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Monoamine oxidases (MAO) with 2 isoforms, A and B, located at the outer mitochondrial membrane are flavoenzyme membranes
with a major role in the metabolism of monoaminergic neurotransmitters and biogenic amines in the central nervous system and
peripheral tissues, respectively. In the process of oxidative deamination, aldehydes, hydrogen peroxide, and ammonia are
constantly generated as potential deleterious by-products. While being systematically studied for decades as sources of reactive
oxygen species in brain diseases, compelling evidence nowadays supports the role of MAO-related oxidative stress in
cardiovascular and metabolic pathologies. Indeed, oxidative stress and chronic inflammation are the most common
pathomechanisms of the main noncommunicable diseases of our century. MAO inhibition with the new generation of reversible
and selective drugs has recently emerged as a pharmacological strategy aimed at mitigating both processes. The aim of this
minireview is to summarize available information regarding the contribution of MAO to the vascular oxidative stress and
endothelial dysfunction in hypertension, metabolic disorders, and chronic kidney disease, all conditions associated with
increased inflammatory burden.

1. Introduction

Oxidative stress and low-grade inflammation are widely rec-
ognized as inextricably linked pathomechanisms of chronic
cardiometabolic and kidney diseases that evolve as rampant
pandemics of our century. Oxidative stress is currently
viewed not merely as an imbalance of prooxidants/antioxi-
dants but also as a perturbation of redox signaling and con-
trol [1]. Redox signaling consists in reversible changes
associated with the generation of low amounts of reactive
oxygen species (ROS) responsible for the activation of intra-
cellular signaling pathways, whereas oxidative stress is always
related to high levels of ROS production that causes

irreversible tissue injury. The occurrence of complex
networks of redox signaling and amplification loops of ROS
generation in pathology, or the so-called phenomenon of
“ROS-induced ROS release,” is responsible for the difficulty
of studying redox pathophysiology in clinical settings [2].
Since both redox signaling and oxidative stress lead to the
release of proinflammatory mediators, the process of “ROS-
induced inflammation” has lately emerged as a novel contrib-
utor to the progression of the vast majority of chronic dis-
eases [3]. Inflammation, in turn, is responsible for a
prooxidative status via ROS generation by the activated
monocytes/macrophages, that is, the activation of inflamma-
somes [4] with subsequent induction of a self-perpetuating,
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vicious circle termed “ROS-induced and inflammation-
induced oxidative stress” leading to cell injury and death [3].

ROS are generated in most of the cells from both enzy-
matic and nonenzymatic sources. While NADPH oxidases,
uncoupled eNOS, xanthine oxidase, mitochondrial respira-
tory chain, lipooxygenase, cyclooxygenase, and myeloperox-
idase are widely recognized as the classical sources of vascular
ROS [5–7], research carried out in the past 2 decades
highlighted the role of monoamine oxidases (MAO) as
important sources of oxidative stress in the heart [8–10]
and in vessels [11–13].

The aim of this minireview is to summarize the main
results regarding the contribution of MAO to the vascular
oxidative stress and endothelial dysfunction in chronic dis-
eases associated with increased inflammatory burden
(Figure 1) and to highlight the role of MAO inhibitors as
potential candidates in drug repurposing.

2. MAO: Distribution and Function

2.1. MAO Tissue Distribution. Monoamine oxidase (MAO)
was discovered back in 1928 by Hare [14] in the rabbit liver
where it catalyzed the oxidation of tyramine (hence, it was
named tyramine oxidase at first), and it was reported to be
located at the outer mitochondrial membrane by Schnaitman
et al. [15] in 1967. Later, genetic studies unequivocally dem-
onstrated the existence of two individual membrane-bound
flavoproteins (that use FAD as a cofactor), MAO-A and
MAO-B, encoded by 2 distinct genes with 70% identity in
humans [16].

MAO have variable, species-dependent expression in sev-
eral tissues and organs, e.g., heart, vasculature, liver, intestine,
lung, kidney, thyroid gland, platelets, and placenta [17, 18];
most of them contain both isoforms with two exceptions:
MAO A is solely expressed in placental mitochondria, while
MAO-B is found only in platelets [19].

2.2. Roles of MAO in the Nervous System. The physiological
role of MAO is related to the metabolism of endogenous
monoaminergic neurotransmitters and exogenous biogenic
amines in the central nervous system and peripheral tissues,
respectively. Accordingly, catecholamines (norepinephrine
and epinephrine), serotonin, andmelatonin are preferentially
metabolized by MAO-A, while phenylethylamine and benzy-
lamine are largely oxidized by MAO-B. Both isoenzymes cat-
alyze the deamination of tyramine, dopamine, octopamine,
and tryptamine [19].

