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Abstract: The monoamine oxidase (MAO) enzyme is responsible for the deamination of monoamine
neurotransmitters and regulates their concentration in the central and peripheral nervous systems. Im-
balance in the concentration of neurotransmitters in the brain and central nervous system is linked with
the biochemical pathology of various neurogenic disorders. Irreversible MAO inhibitors were the first
line drugs developed for the management of severe depression but most of these were withdrawn from
the clinical practice due to their fatal side effects including food-drug interactions. New generations of
MAO inhibitors were developed which were reversible and selective for one of the enzyme isoform and
showed improved pharmacological profile. The discovery of crystal structure of MAO-A & MAO-B
isoforms helped in understanding the drug-receptor interactions at the molecular level and designing of
ligands with selectivity for either of the isoforms. The current article provides an overview on the MAO
enzyme as potential drug target for different disease states. The article describes catalytic mechanism of
MAO enzyme, crystal structures of the two MAO isoforms, traditional MAO inhibitors and various
problems associated with their use, new developments in the MAO inhibitors and their potential as
therapeutic agents especially in neurological disorders.

ARTICLE HISTORY

Received: September 08, 2015
Revised: November 17,2015
Accepted: November 19, 2015

DOI:

10.2174/138945011766615120912
3402

Keywords: Monoamine oxidase, neurological disorders, parkinson’s disease, alzheimer’s disease, depression, food drug interactions.

1. INTRODUCTION

Monoamine oxidase (MAO, EC 1.4.3.4) is a flavin ade-
nine dineucleotide dependent enzyme. It is responsible for
the deamination of monoamine neurotransmitters, endoge-
nous amines and xenobiotics in the central and peripheral
nervous systems [1]. In most of the mammal tissues, MAO
enzyme is localised in the outer membrane of the mitochon-
dria. The MAO enzyme has two isoforms, MAO-A and
MAO-B where in MAO-A isoform is predominant in liver,
gut, skin and placenta while MAO-B is the major isoform in
the brain. Human MAO-A and MAO-B isoforms contain
amino acid sequences that are 70% identical, however, differ
in tissue distribution, substrate specificity and inhibitor se-
lectivity. MAO-A has substrate specificity for the bulkier
endogenous amines like serotonin, epinephrine and
norepinephrine whereas MAO-B has substrate specificity for
the small exogenous amines such as benzylamine, §-phenyl
ethylamine [2]. Dopamine and tyramine are common
substrates for both the isoforms. MAO enzyme can modulate
the concentration of monoamine neurotransmitters in the
central nervous system (CNS) and is linked with the etiology
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of number of neurological disorders. MAO enzyme is one of
the extensively studied targets for the neurological disorders
with more than 21000 publications recorded in the PubMed
database.

2. CRYSTAL STRUCTURES OF MAO-A & MAO-B

The MAO enzyme is bounded covalently to co-factor
FAD at cysteine residue by an 8-alpha (s-cysteinyl) ribofla-
vin linkage with highly conserved structure [3]. The X-ray
crystal structure studies revealed the existence of human
MAO-A as monomeric and human MAO-B as dimeric units.
Most of the membrane proteins exist in dimeric form [4]
however through molecular docking studies and species-
dependent genetic analysis [5] it has been concluded that the
monomeric structure of human MAO-A could be due to
Glul51Lys mutation near the dimer interface. The MAO-A
and MAO-B isoform have cavities with volumes of 400 A®
and ~ 700 A® respectively. The MAO-B cavity is divided
into two parts i.e. entrance cavity of volume 290 A® and
substrate cavity of volume ~400A* [6, 7]. Tle199 and Tyr326
side chains separate the two cavities in MAO-B isoform. The
difference in the structure of active site of human MAO-A
and MAO-B isoforms is due to the change in 7 out of 20
amino acid residues that line the active site of the enzyme
and a change in the cavity shaping loop 210-216 [8]. In gen-
eral the cavities of both the isoforms are hydrophobic in na-
ture however MAO-B isoform contains a small highly con-
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served hydrophilic area in the entrance cavity. The structural
comparison of the htMAO-A and hMAO-B could provide the
molecular foundation for the design of highly specific re-
versible inhibitors for each of the enzyme isoform [9].

