of drug-repositioning, as

they were originally anti-tuberculosis drugs which were later
used to manage patients’ tempers (Crne 1956). Understanding of
this empirical approach was modernised by recent advances in
our understanding of the 3D structure of human MAO-A and -B
(Hubdélek et al. 2005; Son et al. 2008). Elucidation of the full
structure of the enzymes and their substrates has provided crit-
ical information, such as on the size of the binding cavity, size of
the entrance cavity, hydrophobicity of the cavities, and amino
acids that are responsible for binding.

There are several classes of MAOI drugs on the market based
on reversibility and selectivity (Shulman et al. 2013; Entzeroth
and Ratty 2017). Reversibility means the way of the inhibitor
binding into the enzyme whether covalently or non-covalently.
Selectivity is a preference for one of the MAO subtypes. Non-
selective and irreversible MAOI such as isocarboxazid, phenel-
zine and tranylcypromine were approved to treat depression in
the US (Shulman et al. 2013). Selective MAO-A inhibitors with
reversibility such as brofaromin and moclobemide were
employed to treat social anxiety disorder (Entzeroth and Ratty
2017). However, the results were contradictory that these were
not approved in the US. Irreversible MAO-B inhibitors, selegiline
and rasagiline, were used to treat the symptoms of Parkinson’s
disease (Dezsi and Vecsei 2017). At present, the development of
reversible, specific and safe MAOIs is required.
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Previously, the search for novel MAOIs has mainly focussed
on herbal sources (Erdogan Orhan 2016). Microbial sources were
also extensively studied, such as in the case of pimprinine, trans-
cinnamic acid amid and phenethylamine (Takeuchi et al. 1973).
However, there are only four papers reporting on marine
MAOIs which have been published since 1973 (Lee et al. 1999;
Lee et al. 2015; Lee, Choi, et al. 2017; Lee, Kim, et al. 2017), and
these are mostly focussed on Streptomycetes as a source.

Additionally, the interest in marine natural products in rela-
tion to this subject has been limited. Considering the increasing
number of marine natural products, only a handful of MAOIs
have been reported so far. In this review, we describe the various
MAOIs of marine origin (Table 1). For the purpose of this
review, synthetic analogs were indicated with the letter attached
to the mother natural product number.

Discussion
Aplysinopsins

Aplysinopsins have been isolated from various classes of marine
organisms such as molluscs, corals, sea anemones and particularly
from marine sponges. Aplysinopsin was reported for the first time
in 1977 from Australian sponges belonging to the genus Thorecta,
which has been re-assigned as Aplysinopsis (Kazlauskas et al.
1977). Aplysinopsins are tryptophan-derived indole-bearing nat-
ural products with a modified functional group within. Over two
dozen aplysinopsins have been reported from marine organisms,
with a wide range of bioactivities including antimicrobial, anti-
malarial and antitumor activity (Bialonska and Zjawiony 2009).
Among them, methylaplysinopsin (1, Figure 1) has shown potent
in vivo antidepressant activity, and was later shown to have
reversible inhibitory activity against MAO (Baird-Lambert et al.
1982). Detailed pharmacokinetic studies followed this study,
which showed the drug-like property of 1. Successive studies
developed synthetic analogs as MAOIs with improved ICs, values
down to 5nM against MAO-A (Aoki et al. 2001; Segraves and
Crews 2005). These studies, covering 50 synthetic analogs,
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improved not only the activities but also selectivity in discriminat-
ing between the two isoforms of MAO. Some of the most potent
aplysinopsin synthetic analogs are shown in Figure 1. It is inter-
esting that the addition of a bromine atom in the indole ring sys-
tem results in a dramatic increase in the activity.