The oxidative deamination of a monoamine by mito-
chondrial MAO generates (i) a corresponding aldehyde as
the primary product, which is rapidly metabolized to a car-
boxylic acid and excreted to prevent toxicity; (ii) hydrogen
peroxide, resulting from the catalytic FAD-FADH2 cycle that
will be inactivated by catalase in the peripheral tissues and
glutathione peroxidase in the brain; and (iii) ammonia, as
the third potential toxic by-product [20].

In the central and peripheral nervous systems, intraneur-
onal MAO-A and B protect neurons from exogenous amines,
prevent the actions of endogenous neurotransmitters, and
regulate the intracellular amine content. In peripheral tissues,

MAO is involved in the oxidative catabolism of amines and
prevent the penetration of dietary amines (such as tyramine
from cheese and fermented drinks) into the circulation [21].

The vast majority of research in the field focused on the
role of MAO in the nervous system. In line with their role
in the inactivation of neurotransmitters, abnormal expres-
sion of MAO is considered to be responsible for a couple of
psychiatric and neurological disorders and the treatment
with MAO inhibitors has been available for more than 50
years in neuropsychiatric disorders [21–23]. Thus, selective
inhibitors of MAO-B (selegiline, rasagiline, and safinamide)
are indicated in the treatment of Parkinson disease, whereas
selective MAO-A inhibitors (moclobemide) act as antide-
pressants. Lately, the reversible (selective) inhibitors are
increasingly used since they are devoid of the side effects of
the irreversible MAO inhibitors [24].

2.3. Roles of MAO in the Peripheral Tissues. The identifica-
tion of MAO-A and B in the peripheral tissues prompted
the research on their role in regulating bioamine inactiva-
tion, in particular, of serotonin (5-hydroxytryptamine) and
norepinephrine, in the cardiovascular system (reviewed in
refs. [8, 10, 25]).

Early studies brought 2 major insights to the field. Firstly,
MAO activity was found to be associated with both neuronal
and extraneuronal compartments in the mammalian heart;
indeed, in humans MAO was responsible for norepinephrine
degradation both in the cardiac sympathetic nerve endings
and (mainly through MAO-A) in cardiomyocytes [26, 27].
Second, MAO expression/activity was reported to be com-
pensatingly increased in animal models, which was associ-
ated with increased activation of the sympathetic nervous
system and high substrate (norepinephrine) availability, such
as in hypertension [28], diabetes [29], and ageing [30].

The more recent, ongoing studies tackled the role of
MAO as a constant source of increased H2O2 generation
and subsequent oxidative stress in both experimental models
of disease [10, 31, 32] and humans with cardiovascular
pathology [33–35]. We and others have systematically
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Figure 1: MAO is a mediator of endothelial dysfunction in
conditions associated with increased inflammatory burden
(hypertension, obesity, diabetes, and chronic kidney disease).
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addressed the contribution of MAO to endothelial dysfunc-
tion in age-related pathologies and the beneficial effects of
MAO inhibitors (MAOI) in alleviating it [12, 13, 33, 36–
38]. Accordingly, the role of MAO-related oxidative stress
in the vascular system in hypertension, obesity/metabolic
syndrome, diabetes, and chronic kidney disease will be dis-
cussed. We will also present preliminary data relevant for
the role of inflammation in increasing the vascular expres-
sion of MAO-A.

3. MAO and Inflammation

The role of vascular inflammation as part of the pathophysi-
ology of cardiovascular disease is widely acknowledged as
being intimately linked with oxidative stress, endothelial dys-
function, and the progression of atherosclerosis [39, 40].

Currently, the MAO-inflammation connection is far
from being elucidated. In an elegant study aimed at providing
mechanistic insights into the pathomechanisms of diabetic
cardiomyopathy and inflammation, Deshwa et al. showed
that coexposure of cardiomyocytes to high glucose and a pro-
inflammatory cytokine (IL-1) elicited MAO-related oxidative
stress with subsequent mitochondrial dysfunction and endo-
plasmic reticulum (ER) stress [41].

As for the role of vascular MAO, it has already been
reported that ex vivo stimulation and in vivo treatment
with lipopolysaccharide (LPS) resulted in the upregulation
of both MAO isoforms in mice [13] and rat [42] aortic
rings via a signal transduction pathway that appears to
involve NFκB and PI3 kinase. In these vascular samples,
MAO inhibition was able to partially normalize the vaso-
motor function and decrease ROS generation [13]. Interest-
ingly, MAO upregulation triggered by LPS was mentioned
in the context of a rat periodontal disease model and treat-
ment with the MAO inhibitor, phenelzine, was able to
significantly reduce the amount of H2O2 [43]. Another
recent study showed that moclobemide, a reversible
MAO-A inhibitor, was able to attenuate vascular inflamma-
tion of intramyocardial arteries in a rat model of ischemia-
reperfusion injury [44]. Interestingly, it has been reported
that MAO-A is involved in ROS generation in alternatively
activated monocytes/macrophages [45, 46].

