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Abstract

Monoamine oxidases (MAOs) are flavoenzymes that metabolize biogenic
amines, dietary amines, and catecholamines in the brain and peripheral tissues.
While MAOs are known to contribute to psychiatric and neurodegenerative
(Parkinson’s and Alzheimer’s) diseases for a long time, recent studies have estab-
lished their role in heart diseases as these enzymes potently generate reactive
oxygen species (ROS) in cardiomyocytes via oxidative deamination of mainly
norepinephrine and serotonin. Indeed, MAOs have emerged as important regula-
tors of mitochondrial/endothelial/cardiac dysfunction, essential hypertension,
ventricular hypertrophy, myocardial infarction, cardiomyocyte apoptosis, post-
ischemic cardiac damage, and heart failure. Transcriptional and posttranscrip-
tional regulation of MAOs (via certain transcription factors or microRNAs) may
emerge as new therapeutic strategies for treatment of cardiovascular pathological
conditions. The next-generation MAO inhibitors (that do not cause irreversible
inhibition of MAOs) may also be useful for management of cardiovascular dis-
ease states involving dysregulated expression/activity of MAOs.
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6.1 Introduction

Monoamine oxidases (MAQOs) (EC 1.4.3.4) are flavin adenine dinucleotide (FAD)-
dependent enzymes which metabolize biogenic amines, dietary amines, and
catecholamines (viz., epinephrine, norepinephrine, and dopamine) in the brain and
peripheral tissues. MAOs oxidatively deaminate these amines into corresponding
aldehydes and generate hydrogen peroxide (H,O,) and ammonia (NH3) during this
reaction. Aldehydes generated in these reactions are further metabolized into cor-
responding organic acids by aldehyde dehydrogenases [1]. MAOs are expressed as
integral proteins in the outer membrane of mitochondria. Based on the differences
observed in substrate/inhibitor specificity and cell-/tissue-specific expression,
MAQOs are classified into two types, namely, MAOA and MAOB [2]. In brief, epi-
nephrine, norepinephrine, and serotonin are preferentially metabolized by MAOA,
while phenylalanine and benzylamine are mainly metabolized by MAOB. Dopamine,
tyramine, and tryptamine are common substrates for both the MAOs [3]. Selective
MAOA and MAOB inhibitors are clinically used to treat depression and Parkinson’s
disease [4].

Apart from sharing ~70% identity between their amino acid sequences, both
MAGOs have a conserved pentapeptide sequence (viz., Ser-Gly-Gly-Cys-Tyr), which
serves as the FAD binding domain [1]. In several mammalian species including
human, mouse, and rat, MAOs are mapped to the p arm of the X chromosome; these
two genes are located next to each other in a tail-to-tail fashion. Identical exon-
intron organization, equal number of exons, and high sequence similarity suggest
that MAOA and MAOB are derived from a common ancestral gene (Fig. 6.1). Both
MAGOs are ubiquitously expressed in all cell types except red blood cells in a tissue-
specific manner [5]. The human heart contains high levels of both isozymes; in the
rat heart, MAOA is abundant, while MAOB is almost absent and the reverse is true
for the mouse heart [6, 7]. MAOA expression is regulated by several transcription
factors including circadian-clock components (via E-box elements), GATA2 (GATA
binding protein-2), Kriippel-like factor-11 (KIf11), R1, sirtuin 1, Sp1 (specificity
protein 1), SRY (sex-determining region gene on the Y chromosome), and TBP
(TATA-binding protein), while MAOB expression is reported to be regulated by
c-Jun, Egrl (early growth response proteinl), KIf-11, and Sp1 [8—12]. Interestingly,
MAO:s are also regulated by molecules of cardiovascular relevance such as andro-
gen, glucocorticoid, retinoic acid (RA), forskolin, and tumor necrosis factor-o
(TNF-o) [8, 9].

Besides the well-studied functions of MAOs in neuronal/behavioral disorders,
cancer metastasis, and embryonic development [13—16], a lot of research has been
performed in recent years to explore their possible roles in mitochondrial/endothe-
lial/cardiac dysfunction, essential hypertension, ventricular hypertrophy, myocar-
dial infarction, cardiomyocyte apoptosis, postischemic cardiac damage, and heart
failure as discussed below [17-24]. This chapter aims to summarize our current
understanding on the role of these enzymes in heart diseases.
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Fig.6.1 Schematic representation of human MAOA and MAOB genes and their protein products.
The human MAOA (panel A) and MAOB (panel B) genes consist of 15 exons seperated by 14
introns (UCSC Genome Browser refGenes NM_000240 and NM_000898). The lengths of UTRs,
exons, and introns are mentioned. FAD flavin adenine dinucleotide, UTR untranslated region, Ex
exon, Int intron, bp base pair. MAOA protein consists of 527 amino acids and the amino acids
403407 serve as the FAD binding site. MAOB protein consists of 520 amino acids and the amino
acids 394-398 serve as the FAD binding site

