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The advances in healthcare over the past several decades have resulted in populations now living longer. With this increase in
longevity, a wider prevalence of cardiovascular diseases is more common and known to be a major factor in rising healthcare
costs. A wealth of scientific evidence has implicated cell senescence as an important component in the etiology of these age-
dependent pathologies. A number of studies indicate that an excess of reactive oxygen species (ROS) contributes to trigger and
accelerate the cardiac senescence processes, and a new role of monoamine oxidases, MAO-A and MAO-B, is emerging in this
context. These mitochondrial enzymes regulate the level of catecholamines and serotonin by catalyzing their oxidative
deamination in the heart. MAOs’ expression substantially increases with ageing (6-fold MAO-A in the heart and 4-fold MAO-
B in neuronal tissue), and their involvement in cardiac diseases is supposedly related to the formation of ROS, via the
hydrogen peroxide produced during the substrate degradation. Here, we will review the most recent advances in this field and

describe why MAOs could be effective targets in order to prevent age-associated cardiovascular disease.

1. Introduction

In 2010, the worldwide population of persons aged >65 years
was estimated to be 532 million, a 33 million increase
since 2000, and it is projected to represent 16.7% (1550
million) of the worldwide population by year 2050 [World
Health Organization, 2013]. Although the increase in lon-
gevity represents a progress per se, it can become a burdening
social, economical, and medical problem when it is not
associated with the maintenance of the quality of life and
the prevention of disability. Several age-related conditions
potentially promoting the disabling process are now often
described as the “frailty syndrome.” “Frailty” is a clinical
state in which patients are at risk for events (ie., falls,
ageing-associated chronic diseases, and hospitalization)
increasing the incidence of disability and mortality [1]. In
particular, age-associated cardiovascular diseases constantly
increase after 55 and are known to be one of the major

factors promoting frailty and disability. This notion should
be viewed in light of the converging results suggesting that
the incidence of heart failure in ageing is related to the
acceleration of the intrinsic cardiac senescence program.
This phenomenon concerns the cardiomyocytes, the contrac-
tile component of the heart [2] as well as the cardiac stroma
cells involved in the regulation of cardiac homeostasis [3]. In
this review, we will (1) give an update of the most recent
developments in cardiac ageing, (2) describe the central
role of mitochondrial ROS in cardiac ageing, and (3) discuss
the role of monoamine oxidases (MAOs) as potential
drivers of cardiac ageing.

2. Cardiac Ageing

For cardiomyocytes, ageing is associated with a nonreplica-
tive or postmitotic senescence, which displays a number of
pathological and morphological features such as increased
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sensitivity to apoptosis and necrosis, cellular hypertrophy,
alterations in contraction and relaxation, and depressed bio-
energetics [4]. The molecular pathways involved in postmito-
tic senescence of cardiomyocytes are far from being
understood and seem to be distinct from replicative senes-
cence, although some key molecular actors are shared. Dur-
ing replicative senescence, the loss of telomeric DNA
during erosion of chromosome ends is sensed as a persistent
DNA damage signal, which in turn activates the DNA dam-
age response pathway resulting in enhanced expression of
cyclin-dependent kinase inhibitors (CDKi) pl16™*** and
p53. In the heart, telomere attrition and expression of
p16™5* have been observed in senescent cardiomyocytes
and have been linked to hypertrophy in both rodents and
humans [5, 6]. However, based on the poor replicative poten-
tial of the heart, only a small proportion of cardiomyocytes
displays telomeres shortening (about 16%) in aged rat hearts
which contrasts with the high percentage of senescent cardi-
omyocytes positive for p16" <** [6]. This suggests an alter-
native mechanism of senescence in the heart which will
warrant further investigations. Interestingly, as recently dem-
onstrated by Baker et al., removing the p16™ **-positive
senescent cells in adult mice not only increases life span but
also protects the heart from cardiac hypertrophy and isopro-
terenol stress [7]. This study demonstrates for the first time
the deleterious role of senescent cells during cardiac age-
ing. In addition, mice deficient for telomerase display telo-
meres shortening after four generations (G4) and develop
cardiomyopathy characterized by enhanced cardiomyocyte
death and cellular hypertrophy [8]. In this study, the
authors describe a new link between telomere dysfunction
and p53 activation, leading to mitochondrial and meta-
bolic impairment through the repression of the master
regulator of mitochondrial biogenesis, PGC-la (peroxi-
some proliferator-activated receptor gamma, coactivator
la) [8]. Thus, telomere DNA damage and metabolic path-
ways may trigger intracellular events leading to mitochon-
drial dysfunction, altered energy maintenance, and finally
the ageing process. Age-related mitochondrial alterations
consist of increased reactive oxygen species (ROS),
impaired oxidative phosphorylation, reduced ATP genera-
tion, impaired fatty acid oxidation, and increased mutations
in mitochondrial DNA [2]. Interestingly, accelerated ageing
associated with a cardiomyopathy was also observed in mice
with a defective mitochondrial polymerase y, an enzyme
involved in mtDNA replication [9]. Thus, mitochondrial
damage and dysfunction appear central in the process
of ageing.