In keeping with the translational approach, we have
recently noticed that using IL-6 (100 ng/ml, 12 h) to stimulate
mesenteric artery branches isolated from patients (both chil-
dren and adults) subjected to abdominal surgery led to
increased MAO expression (Figure 2).

4. MAO and Hypertension

Hypertension is amultifactorial disease involving the increase
in peripheral vascular resistance and/or cardiac output as
direct consequences of the renin-angiotensin-aldosterone
system upregulation and sympathetic system activation with
the early occurrence of endothelial dysfunction [47].

In the setting of increased oxidative stress, the main
mechanism responsible for endothelial injury and progres-
sion of cardiometabolic diseases is represented by the impair-
ment of the NO signaling cascade [48]. In this process, the

role of angiotensin II- (Ang II-) induced endothelial dysfunc-
tion and cardiovascular remodeling/fibrosis has been system-
atically documented over the past decades [49, 50]. Indeed,
Ang II is a potent vasoconstrictor, and when overexpressed,
it also promotes inflammation and vessel damage via stimu-
lating ROS production, with all the deleterious effects being
mediated by the AT1 receptor [51]. In particular, ROS gener-
ation through the activation of vascular NAD(P)H oxidases
(Nox) has been documented [52].

Ang II also augments the production of mitochondrial
ROS, but the intimate molecular mechanisms are far from
being elucidated [49]. Increased expression of Ang II in the
brain has also been reported to stimulate ROS generation
by NADPH oxidase, mitochondrial electron transport chain,
and proinflammatory cytokines which ultimately leads to an
increase in neuronal activity and sympathetic outflow,
respectively [53].

Less is known about the effect of Ang II on MAO. Thus,
the MAO-Ang II interaction has been reported earlier to
occur in the central nervous system. In a pioneering study
on hypothalamus and brain stem cell cultures, Sumners
et al. reported that Ang II increased MAO activity and neuro-
nal norepinephrine uptake, an effect mediated by Ang II
receptors [54]. Moreover, when spontaneously hypertensive
rats were subjected to chronic treatment with ACE inhibitors
(captopril and enalapril) or the AT-1 receptor blocker (can-
desartan), MAO activity in the heart was decreased, whereas
noradrenaline and adrenaline contents doubled in the left
ventricle; interestingly, the effects of Ang II and the pharma-
cological inhibitors on MAO activity on cardiac tissue
in vitro could be recapitulated [55].

In an earlier study addressing the contribution of
MAO to vascular oxidative stress in mice, an upregulation
of both MAO-A and B expression in aortic rings after
both in vivo stimulation with Ang II (by minipumps)
and ex vivo treatment was reported. In these vascular sam-
ples, incubation with MAO-A and B inhibitors was able to
improve the vasomotor function and decrease H2O2 gener-
ation, respectively [13].

The Ang II-dependent increase in MAO-A activity that
was reported to occur in HL-1 cardiomyocytes acutely
exposed (18 h) to submicromolar concentrations of Ang
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Figure 2: Stimulation with IL-6 (100 ng/ml, 12 h) increases MAO-A
expression in mesenteric artery branches harvested from patients
undergoing elective abdominal surgery (mRNA level was
examined by real-time RT-PCR, n = 6, ∗p < 0 05 CTL vs. IL6).
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II could be prevented in the presence of the AT-1 receptor
antagonist, irbesartan. An increased activity of MAO-A
(and also of the catabolic enzymes, catalase and aldehyde
dehydrogenase) was reported by the same group in left
ventricular cardiomyocytes isolated from streptozotocin-
treated rats after 2 weeks of diabetes. Interestingly, when
the animals were chronically treated with the AT-1 recep-
tor antagonist losartan, activation of MAO-A and alde-
hyde dehydrogenase (but not of catalase) was prevented,
an observation suggestive for a potential therapeutic role
of angiotensin receptor blockers in pathologies associated
with MAO overexpression [56].

The beneficial effects of MAO inhibition in the setting of
hypertension were noticed also in spontaneously hyperten-
sive rats (SHR). Ex vivo incubation of aortic rings (organ bath
experiments) with both MAO-A and B inhibitors reversed
the impaired vascular function by improving endothelium-
dependent relaxation [57]. In the same experimental model,
Poon et al. reported an increased protein expression of
MAO-A in basilar arteries harvested from SHR as compared
to the corresponding controls (WKY). Furthermore, an
endothelium-denuded basilar artery (to eliminate the possi-
ble contribution of NO) was isolated for tension measure-
ment and showed an exaggerated 5-HT-elicited contractile
response that was reversed in the presence of the MAO-A
inhibitor clorgyline or the ROS scavenger polyethylene gly-
col-catalase, respectively [58].