6.2 Role of MAOs in Cardiac Cell Death and Chronic
Ventricular Dysfunction

MAGOs are potent generators of reactive oxygen species (ROS) or oxidative stress
due to oxidative deamination of mainly norepinephrine and serotonin in cardiac tis-
sues [25-28]. Depending on the type of available substrate and ROS generated by
MAQOs, different signal transduction mechanisms lead to distinct phenotypes includ-
ing cell proliferation/hypertrophy, basilar artery contraction, or apoptosis/necrosis
[17, 18, 27-30]. For example, transgenic mice with cardiac-specific MAOA overex-
pression displays oxidative stress-induced p53 activation, which leads to downregu-
lation of peroxisome proliferator-activated receptor gamma co-activator lo (PGCla)
(a crucial regulator of mitochondrial biogenesis/function) that in turn causes mito-
chondrial dysfunction, cardiomyocyte necrosis, and chronic ventricular dysfunction
[18] (Fig. 6.2). Moreover, ROS generated via MAOA can also block autophagic flux
of lysosomes by reducing the lysosomal acidification and by preventing the nuclear
translocation of transcription factor-EB (TF-EB) (that acts as a master regulator of
lysosomal biogenesis and autophagy) [29] (Fig. 6.2).
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Fig. 6.2 Plausible mechanisms of MAOA-mediated apoptosis, necrosis, endothelial dysfunction,
and ventricular dysfunction. MAOA-generated oxidative stress causes p53 activation and conse-
quently downregulates PGCla. Oxidative stress also impairs lysosome’s function by blocking the
nuclear translocation of TF-EB, which in turn leads to blockade of autophagic flux. p53- and
TF-EB-mediated pathways lead to necrosis/chronic ventricular dysfunction. MAO-generated oxi-
dative stress can also promote apoptosis via ceramide accumulation and downregulation of SIP in
cardiomyocytes. Blunt-headed arrow indicates “inhibition” of nuclear translocation of TF-EB. S7P
sphingosine 1-phosphate, PGCla peroxisome proliferator-activated receptor-coactivator la, P
phosphorylation

6.3  Role of MAOs in Cardiac Hypertrophy and Heart Failure

In contrast to cardiac cell death via apoptosis or necrosis, MAOs can lead to cardiac
hypertrophy via different signaling pathways. In biomechanically stretched cardio-
myocytes, MAOA has been reported to be upregulated (by ~four-fold) leading to
cardiac hypertrophy and consequent heart failure [31]. These cellular changes are
due to oxidative stress generated during oxidative deamination of serotonin and
norepinephrine.

Serotonin (5-hydroxytyramine [5-HT]), a MAOA-specific substrate and a potent
vasoactive amine, induces cardiomyocyte hypertrophy in a MAOA-dependent man-
ner via activation of extracellular-regulated kinases (ERK1/2 that are essential sig-
naling molecules for cell growth) [28] (Fig. 6.3). This cardiac hypertrophy is partly
5-HT,p receptor dependent as reflected by cellular response following treatment
with amine transporter inhibitors (imipramine) and MAO inhibitor (pargyline) [28].
In corroboration, MAOA contributes to oxidative stress in human heart valves fol-
lowing exposure to serotonin and dopamine [25]. In the circulatory system, the
major source of 5-HT is platelets. Upon aggregation/activation, a large amount of
5-HT is released from the platelets into the circulation causing either vasorelaxation
via endothelial cells or vasoconstriction via vascular smooth muscle cells [24]. In
addition, 5-HT-dependent MAOA-mediated ROS also leads to basilar artery con-
traction in rats [26].

Norepinephrine stimulates the MAOA enzyme activity in neonatal and adult
cardiomyocytes in vitro that leads to ROS production and maladaptive hypertrophy
[27]. These in vitro changes may involve the transcription factor NFAT (nuclear
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Fig. 6.3 Signaling pathways underlying development of cardiomyocyte hypertrophy via MAOA-
mediated catabolism of serotonin and norepinephrine. Serotonin and norepinephrine are released
from the activated platelets and intracardiac nerves, respectively. Following interaction with their
respective receptors and signaling, they are sequestered into the cytoplasm via respective trans-
porters present in the membrane. Serotonin and norepinephrine are degraded by MAOA-generating
hydrogen peroxide/oxidative stress that, in turn, contributes to basilar artery contraction or cardio-
myocyte hypertrophy. ERK1/2, extracellular signal-regulated kinase 1/2

factors of activated T cells) that contributes to maladaptive hypertrophic signaling
(Fig. 6.3). In line with this finding, pharmacological or genetic inhibition of MAOA
prevents the occurrence of heart failure in mice subjected to pressure overload [27].
Corroboratively, transcriptomic and proteomic analyses reveal that MAOA 1is one of
the most upregulated proteins in a well-defined rat model of chronic heart failure
(which has volume overload due to surgically created aorto-caval fistula) [32].
Similarly, enzyme activity and expression of both MAOs are significantly elevated
in left and right ventricles of end-stage ischemic failing hearts in human [33].