3. CATALYTIC ACTION OF MAO ENZYME

The MAO enzyme metabolizes amines to corresponding
aldehydes, free amines and generates hydroxyl radicals that
are highly toxic causing neuronal damage and death [10,
11]. The MAO catalysed reaction completes in two half-
reactions, reduction half reaction and oxidation half reac-
tion. In the reductive half-reaction, amine substrates are
first oxidized by the covalent flavin cofactor to produce an
imine intermediate, and flavin cofactor is reduced to hy-
droquinone. The reduced flavin is then re-oxidized by O, in
the oxidative half-reaction to form H,O,. The H,O mole-
cule non-enzymatically hydrolyses the dissociated imine
product to corresponding aldehyde and NH," as shown in
Fig. (1) [12].

MAO mediated metabolism of monoamines is the major
source of H,O, production in the brain [13, 14]. In general
the excess H,O, is inactivated by the glutathione peroxidase
(GPO) however in the presence of Fe’" ions (Fenton reac-
tion), it is converted into a highly reactive hydroxyl free
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radicals. The hydroxyl radicals are the main cause of oxida-
tive stress and are believed to be responsible for the neuronal
damage and death [13]. Thus, inhibition of MAO enzyme
attenuates the oxidative deamination processes resulting in
the reduced levels of H,O, and hydroxyl free radicals which
in turn provides relieves from oxidative stress (Fig. 2).

4. ROLE OF MAO ENZYME IN NEUROLOGICAL
DISORDERS

The MAO enzyme is reported to alter the level of neuro-
transmitters in the CNS. An imbalance in the concentration
of neurotransmitters is linked with the biochemical pathol-
ogy of various neurogenic disorders including depression,
Alzheimer's disease (AD) and Parkinson's disease (PD) [15].
Different studies have proved that the over-activation of
MAO enzyme in the brain plays a vital role in different psy-
chiatric disorders. The elevated level of hMAO-B in the
brain of AD patients is linked with the loss of cognitive
functions [16, 17]. Similarly a number of research reports
have suggested that the depletion of monoamine neurotrans-
mitters concentration in severe depression cases could be
attributed to the increase in hMAO-A levels in the cortex
[18, 19].
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Fig. (1). General mechanism of catalytic action of MAO enzyme. Monoamines/neurotransmitters are oxidised by the MAO enzyme to imines
which are further hydrolysed to corresponding aldehydes and ammonia by the addition of water molecule. The reduced flavin cofactor in
MAO enzyme oxidizes to original form using oxygen (O;) and this whole cycle generates a hydrogen peroxide (H,0,) molecule.
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Fig. (2). Fenton reaction during oxidation cycle of MAO enzyme. Oxidation of FAD cofactor produces hydrogen peroxide (H,O,) which

further generates reactive oxygen species leading to neuronal cell deaths.
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4.1. Depression

Depression is a chronic condition and etiology of the dis-
ease is linked to the suboptimal concentration of monoamine
neurotransmitters, serotonin and norepinephrine in the CNS
[20]. The symptoms of depression include social anxiety
disorder, severe phobias, posttraumatic stress disorder, and
obsessive-compulsive disorder. The overexpression of
MAO-A enzyme in the brain causes under-activity of mono-
amines such as dopamine, serotonin and norepinephrine that
may lead to depression [21] (Fig. 3). It has been observed
that an antihypertensive drug reserpine decreases the storage
levels of dopamine, serotonin and norepinephrine and low
concentration of these neurotransmitters in the brain is linked
to the depression [22]. Therefore, antidepressant therapy
involves the maintenance of neurotransmitter level either by
inhibiting MAO enzyme or blocking the presynaptic reup-
take of serotonin, dopamine and norepinephrine. Hence,
MAO enzyme has been recognized as an important drug
target for the treatment/management of depression and a
variety of structurally different ligands have been developed
that can inhibit the MAO enzyme. Of late, selective sero-
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tonin  reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs) were introduced
as anti-depressant agents for blocking the presynaptic reup-
take of neurotransmitters.