Piloquinones

Piloquinone (2, Figure 2) was reported in 1963 from the myce-
lium of Streptomyces pilosus (Connor et al. 1963). However, the
inhibitory activities of 2 on recombinant human MAO were not
studied until five decades later, with a derivative (3) from
Streptomyces sp. CNQ-027 (Lee, Choi, et al. 2017). Interestingly,
both piloquinones showed MAO-B selectivity over MAO-A, with
a good selective index value of 0.19 (2, MAO-B ICsq 1.21 pM),
or no MAO-A inhibitory activity up to 80 uM (3, MAO-B IC;,
14.5uM). This finding was in conflict with a previous study
which showed MAO-A selectivity with a dibenzopyrone frame
fungal secondary metabolite (Lee, Kim, et al. 2017). The attached
pentyl chain may be responsible for the selective conversion of
piloquinones. Compound 3 showed potent inhibitory activity
comparable with current Parkinson’s disease drugs, based on a
MAO-B inhibitory mechanism. It is noteworthy that 3 is the
most potent MAO-B inhibitor derived from microbial sources.

Figure 2. MAO inhibiting piloquinones.

Table 1. List of marine natural products used as monoamine oxidase (MAO) inhibitors.

Compounds Source

Potency (compound number, SI)

Reference

Aplysinopsins Sponge (Aplysinopsis sp.)
synthetic analogs

Piloquinones Bacteria (Streptomyces sp.)

MAO-A ICso = 0.0056 uM (1a, 80.2)
MAO-A ICso = 0.035 uM (1¢, 290.3)
MAO-B ICso = 1.21 pM (2, 0.19)

(Baird-Lambert et al. 1982; Aoki et al.
2001; Segraves and Crews, 2005)
(Lee, Choi, et al. 2017)

MAO-B ICso = 145 uM (3, NAP)

Anithiactins
Bromopyrroles

Bacteria (Streptomyces sp.)
Sponge synthetic analogs

Caulerpins
Astaxanthin

Algae synthetic analogs
Algae Shrimps

MAO-A ICso = 13.0 UM (4, 14.1)

MAO-A IC5p = 2.4 UM (7a, 15.9) (Rane, Sahu, et al. 2014; Rane,
MAO-B ICso = 2.1 uM (7b, 0.08)

In silico prediction
MAO-A inhibitory activity

(Lee et al. 2015)

Napahde, et al. 2014)
(Lorenzo et al. 2015)
(Safarova et al. 2016; Jiang

at high dose (9, NB®) et al. 2017)
251 stands for ‘selectivity index’, defined by the ratio of 1Cso (MAO-B)/ICs, (MAO-A).
P NA/NB stands for ‘no inhibition on MAO-A/MAOQ-B'.
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Figure 1. MAO inhibiting aplysinopsins.
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Anithiactins

Anithiactins (4-6, Figure 3) were the first reported aniline bear-
ing 2-phenylthiazole natural products in the class. Initially, mod-
erate acetylcholine esterase (AChE) inhibitory activity of
anithiactins was reported, with ICs, values of 63, 53, and 58 UM,
respectively, and without cytotoxicity up to 100 uM (Kim et al.
2014). Anithiactin A (4) showed moderate inhibitory activity for
MAO-A with a selectivity index of 14.1 over MAO-B (Lee et al.
2015). The absence of a methyl ester functional group attached
to the thiazole ring resulted in dramatic activity differences
among anithiactins (Figure 3). The substitution of the methyl
ester with an amine resulted in the complete loss of MAO-B
activity of the anithiactin B (5), whereas the presence of a car-
boxylic acid group resulted in IC5, value of over 170 uM for ani-
thiactin C (6) against MAQOs. Anithiactin A (4, MAO-A ICs
13.0uM) showed a reversible MAO-A inhibitory activity with
selectivity over MAO-B, and showed moderate AChE inhibi-
tory activity.
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Figure 3. MAO inhibiting anithiactins.
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Bromopyrroles