In addition, MAOB knockout mice show compensated cardiac hypertrophy
following pressure overload induced by transverse aortic constriction. They are also
found to be resistant to adverse left ventricular (LV) dilation and dysfunction upon
pressure overload. Thus, MAOB activity also contributes to oxidative stress and
structural and functional derangements in the heart [19]. Moreover, oxidative stress
also diminishes the activity of aldehyde dehydrogenase which may, in turn, cause
the accumulation of toxic aldehydes. These accumulated aldehydes may induce
mitochondrial dysfunction contributing to myocardial damage [19].
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6.4 Role of MAOs in Blood Pressure Homeostasis

Essential hypertension (EH), a common, multifactorial/polygenic health problem, is
the chief risk factor for cardiovascular/renal diseases (viz., myocardial infarction,
heart failure, stroke, and end-stage renal disease) [34]. Catecholamines have been
implicated to play an important role in the pathogenesis of EH. For example, dopa-
mine modulates blood pressure via generation of ROS, interaction with the renin-
angiotensin-aldosterone system (RAAS), regulation of epithelial sodium transport,
and vascular smooth muscle contractility [35, 36] (Fig. 6.4). Therefore, MAOs are
logical candidate genes for blood pressure regulation. Of note, there are three blood
pressure QTLs (Bp65, Bp64, and Bp56) (source: Rat Genome Database) in the X
chromosome of rat; both MAOA and MAOB are localized in the Bp65 and Bp64
QTLs (with LOD scores of 5.8 and 5.2, respectively) in line with their plausible
contributions to blood pressure modulation (Fig. 6.5).

Several studies reported higher level of catecholamines in hypertensive
individuals and in rodent models of hypertension compared to their respective
normotensive controls [37-39]. This difference may, at least partly, be attributed to
altered expression or enzyme activity of catecholamine catabolizing enzymes (e.g.,
MAOs and catecholamine-o-methyltransferase). Notably, two independent
microarray studies on adrenal gland and kidney tissues of mouse models of human
essential hypertension (viz., BPH (blood pressure high) and BPL (blood pressure
low) mice) showed that MAOA expression was elevated by ~1.3- and ~3.3-fold,
respectively, in BPL mice [40, 41]. Based on these observations, we speculate that
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Fig. 6.4 Plausible molecular mechanisms of blood pressure regulation by catecholamines.
Catecholamines alter the blood pressure homeostasis either through adrenergic/dopaminergic
receptors or by increasing the release of renin from the adrenal cortex. Higher level of renin pro-
duces more angiotensin II which leads to vasoconstriction via angiotensin receptor 1, increasing
endothelin-1, aldosterone secretion, and ROS generation (via enhancing the expression/activity of
MAOs and NADPH oxidase)
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Fig. 6.5 Graphical representation of the blood pressure QTLs on the X chromosome of rat. Blood
pressure QTLs (Bp65, Bp64, and Bp56) on the rat X chromosome and their respective LOD scores
obtained from Rat Genome Database. Two of these three BP QTLs harbor the MAOA and MAOB
genes, suggesting their important roles in BP regulation. The genomic positions of MAOA and
MAOB genes in the BP QTLs are indicated