4.2. Parkinson’s Disease

MAO-B is the predominant isoform in the brain and its
expression in the glial cell can increase up to four-fold with
aging. Parkinson’s disease (PD) is associated with the af-
fected basal ganglia region where MAO-B isoform seems to
be significantly responsible for the metabolism of dopamine
[23]. Therefore, inhibitors of MAO-B isoform have been
used in the management and treatment of PD. The Parkin-
son’s disease is also linked with the exogenous toxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The
MAO-B enzyme converts MPTP to MPP+, a toxin responsi-
ble for the destruction of nigrostriatal dopaminergic neurons
[23] (Fig. 4). Thus, MAO-B inhibitors can prevent the dam-
age of nigrostriatal neurons by halting the enzyme-mediated
biotransformation of MPTP [24].
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Fig. (3). General flow chart for the progression of depression. Over-expressed MAO-A isoform in the brain degrades serotonin and norepi-
nephrine leading to the reduction in their concentration in the synaptic cleft and alteration in the proper emotional responses.
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Fig. (4). General flow chart for the progression of Parkinson’s disease. MPTP crosses blood brain barrier and converts to MPP+ in the pres-
ence of MAO-B. It causes neuronal cell death and increases the metabolism of dopamine in the brain. Metabolism of dopamine also gener-

ates free radicals that can result in neuronal cell deaths.
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In the Parkinson’s disease therapy, MAO-B inhibitors are
combined with the levodopa, a precursor of dopamine, to
maintain the concentration of dopamine in the CNS. The
inhibition of the MAO-B enzyme stops the catalytic oxida-
tion of dopamine in the brain and helps in maintaining the
dopamine levels. This may help in the reduction of levodopa
doses required for a therapeutic effect in the combination
therapy. In addition to this, the MAO enzyme through oxida-
tive deamination reaction, acts as a major source of hydrogen
peroxide/hydroxyl free radicals in cells that may cause oxi-
dative stress. Inhibition of the MAO-B isoform can reduce
the levels of neurotoxic hydroxyl free radicals and sup-
presses many neurodegenerative processes associated with
the PD [25].

4.3. Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disor-
der associated with the intellectual memory loss [26] and
other cognitive impairments [27]. The exact cause of pro-
gressive neuronal degeneration in AD is not known, however
etiology of the disease is linked with the presence of oxida-
tive stress, and MAO-B hyperactivity in gliosis which in-
creases the levels of H,O, and oxidative free radicals [28].
MAO is a major enzyme responsible for the oxidative
deamination of biogenic and xenobiotic monoamines. It gen-
erates hydrogen peroxide and hydroxyl free radicals that play
a vital role in the progression of AD. In addition, low levels
of acetylcholine were found in the specific brain regions of
the AD patients that mediate learning and memory functions.
Therefore, various acetylcholinesterase inhibitors (AChEIs)
like tacrine, rivastigmine, donepezil, etc. have been devel-
oped for the treatment of AD. In the preclinical studies, it has
been found that MAO-B inhibition can cause cognitive im-
provement and hence dual inhibitors targeting MAO-B and
acetylcholinesterases can play an important role in the man-
agement/treatment of AD [29].