In order to prevent the deleterious accumulation of dam-
aged mitochondria, a recycling system allows elimination of
mitochondria through the autophagy-lysosome process.
However, the efficiency of this pathway declines during
ageing contributing to cell death or senescence [10]. In exper-
imental models, the disruption of the autophagy-lysosome
pathway through Atg5 (autophagy-related 5) knock-down
leads to cardiac dilatation and premature ageing [11]. On
the other hand, stimulation of autophagy with pharmaco-
logical agents such as resveratrol has gained interest in
recent years since it has been demonstrated to protect
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from cardiac failure [12]. Autophagic degradation of mito-
chondria involves several specific proteins. One of them,
Parkin, is an E3 ubiquitin ligase that rapidly moves from
cytosol to the outer membrane of dysfunctional mitochon-
dria where it promotes mitophagy. Interestingly, parkin
deficiency in mice led to the progressive accumulation of
dysfunctional mitochondria whereas parkin overexpression
maintained mitochondrial integrity in the ageing heart [13].
During normal ageing, the authors demonstrated that cyto-
solic p53 was responsible for impaired parkin translocation
to the mitochondria and thus impaired mitophagy. In con-
clusion, compromised recycling of cytoplasmic materials
and mitochondria might constitute another fundamental
parameter in the ageing process, especially in long-lived post-
mitotic cardiac cells with limited regenerative capacities [10].

2.1. ROS and Ageing. It is now well understood that different
stressor factors including oxidative stress, genotoxic agents,
and metabolic dysfunction accelerate cardiomyocyte senes-
cence (SIPS: stress-induced premature senescence), which
may predispose individuals to premature ageing and heart
failure [14].

Reactive oxygen species play a pivotal role in triggering
and accelerating cardiac senescence [15]. It is now generally
accepted that the ageing process is to a large extent related
to macromolecular damage by ROS, mostly affecting long-
lived postmitotic cells such as neurons and cardiac myocytes.
Because of the inherent chemical properties of oxygen,
both respiratory and nonrespiratory O,-involving biological
processes inevitably generate by-products, the ROS. These
include superoxide (O,’), hydrogen peroxide (H,O,), and
hydroxyl radicals (OH). The past years have witnessed a
tremendous growth in the interest and research activities
on this topic. The characteristic feature of ROS is their ability
to target multiple cell components, therefore exerting delete-
rious effects on cell functions. Specific to the cardiomyocytes
and chronic heart failure, ROS can directly oxidize proteins
involved in contractile activity and consequently impair
ventricular function [16-18]. They have been shown to
interfere with quality control mechanisms by blocking
autophagy in the heart, thus promoting senescence and
apoptosis [19]. Moreover, ROS activate signal transduction
pathways involved in cardiac hypertrophy and trigger a
proapoptotic cascade [20]. They also mediate extracellular
matrix accumulation through activation of cardiac fibro-
blasts, leading to ventricular fibrosis [21, 22]. All these effects
are associated with the adverse cardiac remodeling and
failure. Consistently, ROS sources are intensively pursued
targets for effective pharmacological treatments of these
pathological conditions [23-25]. Although different sources
contribute to global oxidative stress, the vast majority of
cellular ROS (90%) originate from the mitochondrial com-
partment [26]. According to the mitochondrial variant of
the free radical theory of ageing, ROS produced in these
organelles attack their constituents, causing mitochondrial
dysfunction and DNA damage, leading to further increase
in ROS, oxidative damage to lipids and proteins, and
decline in cellular and organ function [27]. This central
role of mitochondrial ROS has been demonstrated in mice
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FIGURE 1: MAO-A and MAO-B share 73% sequence identity and exhibit overlapping but nonidentical specificities in the oxidation of primary
amines. Oxidative deamination of monoamines by the flavoenzyme MAO-A proceeds in two steps: in the first step, binding of the
monoamine to the enzyme (E) yields an aldehyde and ammonia by reduction of FAD cofactor; in the second step, the oxidized form of
the prosthetic group is restored by the binding of oxygen and the concomitant production of hydrogen peroxide (H,0O,). FAD, Flavin