higher MAOA levels in BPL may contribute to lower catecholamine levels, which in
turn could lead to low blood pressure phenotype. MAOs also inhibit nitric oxide
synthase (NOS2) expression and consequently reduce the levels of the vasodilator
nitric oxide (NO) (Fig. 6.4) [42]. Consistently, MAOA enzyme activity was ~1.4-
fold higher in the kidneys of normotensive Wistar-Kyoto (WKY) rat than the
spontaneously hypertensive rat (SHR) [43]. Surprisingly, some studies reported
higher MAOA enzyme activity in the heart, aorta, femoral arteries, isolated
cardiomyocytes, and brain of SHR compared to WKY rats [20, 42, 43]. SHR rats
have also been reported to have higher MAOA protein level in their basilar arteries
compared to WKY rats [26]. Similarly, MAOB enzyme activity was reported to be
~2.8-fold higher in isolated cardiomyocytes of SHR compared to WKY rats [21].
However, comparative microarray analysis showed that SHR adrenal gland tissues
exhibited ~0.52-fold underexpression of MAOB than that of WKY [44]. The
mechanism of such differential expression/activity pattern of MAOs across different
tissues of SHR and WKY remains unclear. Of note, a recent study reported that
in vivo administration of lipopolysaccharide and angiotensin I augments the
vascular expression of both the MAOs leading to increased generation of H,O, and
subsequent endothelial dysfunction [22] (Fig. 6.4).
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MAOB-specific substrates (phenylethylamine, tyramine, and tryptamine) are
bioactive endogenous amines present in mammalian peripheral as well as central
nervous system in low concentration (less than 1% of biogenic amines); therefore,
they are called trace amines (TAs) [45]. These amines lack the catechol nucleus but
are similar to biogenic amines in terms of structure and metabolism; these are
described as “false neurotransmitters” or “sympathomimetic amines.” TAs are pres-
ent in food products like cheese, red wine, chocolates, etc. MAO inhibitor-treated
patients consuming a TA-rich diet may develop complications such as tachycardia
and hypertension. This hypertensive crisis is described as “cheese effect” irrespec-
tive of the nature of TA-rich food [46, 47]. The molecular mechanism of TA-induced
hypertension is based on the fact that tyramine and phenylethylamine are structur-
ally similar to norepinephrine. Therefore, these molecules enter sympathetic neu-
rons by the same monoamine membrane transporter and displace norepinephrine.
Consequently, norepinephrine is diffused from the cytoplasm into the synaptic cleft,
leading to a-adrenoceptor-mediated vasoconstriction and the sudden rise in blood
pressure [46, 48]. Thus, various studies support the role of MAOs in modulating
blood pressure under pathophysiological conditions.

6.5 Mechanisms of Transcriptional Regulation of MAOs
6.5.1 Transcriptional Regulation of MAOA

Because transcription factors play crucial roles in gene regulation, a potential
strategy for developing novel therapeutics against disease conditions can be attained
by modulating the expression and/or activity of a specific transcription factor [49—
51]. Regulatory mechanisms for both MAOs have been studied extensively. For
example, previous reports showed that Spl and SRY synergistically enhanced the
human MAOA (hMAOA) promoter activity in a dose-dependent manner. Of note,
SRY plays a very important role in blood pressure homeostasis [52]. Indeed, apart
from MAOA, promoters of several other key cardiovascular-regulatory genes
including tyrosine hydroxylase (the rate-limiting enzyme in the catecholamine
biosynthesis pathway) [53], chromogranin B [54], and genes in RAAS pathway
[55] are responsive to Sry and influence blood pressure.

Sp/KIf family, Sp3, Sp4, and KLF11 are the other transcription factors which
have also been reported to regulate hMAOA promoter. KLF11 and Sp4 are known to
trans-activate the hMAOA gene expression; on the other hand, Sp3 and a novel tran-
scription factor known as R1 (RAM2/CDCA7L/JPO2) repress hMAOA gene expres-
sion as they compete for the same binding site with Sp1 [9, 56]. KLF transcription
factors, in general, interact with histone acetyltransferases (HATs), including p300,
for gene regulation. Consistently, co-transfection of p300 and KLF11 expression
plasmids with hMAOA promoter luciferase construct showed that activation of
hMAOA by KLF11 was further augmented in the presence of p300 [56]. The mouse
MAOA (mMAOA) promoter is also well-characterized; mMAOA gene expression is
regulated by GATA2, Sp1, and TBP in a coordinated manner [8]. Of note, not only
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mMAOA, these transcription factors also enhance the MAOA protein levels in
humans [8]. It is interesting to note that GATA2 may also hamper the inflammatory
state in atherosclerosis and obesity [57], indicating a possible role of MAOA in
these disease conditions. In addition, circadian-clock components (via E-box ele-
ments) and NAD-dependent deacetylase sirtuin 1 (SIRT1) have also been reported
to regulate mMAOA gene expression [11, 12]. SIRT1-/GATA2-mediated MAOA
gene regulation is critical because single-nucleotide polymorphisms (SNPs) present
in both of these upstream regulators of MAOA are associated with cardiovascular/
cardiometabolic disorders or their risk traits [58-61].

Dopamine, a common substrate for both the MAOs, regulates the expression and
enzymatic activity of MAOA via D-2-like receptors in mesangial renal cells although
such regulation has not been observed in proximal tubule renal cells [62].
Dexamethasone, a synthetic glucocorticoid hormone, has also been shown to aug-
ment MAOA gene expression in human skeletal myocytes via glucocorticoid recep-
tor and Spl. These results provide molecular mechanism for the pathogenesis of
glucocorticoid-induced myopathy [63]. In addition, forskolin-mediated cAMP-
PKA (protein kinase A) pathway and TNF-a also increase MAOA gene expression
via Sp1 [8]. This observation has therapeutic implications since forskolin (a diter-
pene isolated from root of Coleus forskohlii) was reported to have beneficial effects
in cardiovascular diseases including congestive heart failure and hypertension [64—
67]. It may also be noted that a recent study established the role of GATA2, Sp1, and
TBP in regulating MAOA gene expression under ischemia-like pathophysiological
conditions [8].