5. MAO INHIBITORS

The discovery of MAO inhibitors was a serendipitous
finding. It was found that the patients suffering with tuber-
culosis and depression when treated with an anti-
tuberculosis drug isoniazid, most of them showed im-
provement for depression during the treatment. Later on the
anti-depression effect of isoniazid was attributed to its
MAO inhibition potential. It was hypothesized that the de-
ficiency in the concentration of neurotransmitters like do-
pamine, serotonin and norepinephrine in the brain may be
responsible for the depression and other neurological disor-
ders. Mechanistically MAO inhibitor binds with the en-
zyme and stops its catalytic action of monoamine oxidation
and hence increases the concentration of neurotransmitters
at the nerve terminals. The improved levels of these neuro-
transmitters assist in the symptomatic treatment of neuro-
genic disorders. The first generation MAO inhibitors were
of irreversible nature and were predominantly used for the
treatment of depression but their use diminished in the fol-
lowing years due to their undesired side effects and fatal
drug-food interactions [30]. Various irreversible MAO in-
hibitors are described in Fig. (6).
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Fig. (5). General flow chart for the progression of Alzheimer’s
disease. The hyper-activity of MAO-B isoform in the brain in-
creases the concentration of hydrogen peroxide and reactive oxygen
species (ROS). This causes degradation of the cholinergic neurons
and low levels of acetylcholine affects learning and memory func-
tions of the brain.

6. PROBLEMS ASSOCIATED WITH THE TRADI-
TIONAL MAO INHIBITORS

The first generation irreversible MAO inhibitors bind
with the MAO enzymes making them permanently dysfunc-
tional. The catalytic function of the enzyme could only be
revived with the synthesis of new enzymes. The clinical use
of irreversible MAO inhibitors caused high toxicity and
other severe side effects including drug-food interactions,
hepatotoxicity, hypertensive crisis, cheese effect, serotonin
syndrome efc. [31]. Therefore, use of MAO inhibitors was
abandoned and research focus was shifted towards other al-
ternatives like serotonin selective reuptake inhibitors (SSRI)
and serotonin norepinephrine reuptake inhibitors. However,
MAO inhibitors were the only effective medication available
for the treatment of severe and resistant depression.

6.1. Cheese Effect

Cheese effect is caused by the increased concentration of
food tyramine in the blood due to inhibition of MAO-A iso-
form in the intestine. In general, the dietary tyramine is me-
tabolized by the gut MAO-A and prevented from entering
into the blood stream. In the presence of an irreversible
MAO-A inhibitor, the food tyramine is not metabolised and
its absorption increases in the blood. The excess amount of
tyramine in the blood, initiates the release of adrenaline from
peripheral adrenergic neurons and it may lead to severe in-
crease in the blood pressure, termed as hypertensive crisis
[32] (Fig. 7). The food-drug interaction of irreversible MAO
inhibitors was one of the major reasons for abandoning their
clinical use in the treatment of depression.

6.2. Drug-Food Interactions

Consumption of number of foods, mainly cheese, by the
patients taking MAO inhibitors may result in fatal hyperten-
sive crises. The clinical syndrome associated with the hyper-
tensive crisis is described as a sudden onset of a severe, pal-
pitations, diaphoresis, stiff neck, pulsating headache, and
nausea [33, 34]. Most common drug-food interactions in
case of MAO inhibitors are with cheese due to the presence
of various amines predominantly tyramine that causes hyper-
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tensive crisis [35] also known as cheese effect. Another seri-
ous food interactions are with yeast products like beer, wine
(presence of DOPA) that causes hypertension [36] and cen-
tral adrenergic symptoms, with coffee, cola drinks (presence
of Caffeine) to cause hyper excitability [37]. Other food con-
tents that should be avoided along with MAO inhibitors in-
cludes marmite concentrated yeast, sauerkraut, soy sauce,
broad bean pods, banana peels [38].