adenine dinucleotide.

with overexpression of the antioxidant enzyme catalase
targeted to mitochondria, which display protection from
cardiac ageing [28]. Recently, we identified the mitochondrial
enzymes MAOs as a prominent source of ROS.

3. MAOs in the Ageing Heart

3.1. MAO Isoforms. Besides the respiratory chain, which is
considered a major source of mitochondrial ROS in the heart,
there is a class of enzymes termed monoamine oxidases,
which reside in the outer mitochondrial membrane [29].
Monoamine oxidases A and B (MAO-A and MAO-B) are
enzymes of paramount importance in the regulation of cate-
cholamines and other biogenic amines in mammals. They are
both expressed at equivalent levels in the human heart but
differ significantly in rodents, with MAO-A being the major
isoforms in the rat heart whereas MAO-B being expressed
predominantly in the mouse heart [30, 31]. Comparison of
amino acid sequences show that A and B isoforms have
73% identity in humans. There is also high similarity among
species since rodent and human MAO-A display 88% iden-
tity. MAOs employ a FAD cofactor to catalyze the oxidative
deamination of several monoamines, including not only
neurotransmitters (e.g., serotonin, norepinephrine, and
dopamine) but also exogenous amines ingested with normal
diets (tyramine), generating H,O, and the corresponding

aldehydes as by-products (Figure 1). MAO-A and MAO-B
feature nonidentical but partly overlapping substrate speci-
ficities and inhibitor sensitivities. In particular, serotonin is
a preferential substrate of MAO-A while catecholamines
can be oxidized by both isoforms (Figure 1) [32]. Some sub-
strate overlapping can occur and might become especially
relevant in conditions of high substrate concentrations such
as heart failure, raising the question of the contribution of
each MAO isoform to pathogenesis.

3.2. Serotonin and Norepinephrine in Heart Failure.
Norepinephrine and serotonin powerfully elicit a variety of
biological responses, beyond their roles as neurotransmitters
in the central nervous system. In the heart, norepinephrine is
released by sympathetic nerve endings whereas serotonin is
mainly produced by intestinal enterochromaffin cells and
endothelial cells. This so-called peripheral serotonin is
stored in the platelets and is released upon platelet-activating
processes (i.e., hemostasis or pathological thrombosis).
Alternatively, serotonin can also be produced by coronary
endothelial cells and therefore may regulate cardiac function
independently of platelet activation [33]. The increase in
sympathetic nervous system (SNS) activity is typical of
chronic heart failure (HF) and is characterized by norepi-
nephrine spillover and decreased neuronal uptake [34].
Physiological ageing is also characterized by SNS dysfunction
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FIGURE 2: Putative role of MAO-A in heart failure. Ageing- and age-associated disorders show increased MAO-A expression and enhanced
release of norepinephrine and serotonin. As a consequence, MAO-A activity is elevated and produces more H,O, that in turn, contributes to

oxidative stress and heart failure.

as shown by the increase in circulating catecholamine
levels in old compared to adult individuals [35]. Concern-
ing serotonin, a correlation was found between plasmatic
serotonin and the degree of hypertrophy in aortic stenosis
patients [36]. In another study, higher serotonin levels were
associated with worse HF symptoms and systolic dysfunc-
tion [37, 38]. Therefore, the increase in norepinephrine
and serotonin levels could participate in cardiovascular
dysfunction and may explain the age-associated increase in
cardiovascular morbidity and mortality [39]. Indeed, it is
now well established that both of these biogenic amines are
involved in adverse cardiac remodeling through cardio-
myocyte hypertrophy, apoptosis, and necrosis [40-42],
ultimately leading to heart failure. The hypertrophic and
profibrotic activities of noradrenaline and serotonin may
also be particularly relevant in a recently described form
of ventricular dysfunction associated with ageing (heart
failure with preserved ejection fraction, HFpEF) [43, 44].

