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Progress in understanding the role ofmonoamine neurotransmission in pathophysiology of neuropsychiatric dis-
orders was made after the discovery of the mechanisms of action of psychoactive drugs, including monoamine
oxidase (MAO) inhibitors. The increase in monoamine neurotransmitter availability, decrease in hydrogen per-
oxide production, and neuroprotective effects evoked by MAO inhibitors represent an important approach in
the development of new drugs for the treatment of mental disorders and neurodegenerative diseases. New
drugs are synthesized by acting as multitarget-directed ligands, with MAO, acetylcholinesterase, and iron chela-
tion as targets. Basic information is summarized in this paper about the drug-induced regulation of monoamin-
ergic systems in the brain, with a focus on MAO inhibition. Desirable effects of MAO inhibition include increased
availability ofmonoamine neurotransmitters, decreased oxidative stress, decreased formation of neurotoxins, in-
duction of pro-survival genes and antiapoptotic factors, and improved mitochondrial functions.
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1. Introduction

Monoamine oxidases (MAOs, EC 1.4.3.4) catalyze the oxidative de-
amination of monoamines, including the monoamine neurotransmitters
serotonin (5-hydroxytryptamine, 5-HT), norepinephrine, epinephrine,
dopamine, melatonin, tryptamine, histamine, and taurine. Aldehyde,
ammonia and hydrogen peroxide (H2O2) are formed in a MAO-
catalyzed reaction:

R � CH2 �NH2 þ O2 þH2O→R � CHOþ NH3 þH2O2

Aldehydes are further oxidized by aldehyde dehydrogenase into car-
boxylic acids. In the presence of transitionmetals (Fe2+, Cu+) hydrogen
peroxide may be converted to a highly reactive hydroxyl radical (HO•),
e.g., by the Fenton reaction:

H2O2 þ Fe2þ→HO● þ OH− þ Fe3þ:

MAO activity and the mitochondrial oxidative phosphorylation
(OXPHOS) system aremajor sources of H2O2 in the brain. Thus,MAO sig-
nificantly contributes to the production of reactive oxygen species (ROS)
by mitochondria and participates in the regulation of both monoamine
neurotransmission and oxidative stress in the brain (Edmondson, 2014).

Increased oxidative and nitrosative stress and/or decreased antioxi-
dative protection are important causes of neurodegeneration, neuronal
apoptosis, and lowered neurogenesis and neuroplasticity, which play a
role in the pathophysiology of several neuropsychiatric disorders, in-
cluding depression, Alzheimer's disease (AD), and Parkinson's disease
(PD) (Leonard andMaes, 2012; Maes et al., 2009, 2011). Therefore, cor-
responding signaling pathways are studied as drug targets, including
MAO.

MAOs belong to the family of flavin-containing amine oxidoreduc-
tases and exists as two subtypes, A (MAO-A) and B (MAO-B). Initially,
subtypes of MAO were distinguished by their substrate and inhibitor
specificity (Youdimet al., 2006).MAO-A specificallymetabolizes seroto-
nin, and MAO-B selectively catalyzes the deamination of benzylamine
and 2-phenylethylamine. Clorgyline (3-(2,4-dichlorophenoxy)-N-
methyl-N-prop-2-ynylpropan-1-amine) is an irreversible and selective
MAO-A inhibitor, and L-deprenyl (selegiline, (2R)-N-methyl-1-phenyl-
N-prop-2-ynylpropan-2-amine) is an irreversible and selective MAO-B
inhibitor (Youdim and Bakhle, 2006). Of the major monoamines,
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MAO-A generally metabolizes serotonin, norepinephrine, dopamine,
and tyramine; in the human brain, MAO-B mainly metabolizes dopa-
mine (Glover et al., 1977).