6.5.2 Transcriptional Regulation of MAOB

Several studies reported the characterization of the human MAOB (hMAOB)
promoter. Unlike the hMAOA promoter, the core hMAOB promoter contains a TATA
box; it also harbors two Spl binding domains, which are separated by a CACCC
element [68]. Egrl also regulates hMAOB expression by binding to the distal Spl
domain [69, 70]. Another transcription factor called Sp4 trans-activates hMAOB
promoter activity via direct interaction with the Spl sites; this activation has been
reported to be repressed by Sp3 and Kriippel-like zinc-finger transcription factor
KLFS5 (also called BTEB2) as Sp3/KLF5 compete for the Sp1-binding sites [9, 56].
Site-directed mutagenesis revealed that CACCC sequence (present between the two
Spl-binding sites) is a repressor element. It is important to note that the transform-
ing growth factor-B-inducible early gene TIEG2 (also called KLF11) and Sp3
exhibit dual functions for the regulation of hMAOB. TIEG2 acts as a repressor at the
CACCC element whereas it acts as an activator at the distal Spl site of hMAOB
promoter. However, due to its higher affinity for the Sp1 site than the CACCC ele-
ment, the overall effect of TIEG2 is activation of the hMAOB gene expression [68].
Egrl and c-Jun can also regulate hMAOB gene expression by interacting with the
overlapping Sp1/Egr-1/Spl sites [9]. Interestingly, phorbol 12-myristate 13-acetate
enhances hMAOB gene expression by increasing the Egrl/c-Jun gene expression via
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activation of PKC (protein kinase C) and MAPK (mitogen-activated protein kinase)
signaling pathways [9]. Our recent studies suggest that MAOB gene expression may
also be regulated by cyclic AMP/PKA/CREB (cAMP response element binding
protein) pathway (unpublished observation).

The roles of a number of hormones, such as androgen, glucocorticoid, estrogen,
and RA, have been demonstrated in hMAOB gene regulation [9]. Of note, RA
enhances MAOB expression through retinoic acid receptor « (RARa) and retinoid X
receptor & (RXRa) transcription factors. RARa physically interacts with Spl to
form a transcriptional regulatory complex and recruited to Spl-binding sites at
hMAOB promoter [9]. Of note, RAR/RXR have a crucial role in cardiovascular
pathophysiology as evident from the fact that knockout of RAR/RXR in mice leads
to the development of heart defects such as defects in the conduction system, heart
malformations, and heart failure. On the other hand, elevated level of RAR or RXR
leads to dilated cardiomyopathy and congestive heart failure [71, 72].

Similar to MAOA gene regulation, dexamethasone has been reported to stimulate
hMAOB promoter activity via glucocorticoid response element (GRE) and Spl-
binding sites in vitro and in vivo. The molecular mechanism of this activation
involves activation of glucocorticoid receptor by dexamethasone, which then trans-
locates into the nucleus and binds to GRE [9, 56, 73]. Interestingly, glucocorticoids
and their receptors have direct effects on the heart, blood vessels, and cardiometa-
bolic risk factors which are discussed in detail elsewhere [74, 75]. Dopamine may
also activate MAOB expression similar to the case of MAOA; the dopamine-
mediated upregulation of MAOB seems to be modulated by cyclic AMP response
element (CRE) in the proximal MAOB promoter (unpublished observation).

6.5.3 Potential Therapeutic Application of the Transcriptional
Regulators of MAOs

As detailed above, some of the transcription factors (viz., Spl, KLF11, possibly
Egrl, and CREB) are common regulators of MAOA and MAOB. Regulation of
these molecules as a new therapeutic strategy for management of cardiovascular
diseases may be worth studying. Of note, mithramycin A, an antibiotic produced by
Streptomyces argillaceus, is used to treat various diseases including testicular carci-
noma and chronic myeloid leukemia by virtue of its ability to diminish binding of
Spl and Egrl to regulatory promoter elements (and thereby modulating gene
expression) [76, 77]. Mithramycin A has also been reported to diminish the binding
of Spl and Egrl to the MAOB promoter, thereby offering neuroprotection in a
mouse model of Parkinson’s disease [78, 79]. Moreover, in endothelial cells, mith-
ramycin A prevented the TNF-a-mediated fractalkine (a chemokine) expression
suggesting that it could function as an anti-inflammatory agent [80]. In view of
these reports, it will be interesting to evaluate therapeutic potential of mithramycin
A and other agents that may regulate the expression of MAOs via interactions with
the key transcription factors in the context of cardiovascular diseases.
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6.6  Posttranscriptional Regulation of MAOs: Potential Role
for Several microRNAs