3.3. MAOs as Relevant Sources of ROS in Age-Associated
Cardiac Diseases. Recently, MAO-A and MOA-B were iden-
tified as major sources of H,O, in the heart that partici-
pate in the onset and progression of cardiac injury [30].
Although the role of each isozyme remains to be investi-
gated, it is well known that MAOs’ expression and their
abilities to produce ROS increase with age [45] and are pro-
nounced in age-associated chronic diseases (i.e., hyperten-
sion, pressure overload, and diabetes) [42, 46, 47] (Figure 2).

In light of the established roles of ROS in heart diseases
and the pharmacological effects elicited by MAO-inhibitor
drugs, these mitochondrial enzymes are now becoming
actively investigated as potential targets for the treatment of
cardiac dysfunction and ageing. The fundamental discovery
is that MAO-A overactivity elicits mitochondrial damage
and myocardial degeneration in rodent models of pressure

overload or diabetes, which can be effectively prevented
by using MAO-inhibiting drugs [42, 48, 49]. This concept
becomes even more relevant in light of the well-documented
tissue-specific increases in MAO-A and MAO-B levels with
age. MAO-B increases 3-4-fold in neuronal tissue (including
the brain) which has been shown in animal models to lead to
Parkinson-type syndromes [50]. Most significant, MAO-A
levels have been shown to increase 6-fold in the ageing heart,
a phenomenon proposed to specifically enhance the effects
exerted by factors and conditions that trigger cardiac damage
[45]. Moreover, a very recent clinical study showed a correla-
tion between MAO levels and postoperative atrial fibrillation,
a cardiac arrhythmia often associated with ageing [51]. These
findings and observations provide the framework for the
mostly unexplored functions of MAOs in the biology of the
ageing heart and associated pathological conditions.

3.4. Mechanisms of Action of MAOs in the Heart. As
mentioned above, MAQO-A activities are enhanced in several
models of heart failure as well as in the ageing rat heart. In
order to investigate the consequences of increased MAO-A
activity in heart failure and ageing, Villeneuve and colleagues
recently developed in vitro and in vivo models of MAO-A
overexpression [42]. In vivo, cardiac-specific overexpres-
sion of MAO-A in young mice led to decreased levels of
bioamines (norepinephrine and serotonin) together with
increased concentrations of the aldehyde metabolites gener-
ated by the MAO-catalyzed amine oxidation [42]. At the
same moment, mice with cardiac-selective MAO-A overex-
pression (Tg-MAOA) displayed enhanced levels of H,O, in
the heart and oxidation of mitochondrial DNA, together
with mitochondrial ultrastructural defects. Gene expression
analysis by microarray emphasized depressed energy metab-
olism in Tg-MAOA hearts accompanied by downregulation
of the PGC-la pathway involved in mitochondrial
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biogenesis [42]. Consequently, Tg-MAOA displayed pro-
gressive cardiomyocyte necrosis leading to premature death
by heart failure at about 9 months of age. In vitro, transduc-
tion of cardiomyocytes with a MAO-A adenovirus in the
presence of tyramine reproduced mitochondrial damage,
diminished ATP production, and decreased PGC-1« expres-
sion and necrosis through ROS generation. Most interest-
ingly, the activation of p53 by MAO-A was responsible for
mitochondrial damage, PGCla downregulation, and cardio-
myocyte necrosis (Figure 3).