MAO subtypes have been definitively demonstrated by cloning the
cDNAs encoding MAO-A and MAO-B subunits (Bach et al., 1988). Both
MAOA and MAOB gene are located on the X chromosome (Lan et al.,
1989). The primary, secondary and tertiary structures of MAO-A and
MAO-B are well known; these enzymes exhibit ∼70% sequence identity.
Both enzymes are dimeric in their membrane-bound forms. Crystallo-
graphic and biochemical data of both isozymes have confirmed differ-
ences in the structures of their active sites (Fowler et al., 2007;
Edmondson et al., 2009; Binda et al., 2011).

Studies of the transcriptional regulation of the MAOA and MAOB
genes showed that different promoter organizations may underline dif-
ferent tissue- and cell-specific expressions of MAO subtypes (Shih
et al., 2011). Different transcription factors, components of intracellular
signaling pathways, and hormones also participate in the regulation of
MAOA and MAOB expressions. MAOA expression can be activated by
the transcription factor Sp1 and suppressed by transcription repressor
R1 (Chen et al., 2005). The functions of MAO-A and its repressor R1
have been demonstrated in apoptotic signaling pathways. It was found
that MAO-A and R1 are downstream of p38 kinase and Bcl-2 but up-
stream of caspase-3 and that inhibition of MAO-A prevents cell apopto-
sis. In addition, MAO-A and R1 are involved in the c-Myc-induced
proliferative signaling pathway (Ou et al., 2006a). Glucocorticoids and
androgens induce MAOA expression through R1 and Sp1 (Ou et al.,
2006b).MAOA (X-located gene) is a putative target gene directly regulat-
ed by a transcription factor encoded by the sex-determining region Y
(SRY) gene located on the Y chromosome; SRY activates both MAOA-
promoter and catalytic activities in a human neuroblastoma cell line.
Sp1 synergistically enhances the SRY activation of MAOA promoter (Wu
et al., 2009). Chronic stress-induced increases in MAO-A were found to
be mediated by the glucocorticoid-transcription factor Krüppel-like fac-
tor 11 (KLF11, also called TIEG2) pathway, which may play a crucial
role inmodulating distinct pathophysiological steps in stress-related dis-
orders (Grunewald et al., 2012).MAO-B is activated by the protein kinase
C (PKC) andmitogen-activated protein kinase (MAPK) cascades. MAO-A
and MAO-B are distinctly regulated by diverse hormones. This differen-
tial regulation may contribute to the differences in the temporal/spatial
expression and physiological functions between these two isoenzymes.
Modulation of endogenous levels of transcription factors of MAO genes
could be considered as an alternative approach to regulate MAO activity
in addition to using MAOIs (Shih et al., 2011).

MAOs are mainly bound to the outer mitochondrial membrane. Both
isoenzymes are expressed in most tissues, including brain. In the central
nervous system(CNS), intraneuronalMAO is dominant in themetabolism
of monoamine neurotransmitters, regulates the storage of monoamines,
and protects neurons from exogenous monoamines. The distribution of
MAO-A and MAO-B in the brain is not random; MAO-A occurs mainly in
catecholaminergic neurons, whereas serotonergic andhistaminergic neu-
rons and astrocytes contain predominantly MAO-B (Saura et al., 1996;
Shih et al., 1999; Tong et al., 2013). Due to the loss of selectivity of MAO
isoenzymes at high concentrations of substrates, serotonin ismetabolized
byMAO-B in presynaptic areas when it is present at high concentrations.

MAO inhibitors (MAOIs) prevent the breakdown of monoamine neu-
rotransmitters and thereby increase their availability. MAOIs were
among the first antidepressants to be clinically used. Reversible and se-
lective inhibitors of MAO-A (RIMAs) have antidepressant potential and
a good safety margin regarding the tyramine effect; they are used in the
treatment of depressive disorder and social phobia (Fulton and
Benfield, 1996; Bonnet, 2003) and are associatedwith fewer dropouts be-
cause of adverse effects compared with other antidepressants (Linde
et al., 2015). Some irreversible inhibitors of MAO-B have shown thera-
peutic value in the treatment of several neurodegenerative conditions, in-
cluding PD and AD (Youdim et al., 2006). Lowered metabolism of
monoamine neurotransmitters and decreased production of hydrogen

peroxide are both understood as principal primary biochemical processes
related to the therapeutic effects ofMAOIs. The neuroprotective effects of
someMAOIs seem to be related to their antiapoptotic activity andmodu-
lation of gene expression leading to increased neuroplasticity and neuro-
nal survival (Naoi et al., 2016). New drugs for the treatment of major
depressive and other neuropsychiatric disorders are developed to func-
tion as multitarget-directed ligands, with the selective reversible inhibi-
tion of MAO as one target.