MicroRNAs (miRNAs) are small (~22 nucleotides), noncoding RNAs which have
emerged as important posttranscriptional regulators of gene expression either by
inhibiting translation or by degrading mRNA [81]. They are involved in regulating
various physiological processes including development, metabolism, and maintain-
ing homeostasis [82, 83]. Dysregulated expression of miRNAs is associated with
various complications including cardiovascular diseases. In addition to this, circu-
lating miRNAs serve as excellent noninvasive biomarkers for diagnosis and progno-
sis of diseases [84]. Some miRNAs are also being evaluated for their therapeutic
applications in various disease states. For example, miravirsen (a miR-122 inhibi-
tor) is under clinical trials for the treatment of chronic hepatitis C infection [85].
Similarly, a few miRNAs are at various preclinical/clinical stages for the plausible
treatment of various pathological conditions [86].

MiRNA-142 is reported to diminish MAOA expression in neuronal cells by
downregulating SIRT1 [87]. Computational analysis of the MAOA and MAOB
3’-UTRs using ten miRNA prediction tools (DIANA-microT [88], miRanda [89],
miRDB [90], miRWalk [91], RNAhybrid [92], PICTAR4, PICTARS [93], PITA
[94], RNA22 [95], and Targetscan [93]) revealed putative binding sites for 641 and
297 miRNAs, respectively. MiRNAs predicted by at least three tools and based on
the thermodynamic scores obtained using PITA (AAG < -10) and RNAhybrid (AG
< -20 kcal/mole) are presented in Table 6.1. Interestingly, miR-608 and miR-
125a-3p harbor putative binding sites in the 3’-UTRs of both the MAOs represent-
ing these miRNAs as candidates for further studies. However, experimental
validations of interactions between miR-608/miR-125a-3p and MAOA/MAOB are
required for confirmation of their roles in regulating MAOA/MAOB expression.

An early increase in plasma levels of miRNA-133a and miR-133b in myocardial
infarction (MI) and coronary artery disease is well-documented indicating that these
miRNAs could serve as novel diagnostic markers for these diseases [96, 97].
Interestingly, in silico analysis using PITA and RNAhybrid revealed putative bind-
ing sites for miR-133a and miR-133b in the 3’-UTR of both the MAOs. Both MAOA
and MAOB are also predicted by miRwalk (version 3.0) as putative targets of miR-
1224. Besides this, a recent study reported the increase in miR-1224 levels in human
hepatocytes and serum under acute liver failure. The levels of miR-1224 were also
augmented in mice subjected to ischemia/reperfusion compared to control [98].
Furthermore, in mouse, lipopolysaccharide (LPS)-induced miR-1224 was shown to
downregulate the expression of Spl [99]; this finding suggests that miR-1224 may
also indirectly regulate MAOs, since Sp1 governs the expression of both the MAOs.
miR-1224 may also regulate MAOs via modulation of the expression of CREB, a
key regulator of catecholamine biosynthetic genes, since CREB is a target of miR-
1224 [100] and forskolin/cAMP augments MAOA [8]/MAOB expression/activity
[101]. Our in vitro experiments also provided evidence for regulation of MAOB by
miR-1224 (unpublished observation). Of note, the expression of MAOs is aug-
mented by LPS and angiotensin II (AnglII) in murine aortic rings, which is mediated
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Table 6.1 Putative microRNAs that may bind to the 3’-UTR of human MAOA and MAOB*

Predicted by
Gene miRNA number of tools | PITA (AAG) RNAhybrid (AG), kcal/mole
MAOA | hsa-miR-608 7 -16.35 -33.3
MAOA | hsa-miR-449b 7 —14.23 -29.1
MAOA | hsa-miR-449a 7 —12.93 —28.8
MAOA |hsa-miR- 4 —11.81 —28.7

125a-3p
MAOA | hsa-miR-412 7 —10.75 -22.8
MAOA | hsa-miR-769-5p |4 —10.45 -34.3
MAOA | hsa-miR-1262 4 —10.15 —24.9
7
3

MAOA | hsa-miR-34c-5p —10.13 -25.6

MAOB | hsa-miR- -20.95 -36.9
1207-5p

MAOB | hsa-miR-485-5p |5 —15.11 -24.0
MAOB | hsa-miR-296-3p |4 —13.14 -30.2
MAOB | hsa-miR-608 4 —12.64 -34.3
MAOB | hsa-miR- 3 —-12.35 -29.7

125a-3p
MAOB | hsa-miR-1294 4 —11.38 -24.1
MAOB | hsa-miR-486-3p |7 —10.96 -27.6
MAOB | hsa-miR-641 6 —10.86 -27.3
9
4

MAOB | hsa-miR-630 —10.74 -274
MAOB | hsa-miR-654-5p —10.14 -27.1
MAOB | hsa-miR-184 4 —10.02 —24.4