The beneficial role of MAO inhibition in humans was
further confirmed in a subsequent study performed in
patients subjected to coronary artery bypass and from whom
mammary arteries were isolated for vasomotricity experi-
ments. Indeed, a significant improvement of relaxation after
MAO inhibition was recorded; of note, all patients included
in this study were hypertensive [11]. Collectively, these data
strongly suggest that MAO-related ROS production contrib-
utes to the development of hypertension and MAO inhibi-
tion is able to partially restore vascular function.

However, since MAO is the major enzyme responsible
for catecholamine degradation, the well known “cheese-
effect” associated to MAO inhibition in clinical settings has
to be mentioned. In particular, after the ingestion of fermen-
ted cheese rich in tyramine (the norepinephrine precursor),
treatment with MAO inhibitors can lead to vasoconstriction
and hypertensive crisis [59]. Importantly, the effect was not
observed after the administration of the novel reversible
MAO inhibitors, such as moclobemide [60].

5. MAO and Diabetes Mellitus

With respect to the role of MAO in the development of oxi-
dative stress-mediated endothelial dysfunction in diabetes, a
rather limited number of studies are available in the litera-
ture. The upregulation of both MAO isoform expressions in
aortas isolated from streptozotocin-induced diabetic rats
was reported. Irreversible MAO inhibition with clorgyline
for MAO-A and selegiline for MAO-B was able to both
reduce the vascular contractility and improve the
endothelium-dependent relaxation. Moreover, MAO inhibi-
tors were able to reduce the level of hydrogen peroxide in

diabetic aortic samples by approximately 50% [12]. Also, in
Zucker diabetic fatty rats, an experimental model of type II
diabetes, incubation of aortic rings with MAO inhibitors
reduced the oxidative stress by more than 50% and improved
vascular reactivity [61].

In order to investigate whether the upregulation of vascu-
lar MAO in diabetes is a direct consequence of hyperglyce-
mia, we incubated rat aortic samples with high glucose
(400mg/dl, 12 h); a significant increase inMAO-A expression
in immunohistology was observed (Figure 3). More recently,
it was reported that ex vivo incubation of aortic rings har-
vested from diabetic rats with vitamin D was able to reduce
MAO expression and improve vascular reactivity [62].

As for humans, it has been reported that MAO is
expressed in mammary arteries harvested from patients with
coronary heart disease and preserved ejection fraction sub-
jected to revascularization therapy, regardless of the presence
or absence of diabetes; of note, in these patients MAO-B was
the predominant isoform. In diabetic (and nondiabetic)
patients, MAO inhibitors were able to improve vascular
relaxation and mitigate the oxidative stress [11]. In a recent
study, Manni et al. also reported a significant increase in
the activity and expression of both MAO isoforms (MAO-
A/B) in ventricular samples from end-stage ischemic failing
hearts (but not in the case of the nonischemic ones). More-
over, differences were found in the activities of the enzymes
responsible for the metabolism of MAO’s by-products, with
a significant increase in both catalase and aldehyde
dehydrogenase-2 in the failing left ventricle, whereas in the
right one statistical significance was reached only for the lat-
ter [35]. The chamber differences in ROS regulation (includ-
ing the inability to increase the antioxidant defense in
conditions associated with MAO upregulation) may account
for the reduced capacity of the right ventricle to compensate
for cardiac stress such as pulmonary hypertension [63].

The increased oxidative stress in the cardiovascular
system in the setting of diabetes mellitus has been system-
atically reported. The major pathways responsible for the
overproduction of ROS are represented by the following:
the increased formation of advanced glycation end-
products [64], the polyol pathway [65], the activation of
protein kinase C (PKC) [66], and the overactivity of the
hexosamine pathway [67]. The cellular sources of ROS
associated with these biochemical pathways have been
classically represented by the respiratory chain, NADPH
oxidases, and/or eNOS uncoupling.

In line with the abovementioned results, the role of
MAO as a novel source of ROS in diabetes should be
acknowledged. Also, these data suggest once more that
MAO inhibitors might be useful in restoring endothelial
response in clinical conditions associated with elevated
oxidative stress and vascular dysfunction, such as coronary
artery disease and diabetes.

6. MAO and Obesity/Metabolic Syndrome

Obesity is considered nowadays as one of the threatening
pandemics of the 21st century, because its prevalence con-
tinues to rise worldwide (including among children and
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particularly in developing/low-income countries) and it is
strongly associated with diabetes, cardiovascular disease,
and chronic inflammation [68, 69]. Excessive amounts of
adipose tissue (especially visceral) are responsible for the
generation of high amounts of reactive oxygen species
(ROS) that are linked with obesity-related pathologies [70].
Despite the unequivocal role of MAO as mitochondrial con-
tributors to ROS production in the cardiovascular system in
experimental and clinical settings, the potential role of these
enzymes in obesity, one of the most frequent chronic meta-
bolic disease associated with a state of increased oxidative
stress, appears to be overlooked. A number of studies
observed an increased MAO activity in obese mice [71], dogs
[72], and pigs [73], but the translation of this observation in
humans was not clarified so far.