Bromopyrroles are marine alkaloids exclusive to sponge with a
wide range of bio-activities, such as antibacterial, antifungal,
antimalarial, anticoagulant, antiprotozoal, antiviral, antihistami-
ninc, anticancer and anti-inflammatory activities (Rane, Sahu,
et al. 2014). Among them, synthetic analogs based on oroidin (7,
Figure 4) have been prepared to improve the affinity and select-
ivity for MAOs (Rane, Napahde, et al. 2014). In vivo mouse
experiments have been performed to demonstrate the drug-like
properties of these analogs with promising pharmacological
activities. The 4,5-dibromopyrrole carboxamide frame of oroidin
(7) was retained in these analogs. It is interesting that the substi-
tution of a fluorine atom in compound 7a to a chlorine in 7b
dramatically changes the MAO selectivity, with the selectivity
index altered from 0.06 (7a, MAO-A ICs, 2.4 uM) to 12.80 (7b,
MAO-B ICsj 2.1 uM). The presence of an N-methyl group at the
pyrrole ring was one of the favoured features for in vivo mouse
antidepressant activity.

Caulerpins

Caulerpin (8, Figure 5) has shown calcium channel inhibitory
activity (Cavalcante-Silva et al. 2013), with antinociceptive and
anti-inflammatory activity (De Souza et al. 2009). Through com-
puter-aided drug design, nine caulerpin analogs have been sug-
gested as potential MAO-B inhibitors from among 108 entities
(Lorenzo et al. 2015). In this study, three-dimensional structures
were built on the Volsurf descriptors and drug-like scores were
calculated using DRAGON software. These virtual screened ana-
logs showed more similarity to Moldock energy than caulerpin
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Figure 5. MAO inhibiting caulerpins.
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Figure 6. MAO inhibiting astaxanthin (9).

(8), with improved drug-like scores. However, experimental val-
idation is needed for validation of the in silico results.

Astaxanthin

Astaxanthin (9, Figure 6) is a well-known xanthophyll terpenoid
that has a wide range of food industry applications as a colour-
ing agent. This lipophilic pigment is responsible for the red col-
our of marine organisms such as shrimp and algae. The in vivo
antidepressant effects of 9 have been studied in the mice, along
with its MAO inhibitory effects (Jiang et al. 2017). Furthermore,
the molecular binding of 9 with MAO-A and -B enzyme has
been studied in silico and compared with the known MAOIs isa-
tin, and lazabemide (Safarova et al. 2016). It is interesting that
compound 9 showed a protective effect against cognitive dys-
function in the mouse model (Feng et al. 2018). However, evi-
dence of 9 as an MAOI is limited and requires additional proof.

Conclusions

In this review, several marine natural products with MAO
inhibitory activities were discussed, which possess chemical
framework such as indole-imidazole, dibromo-pyrrole, naphtho-
quinone, phenylthiazole, bisindole and xanthophyll. It is interest-
ing that most of these MAOIs have a nitrogen-containing
heterocyclic ring system or quinone moiety. This tendency is
consistent with previously reported MAOIs from other sources
(Bolasco et al. 2010; Erdogan Orhan 2016). Producers of these
marine MAOIs include sponges, algae and marine Streptomyces
(Table 1). The most potent MAO-A activity was observed with
the aplysinopsin analog (1a). Interestingly, most of these marine
origin inhibitors show good selectivity between the two MAO
subtypes. Aplysinopsin analog (1c) has a three hundred times
higher affinity to MAO-A than B, whereas the bromopyrrole
analog (7b) favours MAO-B eight times more than MAO-A.
Improved activities with functional group modification were also
notable in aplysinopsins and bromopyrroles. It is clear that the
current examples of MAOIs from marine natural products are
not well understood, and require further research. Some of the
examples have only early assay data or virtual experiments avail-
able, so discussion of their potential as good drug leads is con-
tingent on further studies.

In conclusion, there are a small number of marine natural
products that show MAO inhibitory activities. These inhibitors,
with novel chemical structures, are potential leads for the further
development of MAOI drugs from marine sources.
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