The autophagy-lysosome pathway is an important mech-
anism of quality control in the heart for damaged proteins
and organelles (mitochondria), but its efficiency decreases
during ageing or heart failure [52, 53]. The role of ROS in
the regulation of autophagy has been extensively shown.
However, the signalling mechanisms through which ROS
modulate autophagy in a regulated manner have only been
minimally clarified. A recent study demonstrated for the
first time that MAO-A activation, through ROS generation,
acted as a negative regulator of the autophagy-lysosome
pathway [54]. Santin and colleagues found that persistent
activation of MAO-A led to the progressive accumulation
of LC3-positive autophagosomes, p62, ubiquitylated pro-
teins, and damaged mitochondria. Blockade of autophagic
flux was due to impaired lysosomal acidification and function
and impaired lysosomal biogenesis through inhibition of
the transcription factor EB (TFEB), a master regulator of
autophagy-lysosome pathway. Interestingly, gene therapy
with cardiomyocyte-driven TFEB adeno-associated vector
rescued autophagic dysfunction, cardiac remodeling, and

heart failure in MAO-A-overexpressing mice [54] (Figure 3).
In conclusion, ROS derived from MAO-A could alter lyso-
somal function causing a defect in quality control mecha-
nisms. Although most of the changes associated with
MAO-A activation, such as mitochondrial damage, p53 acti-
vation, PGC-la downregulation, and autophagy blockade
mimic accelerated cardiac ageing, additional confirmations
will be needed to correlate MAO-A with cardiomyocyte
senescence. It is noteworthy that MAO-A-dependent intra-
cellular cascade and mitochondria dysfunction described
above are similar to those observed in mouse models with
telomeric shortening decribed by Sahin et al. [8]. Therefore,
MAO-A seems to be an important intracellular source of
ROS triggering premature cardiomyocyte senescence.
Evidence exists also for a role of MAO-B in age-related
heart disease. For instance, it was recently shown that genetic
deletion of MAO-B protected against oxidative stress, apo-
ptosis, and ventricular dysfunction in a model of pressure
overload [55]. Interestingly, the authors demonstrated a
direct link between MAO activation and ROS formation
inside the mitochondria, which was responsible for the loss
of mitochondrial potential in vitro. They analyzed ROS
accumulation in a spatiotemporal manner using a redox
fluorescent probe targeted specifically to the mitochondrial
or cytosolic compartment, and they observed that follow-
ing MAO-B activation, H,0, levels increased much earlier
at the mitochondrial level (10min) than in the cytosol
(30min). Interestingly, this observation demonstrates that
H,0,, which is generated at the outer mitochondrial mem-
brane, can rapidly accumulate inside the matrix and act



locally on mitochondrial targets. Indeed, a loss of mitochon-
drial membrane potential has been described after MAO
activation, but also an oxidation of mtDNA, an alteration of
mitochondrial ultrastructure and an impairment of respi-
ratory chain [30].

Besides ROS, aldehydes produced during the metabolism
of dopamine by MAO-B were recently shown to participate
in mitochondrial dysfunction in cardiac cells [55]. In the
heart, aldehydes are cleared by aldehyde dehydrogenase
2 (ALDH2), which is the most abundant isoform in this
tissue. In vitro, genetic inactivation of ALDH2 with siRNA
promoted dopamine-induced accumulation of aldehydes
through MAO-B and alteration of mitochondrial membrane
potential [55]. In vivo, a recent study demonstrated that
ALDH?2 deficiency in mice precipitated cardiac ageing with
aldehyde overload, accelerated senescence, and impaired
autophagic flux [56]. Altogether, those studies support a role
for aldehydes in cardiac ageing. However, whether MAO-A
activation also produces toxic aldehydes targeting mitochon-
drial function is still under consideration.

4. Conclusion

In the past years, a number of studies have uncovered that
MAOs’ activation and ROS generation can drive mitochon-
drial damage and myocardial degeneration. Since altered
mitochondria dynamic and function are now considered as
major determinants of onset and acceleration of cardiac
senescence, the importance of MAOs in these processes and
heart failure becomes particularly relevant. Especially with
reference to MAO-A, since the p53/PGCla mitochondrial
dysfunction axis has been identified as a major pathway
involved in postmitotic senescence, this enzyme may consti-
tute an important factor during cardiac ageing that can be a
target for drugs exerting cardioprotective actions. Future
studies will be needed to provide a more clear understanding
of the roles of MAO-A and MAO-B in the cellular and
molecular mechanisms linking biogenic amine metabolism
and ROS generation to accelerated cardiovascular disease
progression in ageing. Interestingly, MAOs could constitute
effective drug targets for the treatment of cardiac degenera-
tion and disease.
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