6.3. Drug-drug Interactions

MAQO inhibitors can interact with various drugs and these
interactions can be incredibly dangerous and potentially le-
thal. In general, there are two types of drug interactions with
the MAO inhibitors. The first one is caused by serotonin
reuptake inhibitory action known as serotonin syndrome and
the second type of interactions can raise the blood pressure
[31]. When MAO inhibitors are administered along with the
drugs that increase adrenergic activity, a fatal hypertensive
reaction may occur. For example, MAO inhibitors can inter-
act with many of the decongestants (selective o, agonists)
and raise the blood pressure [39]. MAO inhibitors should
also be avoided with tricyclic antidepressants, analgesics and
appetite suppressants that are norepinephrine reuptake in-
hibitors [40]. The combined effect of both the drugs may
potentiate sudden increase of norepinephrine concentration
in the blood which may lead to the hypertensive reaction. In
addition to this, the use of MAO targeting antibiotics like
linezolid along with MAO inhibitors can also initiate serious
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side effects [41]. Tramadol, mepridine and sympathomimetic
drugs are some other medications which should be avoided
along with the MAO inhibitors [42]. Drug-drug interactions
between the potential antidepressants like moclobemide—
fluoxetine and amitriptyline-diazepam can also lead to se-
vere hepatic toxicity [43]. Combination of MAO inhibitors
with the barbiturates cause prolonged sedation while their
combination with the phenothiazines can cause increased
extrapyramidal reactions. MAO inhibitors along with the
pethidine can causes rigidity and coma within minutes after
injection [44]. Other sympathomimetic and stimulant drugs
that should be avoided with MAO inhibitors include ephed-
rine, phenylephedrine, amphetamines and cocaine.

6.4. Serotonin Syndrome

Serotonin is a neurotransmitter playing an active role in a
number of physiological functions. Serotonin is one of the
important targets for anti-depression therapy and in case of
severe depression, its concentration in the brain and CNS is
maintained by the combined use of MAO inhibitors and se-
lective serotonin reuptake inhibitors. However, simultaneous
inhibition of MAO and serotonin transporter can increase the
concentration of serotonin in the synaptic cleft [45]. The
over stimulation of serotonin receptors can cause disruption
in the thermoregulation that may lead to fatal hyperthermia
termed as ‘serotonin syndrome’ [46]. Dextromethorphan
(over-the-counter drug) medication along with MAO inhibi-
tors is associated with the serotonin syndrome [47].
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Fig. (6). Irreversible MAO inhibitors used for the treatment of depression and other neurological disorders.
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Fig. (7). Cheese effect: Irreversible inhibition of MAO-A isoform leads to the increased concentration of tyramine in the gut. The increased
concentration of the tyramine initiates the release of adrenaline from the adrenergic neurons that may result in increased blood pressure or

severe hypertension.
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7. ADVANCEMENTS IN MAO INHIBITORS

The irreversible MAO inhibitors were responsible for
many side effects including severe drug-food and drug-drug
interactions as described above. Use of irreversible inhibitors
can lead to permanent deactivation of MAO enzyme that
might disrupt many of the enzyme mediated physiological
processes and generally enzyme activities could only be re-
vived with the synthesis of new enzyme. Hence, most of the
irreversible MAO inhibitors were discontinued from the
clinical practice.

7.1. Reversible and Selective MAO Inhibitors

New generation of MAO inhibitors were developed
which were not only reversible in nature but also selective
for one of the MAO isoforms. The inhibitors exhibiting se-
lectivity for the MAO-A isoform have the potential to be
developed as drugs for the treatment of depression and anxi-
ety disorders, [48] and MAO-B selective inhibitors can be
effective in several neurogenic disorders such as PD, AD,
Huntington chorea and amyotrophic lateral sclerosis [49].
The main advantage of developing reversible MAO inhibi-
tors was the absence of ‘Cheese effect’ [50, 51]. The reversi-
ble and selective inhibitors bind to the MAO-A isoform and
inhibit the enzyme with decreased risk of tyramine reaction.
The absorbed tyramine releases norepinephrine which com-
petes with the reversible MAO-A inhibitors and reactivates
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MAO-A enzyme in the intestine, liver and sympathomimetic
neurons. Reversible and MAO-A selective inhibitors like
moclobemide (12) (Fig. 8), toloxatone (18) (Fig. 9), efc.
were found effective in the treatment of depression [52].
Examples of some reversible MAO-A inhibitors under clini-
cal practice include moclobemide, toloxatone, pirlindole,
befloxatone and brofaromine.