“Ten prediction tools (viz., DIANA-microT, miRanda, miRDB, miRWalk, RNAhybrid, PICTAR4,
PICTARS, PITA, RNA22, and Targetscan miRNA) were used to predict the putative miRNAs that
may bind to the 3’-UTRs of human MAOA and MAOB. The number of programs predicting bind-
ing sites for a miRNA is shown. Some of the predicted miRNAs are common to both MAOA and
MAOB (viz., miR-608 and miR-125a-3p); those are shown in bold. This table includes only those
miRNAs that were predicted to have AAG values of less than —10 (as per PITA program; https://
genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html) and AG values of less than —20 kcal/
mole (as per the RNAhybrid program; https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid) since
these values (i.e., AAG < —10 and AG < —20 kcal/mole) indicate higher accessibility and affinity
of miRNA/mRNA interaction

by phosphatidylinositol kinase and nuclear factor-kB [22]. Taken together, this
increase in miR-1224 could be a compensatory mechanism to block MAOA/MAOB
gene expression by binding to their 3'-UTRs and by targeting both Spl and CREB
(Fig. 6.6). This is further substantiated by the evidence that MAO inhibitors are
protective against oxidative stress [102]. All these observations indicate a complex
interplay between miR-1224, Sp1 and CREB in regulating MAOA/MAOB expres-
sion which warrants further investigation.


https://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html
https://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html
https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid
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Fig.6.6 Possible interplay of miR-1224, Sp1, and CREB in governing MAO gene regulation. The
transcription factors Spl and CREB regulate MAOA/MAOB gene expression, which in turn may
contribute to oxidative stress during ischemia/reperfusion (I/R) injury. The levels of miR-1224 are
augmented under I/R condition which could be a compensatory mechanism to block Sp1, CREB,
and MAOA/MAOB gene expressions. Upward arrows indicate “increase” and blunt-headed arrows
indicate “inhibition” of function of the corresponding molecules. Sp! specificity protein 1, CREB
cAMP response element binding protein, miR-1224 microRNA-1224

6.7  Cardiovascular Implications of Systemic Ablation
of MAOA/MAOB in Mouse

Generation of MAOA or MAOB knockout mice was carried out by inserting
interferon f transgene or neomycin resistance gene into exon 2 and 6 of MAOA and
MAOB, respectively [103]. As expected, MAOA knockout mice displayed higher
levels of its substrates (catecholamines and serotonin) in the brain along with vari-
ous neurochemical and physiological changes in comparison with the wild-type
animals [103]. Similarly, adult MAOB knockout mice showed ~8.0-fold higher level
of phenylethylamine in the brain while no statistically significant increase in sero-
tonin, norepinephrine, and dopamine, due to the substrate specificity of MAOB. The
most striking cardiovascular characteristic of MAOA/MAOB knockout mice was
their hypotensive nature and reduced heart rate in the resting, restrained state [103].
This finding is in corroboration with the resting hypotension in Norrie disease
patients who have deletions in MAOA gene [104, 105]. But this is in contrast to the
fact that higher level of catecholamine is mostly associated with hypertension. This
phenotype can be explained by the fact that high level of catecholamine may be a
cause or effect, which can lead to higher/lower blood pressure. Most probably, these
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knockout mice developed some compensatory mechanism which leads to lowered
blood pressure than that of wild-type mice. Expectedly, MAOA/MAOB knockout
mice were found to have increased baroreceptor activity that serves to regulate
blood pressure and leads to hypotensive state [106].

6.8 Human Genetic Studies Link MAOs and Their Upstream
Regulators with Cardiovascular and Cardiometabolic
Risk Factors

Genome-wide linkage analysis in human hypertensive population revealed several
blood pressure quantitative trait loci (QTLs); among them, the blood pressure QTL
on the X chromosome (Xp11.4-Xql1) harbors several genes of cardiovascular rel-
evance including MAOA and MAOB [107]. This observation is in line with the iden-
tification of blood pressure QTLs that harbor these genes in the X chromosome in
rats (Fig. 6.5). Some of the well-characterized polymorphisms (VNTR (variable
number of tandem repeats) and EcoRV polymorphism) present in MAOA gene are
also associated with cardiovascular or cardiometabolic risk factors including body
mass index, lipid levels, and obesity [108—111]. In brief, the most widely studied
polymorphism in hMAOA gene is a VNTR (30-bp repeat sequence present in 3, 3.5,
4, or 5 copies) present at ~1.2 kb upstream of the coding region in hMAOA. Several
studies in the last few decades reported the functional role of this VNTR in the con-
text of neuronal/behavioral traits. According to those studies, alleles with 3.5 or 4
copies of the repeat sequence displayed substantially higher (two- to tenfold) tran-
scriptional activity when compared to alleles with 3 or 5 copies of the VNTR [112—
114]. Another polymorphism present in MAOA gene, i.e., ECORV polymorphism or
T/C polymorphism (rs1137070) located within exon 14, has been associated with
altered MAOA enzyme activity [115]. Briefly, MAOA gene with allele T harbors an
EcoRYV site and higher MAOA activity than that of MAOA gene with allele C and no
EcoRV site. Interestingly, this T/C polymorphism causes a nucleotide substitution
at the third position of a codon and does not affect the amino acid sequence (Asp to
Asp). Perhaps, the polymorphism is in linkage disequilibrium with another genetic
variation to regulate MAOA enzyme activity [115], or the rate of translation of the
mRNA transcript could be altered due to this synonymous T/C polymorphism [116].
Moreover, this SNP was also associated with gout and hyperuricemia (another risk
factor for cardiovascular disorders) [52, 117].