In a previous study performed in patients with coronary
heart disease and in patients with an indication for revascu-
larization, the presence of MAO in the perivascular adipose
tissue of the mammary arteries has been reported [11]. More
recently, it has been observed that MAO-A inhibition cor-
rects endothelial dysfunction in mesenteric artery branches
isolated from obese patients; indeed, ex vivo acute incubation
of the arterial rings with the MAO-A inhibitor, clorgyline,
significantly improved the endothelium-dependent relaxa-
tion and decreased the level of H2O2 (Adrian Sturza, unpub-
lished data).

Importantly, a recent study reported that the MAO-B
inhibitor, selegiline, reduced subcutaneous and visceral adi-
posity as well as inflammation of white adipose tissue in a
rat model of diet-induced obesity (with high-fat and high-
sucrose diet); these effects strongly suggest a beneficial role
of MAO inhibitors as an adjuvant therapy in patients with
obesity, metabolic syndrome, and type 2 diabetes [74].

7. MAO and Chronic Kidney Disease

The contribution of MAO-related oxidative stress to the
endothelial dysfunction associated to chronic kidney disease
has also been reported. In this study, brachial artery collat-
erals were harvested from patients with end-stage renal dis-
ease (ESRD) with indication of hemodialysis during the
surgical intervention for the arteriovenous (AV) fistula for-
mation. Accordingly, MAO inhibition reduced the level of
oxidative stress, improved the vascular reactivity by decreas-
ing contractility, and increased relaxation in vascular samples
from ESRD patients [75]. In line with this finding, MAO
inhibitors might be useful for treating vascular dysfunction
in the context of AV fistula maturation, the “lifeline” for
hemodialysis patients.

8. Conclusion

Oxidative stress and inflammation are the most common
pathomechanisms that lead to vascular remodeling and
fibrosis in hypertension [76], micro- and macrovascular
complications in diabetes [77], and progression of chronic
kidney disease [78]. Accordingly, pharmacological strategies
aimed at mitigating both processes, such as MAO inhibition
with the new generation of reversible and selective drugs, will
provide a rational therapeutic approach in all these various
pathologies. In this respect, we provided translational evi-
dence for the beneficial effects of MAO inhibitors in human
samples. The challenge remains for the coming years to reca-
pitulate these effects with the in vivo administration of these
drugs in adequately powered clinical trials.

Conflicts of Interest

AS and DMM are members of the COST Action EU-
CARDIOPROTECTION. The authors declare that there is
no conflict of interest regarding the publication of this paper.

Authors’ Contributions

Adrian Sturza and Călin M. Popoiu contributed equally to
this work.

Funding

This work was supported by the university grant PIII-C5-
PCFI-2017/2018-01.

References

[1] D. P. Jones, “Redefining oxidative stress,” Antioxidants &
Redox Signaling, vol. 8, no. 9-10, pp. 1865–1879, 2006.

MAO-A—CTL MAO-A—glucose

20x 20x

250

100

150

200

0

50

1 11 21 31 41 51 61 1 12 23 34 45 56 67

In
te

ns
ity

250

100

150

200

0

50

In
te

ns
ity

Figure 3: Glucose stimulation (400mg/dl, 12 h) leads to increased
MAO-A expression in rat aorta (immunofluorescence: blue—
DAPI and red—MAO-A).

5Oxidative Medicine and Cellular Longevity



[2] O. M. Duicu, R. Lighezan, A. Sturza et al., “Monoamine oxi-
dases as potential contributors to oxidative stress in diabetes:
time for a study in patients undergoing heart surgery,” BioMed
Research International, vol. 2015, Article ID 515437, 9 pages,
2015.

[3] S. Chatterjee, “Chapter two. Oxidative stress, inflammation,
and disease,” in Oxidative Stress and Biomaterials, T. Dziu-
bla and D. A. Butterfield, Eds., pp. 35–58, Academic Press,
2016.

[4] A. Abderrazak, T. Syrovets, D. Couchie et al., “NLRP3 inflam-
masome: from a danger signal sensor to a regulatory node of
oxidative stress and inflammatory diseases,” Redox Biology,
vol. 4, pp. 296–307, 2015.

[5] K. Schroder, N. Weissmann, and R. P. Brandes, “Organizers
and activators: cytosolic Nox proteins impacting on vascular
function,” Free Radical Biology & Medicine, vol. 109, pp. 22–
32, 2017.

[6] C. M. Sena, A. Leandro, L. Azul, R. Seiça, and G. Perry, “Vas-
cular oxidative stress: impact and therapeutic approaches,”
Frontiers in Physiology, vol. 9, p. 1668, 2018.