In addition, MAO-A selective inhibitors were found to
play crucial role in the treatment of anxiety disorders and
atypical depression. MAO-B selective inhibitors do not po-
tentiate the cheese reaction until administered at concentra-
tions high enough to inhibit MAO-A isoform. Reversible and
MAO-B selective inhibitors like farnesol (19) and rasagiline
(20) (Fig. 10) were found effective in PD, and their neuro-
protective properties in animal models suggested their poten-
tial role in the treatment of AD.

The X-ray crystal structures of MAO-A and MAO-B iso-
forms with their selective inhibitors like harmine (15) (Fig.
9) and farnesol (19) (Fig. 10) respectively are available. The
docking studies of these selective inhibitors provided crucial
information about the nature of the active site of the enzyme
and binding mode of ligands. Structure based drug designing
is a useful strategy for the discovery of more potent and se-
lective MAO inhibitors that can be developed as potent drug
candidates. A large number of MAO inhibitors with structur-
ally different scaffolds including pyrazoles [53], coumarins
[54, 55], indoles [56, 57], imidazole [58], oxazolidinone
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Fig. (10). Some representative molecules developed as MAO-B selective inhibitors.

[59], alkaloids [60] etc. have been synthesized in order to
develop potent and effective drug candidates for the treat-
ment of various neurogenic disorders [61]. Similarly, a num-
ber of compounds isolated from natural sources and belong-
ing to different chemical classes like flavonoids, xanthones,
alkaloids, cannabinoids, proanthocyanidins, iridoidgluco-
sides, curcumin ezc. have been screened for their MAO inhi-
bition potential [62].

7.2. Transdermal Delivery System

Transdermal systems have been developed for the direct
delivery of MAO inhibitors into blood circulation avoiding
first pass through the liver. Transdermally, the drug crosses
blood-brain barrier in a high concentration and eliminates the
risk of cheese effect [63] in the gut. This inhibits both MAO-
A and MAO-B in the brain but avoids drug interactions with
MAO enzyme in the gut. These new developments reduce
the risk of hypertensive crisis making MAO inhibitors com-
paratively safer therapeutic agents. Selegiline was the first
MAUO inhibitor delivered through transdermal patch system
[64]. Transdermal system delivers the drug over an extended
period of time and for low doses of inhibitors no dietary re-
strictions are required [15]. Rasagiline has been also formu-
lated in a transdermal patch [65] in order to overcome its
drawbacks like limited solubility and patient’s compliance.
Rasagiline is marketed as a rasagiline mesylate salt to be
taken orally once in a day. As most of the PD patients have
difficulties in oral administration of the drug, a transdermal
formulation was desirable for a less-frequent administration.
To increase the penetration rate of the drug into the skin,
rasagiline was used as a free base which was soluble in the
lipophilic polymer matrix and the patch was covered with an
inert backing layer that regulated the drug release. The proto-
types were submitted to several skin permeation experiments
and revealed an excellent permeation rate.

8. NOVEL MAO INHIBITORS UNDER CLINICAL
TRIALS

MAO enzyme has been explored as an important target
for the development of potent and effective drug candidate
for the treatment of various neurological disorders. A large
number of scaffolds belonging to different chemical classes
have been screened for their MAO inhibition potential. The
extensive screening efforts have led to the identification of
some lead compounds that showed high potency and selec-
tivity for either of the MAO isoform. For example, Karup-
pasamy et al. [66] screened a series of 3,5-diarylpyrazoline
derivatives and identified compound 21 as lead compound
with an ICs, value of 150+10.05 nM and selectivity index of
greater than 10000 towards MAO-A isoform. Abdelhafez et al.
[67] screened a number of oxadiazole, thiadiazole, triazole