Several studies have associated SNPs in the upstream regions of the crucial
transcriptional regulators of MAOA including SIRT1 and GATA2 with weight/body
mass index/systolic blood pressure/diastolic blood pressure/hypertension/hypergly-
cemia in different populations across the world [58-61, 118, 119]. Sirtuin proteins
(SIRT1-SIRT7) are nicotinamide adenine dinucleotide (NAD)-dependent deacety-
lases. The most conserved member of the sirtuin family, SIRTI1, regulates the
PGCla activity via deacetylation, thereby protecting the cells against oxidative
stress. In addition, SIRT1 deacetylates many other crucial transcription factors and
cofactors including p53 [120], forkhead box class O (FOXO) proteins [121], and
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nuclear factor-kB [122]. Of note, MAOA upregulation leads to necrosis or chronic
ventricular dysfunction via p5S3-PGCla-mediated pathway as shown in Fig. 6.2. It
is evident from human genetic studies that the SIRT1 SNP rs2273773 (C/T in exon
5, a silent mutation) is associated with seasonal variation in weight and diastolic
blood pressure/hypertension in Finnish nationwide population [58]. Another study
has also probed the association of SIRT1 SNPs (rs7895833 (A/G in the promoter
region), 1s7069102 (C/G in intron 4), and rs2273773 (C/T in the coding region))
with cardiovascular/cardiometabolic risk factors. For example, the mutant alleles
for rs7069102 and rs2273773 were detected at significantly higher frequencies in
cardiovascular disease patients compared to control subjects, increasing the disease
risk by 2.4- and 1.9-fold, respectively, in mutant allele carriers than in wild-type
allele carriers. In contrast, the allele frequency for rs7895833 did not differ between
both groups [61]. Another study in a Japanese population showed the association of
rs7895833, rs7069102, and rs2273773 with different cardiovascular/cardiometa-
bolic phenotypes including fasting glucose/hyperglycemia/body fat ratio/systolic
blood pressure/diastolic blood pressure/hypertension [60]. Thus, SIRT1 emerged as
a potential therapeutic target for metabolic syndrome [123-125]. In addition to
SIRT1, human genetic studies have identified GATAZ2 as a novel susceptibility gene
for coronary artery disease by showing the association of GATA2 SNPs with cardio-
vascular/cardiometabolic risk traits [118, 119].

6.9 Conclusions and Perspectives

A growing body of research suggests that dysregulation of MAOs plays an important
role in several cardiovascular pathophysiological conditions (including essential
hypertension, LV remodeling, heart failure, cardiomyocyte hypertrophy, and I/R
injury) possibly due to ROS generated by MAOs. Therefore, regulation of MAOs
(perhaps, by tissue-specific regulation of some transcription factors) may emerge as
a new therapeutic strategy for treatment of cardiovascular pathologies. Although, so
far, conclusive studies on the applicability of MAO inhibitors with heart disease
patients are lacking, general MAO inhibitors were previously used as therapeutics
for cardiovascular diseases and have been reported to reduce blood pressure and
intensity/frequency of anginal pain [126]. However, the main concern for the use of
these irreversible MAO inhibitors is a phenomenon called “cheese effect” which,
subsequently, causes hypertensive crisis. The efficiency of the next-generation
reversible MAO inhibitors that are devoid of these harmful effects remains to be
evaluated in cardiovascular pathologies. It is also important to note that although
MAOB is highly abundant in the human myocardium, most of the studies focused
on MAOA; therefore, future research should be designed to understand the contri-
bution of MAOB to these complications. Systematic studies identifying posttran-
scriptional regulators (certain microRNAs or their inhibitors) of MAOs may also
lead to identification of novel cardiovascular therapeutics. Based on human genetic
studies, computational predictions, and regulatory mechanisms, certain common
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molecular factors may also emerge as potential therapeutic agents for dysregulated
MAO expression/activity.
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