[7] Q. Chen, Q. Wang, J. Zhu, Q. Xiao, and L. Zhang, “Reactive
oxygen species: key regulators in vascular health and diseases,”
British Journal of Pharmacology, vol. 175, no. 8, pp. 1279–
1292, 2018.

[8] S. Deshwal, M. di Sante, F. di Lisa, and N. Kaludercic, “Emerg-
ing role of monoamine oxidase as a therapeutic target for car-
diovascular disease,” Current Opinion in Pharmacology,
vol. 33, pp. 64–69, 2017.

[9] A. I. Casas, V. T. V. Dao, A. Daiber et al., “Reactive oxygen-
related diseases: therapeutic targets and emerging clinical indi-
cations,” Antioxidants & Redox Signaling, vol. 23, no. 14,
pp. 1171–1185, 2015.

[10] N. Kaludercic, A. Carpi, T. Nagayama et al., “Monoamine oxi-
dase B prompts mitochondrial and cardiac dysfunction in
pressure overloaded hearts,” Antioxidants & Redox Signaling,
vol. 20, no. 2, pp. 267–280, 2014.

[11] R. Lighezan, A. Sturza, O. M. Duicu et al., “Monoamine oxi-
dase inhibition improves vascular function in mammary arter-
ies from nondiabetic and diabetic patients with coronary heart
disease,” Canadian Journal of Physiology and Pharmacology,
vol. 94, no. 10, pp. 1040–1047, 2016.

[12] A. Sturza, O. M. Duicu, A. Vaduva et al., “Monoamine oxi-
dases are novel sources of cardiovascular oxidative stress in
experimental diabetes,” Canadian Journal of Physiology and
Pharmacology, vol. 93, no. 7, pp. 555–561, 2015.

[13] A. Sturza, M. S. Leisegang, A. Babelova et al., “Monoamine oxi-
dases are mediators of endothelial dysfunction in the mouse
aorta,” Hypertension, vol. 62, no. 1, pp. 140–146, 2013.

[14] M. L. C. Hare, “Tyramine oxidase: a new enzyme system in
liver,” The Biochemical Journal, vol. 22, no. 4, pp. 968–979,
1928.

[15] C. Schnaitman, V. G. Erwin, and J. W. Greenawalt, “The sub-
mitochondrial localization of monoamine oxidase. An enzy-
matic marker for the outer membrane of rat liver
mitochondria,” The Journal of Cell Biology, vol. 32, no. 3,
pp. 719–735, 1967.

[16] A. W. Bach, N. C. Lan, D. L. Johnson et al., “cDNA cloning of
human liver monoamine oxidase A and B: molecular basis of
differences in enzymatic properties,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 85, no. 13, pp. 4934–4938, 1988.

[17] M. Bortolato, K. Chen, and J. C. Shih, “Monoamine oxidase
inactivation: from pathophysiology to therapeutics,”
Advanced Drug Delivery Reviews, vol. 60, no. 13-14,
pp. 1527–1533, 2008.

[18] S. D. Sivasubramaniam, C. C. Finch, M. J. Rodriguez, N. Mahy,
and E. E. Billett, “A comparative study of the expression of
monoamine oxidase-A and -B mRNA and protein in non-
CNS human tissues,” Cell and Tissue Research, vol. 313,
no. 3, pp. 291–300, 2003.

[19] D. E. Edmondson, A. Mattevi, C. Binda, M. Li, and F. Hubalek,
“Structure and mechanism of monoamine oxidase,” Current
Medicinal Chemistry, vol. 11, no. 15, pp. 1983–1993, 2004.

[20] M. B. H. Youdim and Y. S. Bakhle, “Monoamine oxidase: iso-
forms and inhibitors in Parkinson’s disease and depressive ill-
ness,” British Journal of Pharmacology, vol. 147, Supplement 1,
pp. S287–S296, 2006.

[21] M. B. H. Youdim, D. Edmondson, and K. F. Tipton, “The ther-
apeutic potential of monoamine oxidase inhibitors,” Nature
Reviews. Neuroscience, vol. 7, no. 4, pp. 295–309, 2006.

[22] M. S. Song, D. Matveychuk, E. M. MacKenzie, M. Duchcherer,
D. D. Mousseau, and G. B. Baker, “An update on amine oxi-
dase inhibitors: multifaceted drugs,” Progress in Neuro-
Psychopharmacology & Biological Psychiatry, vol. 44,
pp. 118–124, 2013.

[23] M. Yamada and H. Yasuhara, “Clinical pharmacology of MAO
inhibitors: safety and future,” Neurotoxicology, vol. 25, no. 1-2,
pp. 215–221, 2004.