and thiazolidinone derivatives of 4-methyl and 3,4-dimethyl-
7-oxycoumarins and reported compound 22 and compound
23 as highly potent leads with Ki of 5.01 pM & 5.18 pM, and
selectivity index of 9.66 x 10* and 9.58 x 10" towards MAO-
A respectively. Through structure-activity relationship stud-
ies, Khattab et al. [68] identified compound 24 as the most
promising lead with an ICsy value of 2.8 +0.13 nM and se-
lectivity index of 3 x 10°. Valente ef al. [59] reported com-
pound 25, a 3-(1H-pyrrol-3-yl)-2-oxazolidinone derivative,
as areversible and potent MAO-A inhibitor with a selectivity
index of 2 X 10°. Similarly, some highly potent and MAO-B
selective inhibitors have been identified with the help of bio-
logical screening and through various structure-activity rela-
tionship studies. Secci ef al. [69] screened a series of
arylidene-(4-substituted-thiazol-2-yl)hydrazines and identi-
fied compound 26 as a selective MAO-B inhibitor with an
1Cs value of 2.54 = 0.17 nM and selectivity ratio more than
39,000 (MAO-B). Recently, Mertens et al. [55] reported 3-
(4-methoxy)phenyl derivative of alkynyl-coumarinyl ethers
(compound 27) as a selective inhibitor of MAO-B isoform
with an ICsy value of 2.96 = 0.10 nM and more than 3400
folds selectivity over MAO-A isoform. Two different series
of compounds, based on chromane-2,4-dione and chromone-
3-carboxamide scaffolds, were screened and the compound
28 was reported as an important lead with an 1Csy value of
2.9 nM and selectivity index of more than 3400 folds [70].
Walt et al. [71] evaluated sulfanylphthalonitrile and sul-
fanylbenzonitriles analogous as MAO inhibitors and re-
ported compound 29 as the most promising MAO-B in-
hibitor (ICso= 25 nM) with very high selectivity (8720-fold).
Tzvetkov et al. [72] reported N-(3,4-difluorophenyl-1H-
indazole-5-carboxamide (compound 30) with remarkable in
vitro MAO-B inhibitory potential (ICso = 1.59 nM and SI
more than 6000 fold) and a balanced physicochemical profile
for the CNS bioavailability. Many of the promising lead
compounds are undergoing toxicological studies and are in
various stages of clinical developments.

Safinamide, a reversible MAO-B selective inhibitor, has
completed Phase III trials for the treatment of PD. Safinamide
was found to be an effective inhibitor of dopamine uptake and
a modulator of glutamate release [73]. Varinel Inc., a US
based pharmaceutical company, is developing VAR-10200
(31) and VAR-10300 (32) (Fig. 11) as dual iron chelating and
MAO-B selective inhibitors for the treatment of neurodegen-
erative disorders (Thomson Reuters Pharma, update of Feb.
24,2012 and May 15, 2012) [74]. Ladostigil (TV-3326) (33)
is being developed by Avraham Pharmaceutical as dual MAO
and acetylcholinesterase inhibitor. This compound is under
phase II clinical trials in Europe (Thomson Reuters Pharma,
update of May 18, 2012). Orizon Genomics is developing OG-
45 as a dual inhibitor of MAO-B and lysine specific demethy-
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lase-I (Thomson Reuters Pharma, update of April 16, 2012).
Similarly, Roche is developing RG1577 (RO-4602522; EVT-
302), as a lead compound for the treatment of AD. This orally
active compound is reversible and selective inhibitor of MAO-
B isoform and is under phase II clinical trials (Thomson
Reuters Pharma, update of August 8, 2012). Rasagiline (20)
(Fig. 11) rescue with clinicalTrials.gov identifier no
NCT02359552 is under phase II clinical trial from Feburary
2015 for the treatment of AD. The aim of the study is to
evaluate the effect of the drug in patients suffering from mod-
erate AD. Rasagiline (Azilect) with clinicalTrials.gov identi-
fier no NCT02068625 is under phase 4 of clinical studies from
February 2014 to investigate its effects in patients suffering
from macula off retinal detachment.

Currently, CX157 (3-fluoro-7-(2,2,2-trifluoroethoxy)
phenoxathiin-10,10-dioxide), a selective MAO-A inhibitor,
is under clinical development for the treatment of major de-
pressive disorders [75].