2. Drug-induced regulation of monoamine neurotransmission

Monoamine neurotransmitters and, consequently, MAO activities
are involved in processes associated with chronic stress, various neuro-
psychiatric disorders and the effects of many psychotropic drugs. In
general, various drugs could affect monoaminergic neurotransmission
via the regulation of the synthesis of neurotransmitters (Moranta
et al., 2004), the regulation of the catabolismofmonoamineneurotrans-
mitters (Fišar et al., 2012), the inhibition of the release or reuptake of
neurotransmitters, changes in the activity of components of intracellu-
lar signaling pathways (Fišar and Hroudová, 2010), and neuroplasticity.

The termneuroplasticity (also known as brain plasticity, cortical plas-
ticity, or cortical re-mapping) describes functional and structural chang-
es in brain cells that occur both during development and in response to
external or internal stimuli (Mesulam, 1999; Nestler et al., 2002).
Neuroplasticity is a fundamental mechanism of neuronal adaptation to
environmental inputs, including long-term treatment with psychotropic
drugs. The termsynaptic plasticity includes the development of new syn-
apses and changes in the strength or elimination of existing synapses
(Citri and Malenka, 2008; Rebola et al., 2010; Chaudhury et al., 2016).
It is apparent that the activation/inhibition of intracellular signaling
pathways by monoamines plays an important role in neuroplasticity;
the activation of the cyclic AMP/cAMP response element-binding pro-
tein/brain-derived neurotrophic factor (cAMP/CREB/BDNF) pathway
seems important in the formation of new synaptic connections and
memory traces etc. (Nestler et al., 2002; Reichardt, 2006).

The specific effects of monoamine neurotransmitters are due to the
activation of themonoamine system in the brain andprocesses associated
with this. The primary biochemical effects of drugs that affect the mono-
aminergic system includes the activation or inhibition of monoamine
receptors, the inhibition of enzymes participating in monoamine catabo-
lism, and changes in the activity of membrane neurotransmitter trans-
porters. Long-term treatment with monoaminergic drugs induces
adaptive changes in themonoamine systemand related neurotransmitter
systems. These changes involve regulation of thedensity and sensitivity of
membrane receptors and the activity of specific neurotransmitter trans-
porters; the activation of intracellular signaling pathways; the activation
of transcription factors; increases in the gene expression of neurotrophic
factors; the activation of neurotrophic signaling pathways; feedback
effects on neurotransmission; increases in functional and structural
neuroplasticity (synaptogenesis and formation or changes in axons, syn-
apses, dendrites, and dendritic spines); antiapoptotic effects; support of
neurogenesis, cellular resilience and neuron survival; anti-inflammatory
effects; HPA axis regulation; protection against the neurotoxic effects of
cellular stress; the synchronization of biological rhythms; and epigenetic
changes (Fišar, 2013).

The actions of monoamine neurotransmitters on target cells are ter-
minated by the active transport of neurotransmitters from the extracel-
lular space into the synapse (reuptake) and/or by the enzymatically
catalyzed degradation of neurotransmitters. The major enzymes in-
volved in the catabolism of dopamine or norepinephrine is MAO or
catechol-O-methyltransferase (COMT); serotonin is metabolized in the
brain mainly by MAO. Drugs that directly inhibit monoamine trans-
porters or catabolize enzymes cause rapid changes in the availability
of monoamine neurotransmitters and in the activation of the corre-
sponding receptors. Consequently, there is an increased availability of
monoamine neurotransmitters, and long-term processes may be
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