[24] M. B. H. Youdim, “Monoamine oxidase inhibitors, and iron
chelators in depressive illness and neurodegenerative dis-
eases,” Journal of Neural Transmission (Vienna), vol. 125,
no. 11, pp. 1719–1733, 2018.

[25] J. Mialet-Perez, Y. Santin, and A. Parini, “Monoamine oxidase-
A, serotonin and norepinephrine: synergistic players in cardiac
physiology and pathology,” Journal of Neural Transmission,
vol. 125, no. 11, pp. 1627–1634, 2018.

[26] J. Saura, E. Nadal, B. van den Berg, M. Vila, J. A. Bombi, and
N. Mahy, “Localization of monoamine oxidases in human
peripheral tissues,” Life Sciences, vol. 59, no. 16, pp. 1341–
1349, 1996.

[27] M. J. Rodríguez, J. Saura, E. E. Billett, C. C. Finch, and
N. Mahy, “Cellular localization of monoamine oxidase A and
B in human tissues outside of the central nervous system,” Cell
and Tissue Research, vol. 304, no. 2, pp. 215–220, 2001.

[28] C. Guffroy and M. Strolin Benedetti, “Monoamine oxidase and
semicarbazide-sensitive amine oxidase in spontaneously
hypertensive and in normotensive control rats,” Life Sciences,
vol. 34, no. 6, pp. 535–545, 1984.

[29] P. K. Ganguly, K. S. Dhalla, I. R. Innes, R. E. Beamish, and N. S.
Dhalla, “Altered norepinephrine turnover and metabolism in
diabetic cardiomyopathy,” Circulation Research, vol. 59,
no. 6, pp. 684–693, 1986.

[30] J. Saura, J. G. Richards, and N. Mahy, “Differential age-related
changes of MAO-A and MAO-B in mouse brain and periph-
eral organs,” Neurobiology of Aging, vol. 15, no. 4, pp. 399–
408, 1994.

[31] N. Kaludercic, J. Mialet-Perez, N. Paolocci, A. Parini, and F. di
Lisa, “Monoamine oxidases as sources of oxidants in the
heart,” Journal of Molecular and Cellular Cardiology, vol. 73,
pp. 34–42, 2014.

[32] P. Bianchi, O. Kunduzova, E. Masini et al., “Oxidative stress
by monoamine oxidase mediates receptor-independent

6 Oxidative Medicine and Cellular Longevity



cardiomyocyte apoptosis by serotonin and postischemic
myocardial injury,” Circulation, vol. 112, no. 21, pp. 3297–
3305, 2005.

[33] O. M. Duicu, R. Lighezan, A. Sturza et al., “Assessment of
mitochondrial dysfunction and monoamine oxidase contribu-
tion to oxidative stress in human diabetic hearts,” Oxidative
Medicine and Cellular Longevity, vol. 2016, Article ID
8470394, 12 pages, 2016.

[34] E. J. Anderson, J. T. Efird, S. W. Davies et al., “Monoamine oxi-
dase is a major determinant of redox balance in human atrial
myocardium and is associated with postoperative atrial fibril-
lation,” Journal of the American Heart Association, vol. 3,
no. 1, article e000713, 2014.

[35] M. E. Manni, S. Rigacci, E. Borchi et al., “Monoamine oxidase
is overactivated in left and right ventricles from ischemic
hearts: an intriguing therapeutic target,” Oxidative Medicine
and Cellular Longevity, vol. 2016, Article ID 4375418, 10 pages,
2016.

[36] D. Maggiorani, N. Manzella, D. E. Edmondson et al., “Mono-
amine oxidases, oxidative stress, and altered mitochondrial
dynamics in cardiac ageing,” Oxidative Medicine and Cellular
Longevity, vol. 2017, Article ID 3017947, 8 pages, 2017.

[37] C. Villeneuve, C. Guilbeau-Frugier, P. Sicard et al., “p53-PGC-
1α pathway mediates oxidative mitochondrial damage and
cardiomyocyte necrosis induced by monoamine oxidase-A
upregulation: role in chronic left ventricular dysfunction in
mice,” Antioxidants & Redox Signaling, vol. 18, no. 1, pp. 5–
18, 2013.

[38] A.Maurel, C.Hernandez,O. Kunduzova et al., “Age-dependent
increase in hydrogen peroxide production by cardiac mono-
amine oxidase A in rats,”American Journal of Physiology.Heart
and Circulatory Physiology, vol. 284, no. 4, pp. H1460–H1467,
2003.

[39] M. J. Bertrand and J. C. Tardif, “Inflammation and beyond:
new directions and emerging drugs for treating atherosclero-
sis,” Expert Opinion on Emerging Drugs, vol. 22, no. 1, pp. 1–
26, 2016.