CONCLUSION AND FUTURE PERSPECTIVE

The MAO enzyme plays crucial role in the regulation of
various monoamines and neurotransmitters in peripheral and
central nervous system. The MAO catalysed metabolism of
monoamines produces hydroxyl free radicals causing neural
damage and death. The over expression of MAO enzyme is
linked with the pathology of many neurogenic disorders. The
MAO enzyme has been recognised as an important drug tar-
get and MAO inhibitors were developed as drug candidates
for the treatment of diseases like depression, PD and AD.
First generation MAO inhibitors were irreversible and non-
selective in nature and showed severe drug-food interactions
and other side effects. Consequently, new types of reversible
and selective MAO inhibitors were developed to address
various problems associated with the first generation inhibi-
tors. Reversible MAO-A inhibitors are comparatively safer
and are replaced by noradrenalin in the gut to reactivate the
enzyme while MAO-B selective inhibitors are devoid of
‘cheese reaction’.

Kumar et al.

Both the isoforms of MAO enzyme share a high se-
quence similarity and it is very difficult to generalize struc-
ture based selectivity of ligands for MAO-A or MAO-B iso-
form. The discovery of crystal structures of human MAO-A
and MAO-B isoforms with their respective ligands, helped in
the structure based designing of ligands for these enzyme
isoforms. The MAO-A cavity is bigger in size and accom-
modates bulkier groups while the entrance cavity of MAO-B
is smaller in size and comprises small hydrophilic pocket and
hence shows preference for smaller and hydrophilic groups.
Considerable progress has been made to understand the
ligand interactions with the two enzyme isoforms and their
proximity to the FAD cofactor. Molecular modeling studies
provide crucial information about the orientation of ligand in
the active site and its interaction. Information about ligand-
enzyme binding interactions may be beneficial in the devel-
opment of potent and effective drug candidates for various
neurological disorders.

Recently, MAO inhibitors have been proposed as neuro-
protecting and neurorescue agents [76]. The neurotoxic alde-
hyde and hydroxyl free radical generated during MAO cata-
lysed metabolism of monoamine neurotransmitters are re-
sponsible for the neural damage and death. The inhibition of
MAO enzyme halts the catalytic cycle and decreases the
production of hydroxyl free radicals. The MAO-B isoform is
also involved in the metabolism of MPTP (l-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) to the neurotoxin MPP+
(1-methyl-4-phenylpyridinium) which is involved in the in-
hibition of mitochondrial electron transport and increases
ROS production. The elevated ROS production is responsi-
ble for several neurodegenerative disorders and MAO-B
inhibitors stop both MPTP metabolism as well as the result-
ing damage to the neurons. The underlying mechanism of
neurorescue and neuroprotective potential of MAO inhibitors
is not clear due to the conflicting evidence obtained through
clinical studies [77, 78] and further research work needs to
be done to establish the protective mechanisms.

Although many newly developed reversible and selective
MADO inhibitors [79] are in clinical practice but most of these
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Fig. (11). Some recently developed lead compounds as a selective MAO-A (21-25) and MAO-B (26-30) inhibitors.
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are providing symptomatic relief. The underlying mechanism
and etiology of various neurological diseases and their pro-
gression is still a mystery. The MAO enzyme plays a very
complex role in the regulation of neurotransmitters and it is
still not clear how different MAO activities are controlled in
the brain. The neurogenic disorders are of complex nature
and it is difficult to manage these through the single target
like MAO. Most of the neurogenic disorders originate
through multiple pathogenic factors and hence the one-drug-
one-target strategy has limited success with the MAO inhibi-
tors. Multi-target based drug discovery is the alternative ap-
proach in which a single compound can bind to multiple tar-
gets so as to manage multiple symptoms. Organic chemistry
and Computational chemistry are the tools to design ligands
with features for selective inhibition of MAO and other en-
zyme such as cholinesterases. A lot of research work still
needs to be done in order to establish the exact role of MAO
inhibitors in the etiology of other disorders like ageing, cere-
bral ischaemia, neuroprotection/neurorescue and substance-
abuse risk.
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