[40] H. N. Siti, Y. Kamisah, and J. Kamsiah, “The role of oxidative
stress, antioxidants and vascular inflammation in cardiovascu-
lar disease (a review),” Vascular Pharmacology, vol. 71, pp. 40–
56, 2015.

[41] S. Deshwal, M. Forkink, C.-H. Hu et al., “Monoamine oxidase-
dependent endoplasmic reticulum-mitochondria dysfunction
andmast cell degranulation lead to adverse cardiac remodeling
in diabetes,” Cell Death & Differentiation, vol. 25, no. 9,
pp. 1671–1685, 2018.

[42] C. Rațiu, D. Uțu, A. Petruș et al., “Monoamine oxidase inhibi-
tion improves vascular function and reduces oxidative stress in
rats with lipopolysaccharide-induced inflammation,” General
Physiology and Biophysics, vol. 37, no. 6, pp. 687–694, 2018.

[43] D. Ekuni, J. D. Firth, T. Nayer et al., “Lipopolysaccharide-
induced epithelial monoamine oxidase mediates alveolar bone
loss in a rat chronic wound model,” The American Journal of
Pathology, vol. 175, no. 4, pp. 1398–1409, 2009.

[44] V. Vuohelainen, M. Hämäläinen, T. Paavonen, S. Karlsson,
E. Moilanen, and A. Mennander, “Inhibition of monoamine
oxidase A increases recovery after experimental cardiac
arrest,” Interactive Cardiovascular and Thoracic Surgery,
vol. 21, no. 4, pp. 441–449, 2015.

[45] M. K. Cathcart and A. Bhattacharjee, “Monoamine oxidase A
(MAO-A): a signature marker of alternatively activated

monocytes/macrophages,” Inflammation and Cell Signaling,
vol. 1, p. 4, 2014.

[46] A. Bhattacharjee, M. Shukla, V. P. Yakubenko, A. Mulya,
S. Kundu, and M. K. Cathcart, “IL-4 and IL-13 employ discrete
signaling pathways for target gene expression in alternatively
activated monocytes/macrophages,” Free Radical Biology &
Medicine, vol. 54, pp. 1–16, 2013.

[47] D. Haspula and M. A. Clark, “Neuroinflammation and sympa-
thetic overactivity: mechanisms and implications in hyperten-
sion,” Autonomic Neuroscience, vol. 210, pp. 10–17, 2018.

[48] L. Rochette, J. Lorin, M. Zeller et al., “Nitric oxide synthase
inhibition and oxidative stress in cardiovascular diseases: pos-
sible therapeutic targets?,” Pharmacology & Therapeutics,
vol. 140, no. 3, pp. 239–257, 2013.

[49] S. I. Dikalov and R. R. Nazarewicz, “Angiotensin II-induced
production of mitochondrial reactive oxygen species: potential
mechanisms and relevance for cardiovascular disease,”Antiox-
idants & Redox Signaling, vol. 19, no. 10, pp. 1085–1094, 2013.

[50] A. Nguyen Dinh Cat, A. C. Montezano, D. Burger, and R. M.
Touyz, “Angiotensin II, NADPH oxidase, and redox signaling
in the vasculature,” Antioxidants & Redox Signaling, vol. 19,
no. 10, pp. 1110–1120, 2013.

[51] S. J. Forrester, G. W. Booz, C. D. Sigmund et al., “Angiotensin
II signal transduction: an update on mechanisms of physiology
and pathophysiology,” Physiological Reviews, vol. 98, no. 3,
pp. 1627–1738, 2018.

[52] A. C. Montezano, A. Nguyen Dinh Cat, F. J. Rios, and R. M.
Touyz, “Angiotensin II and vascular injury,” Current Hyper-
tension Reports, vol. 16, no. 6, p. 431, 2014.

[53] S. H. H. Chan and J. Y. H. Chan, “Angiotensin-generated reac-
tive oxygen species in brain and pathogenesis of cardiovascular
diseases,” Antioxidants & Redox Signaling, vol. 19, no. 10,
pp. 1074–1084, 2013.

[54] C. Sumners, S. L. Shalit, C. J. Kalberg, and M. K. Raizada,
“Norepinephrine metabolism in neuronal cultures is increased
by angiotensin II,” American Journal of Physiology, vol. 252,
no. 6, pp. C650–C656, 1987.

[55] W. Raasch, T. Bartels, A. Gieselberg, A. Dendorfer, and
P. Dominiak, “Angiotensin I-converting enzyme inhibition
increases cardiac catecholamine content and reduces mono-
amine oxidase activity via an angiotensin type 1 receptor-
mediated mechanism,” The Journal of Pharmacology and
Experimental Therapeutics, vol. 300, no. 2, pp. 428–434, 2002.

[56] M. E. Manni, M. Zazzeri, C. Musilli, E. Bigagli, M. Lodovici,
and L. Raimondi, “Exposure of cardiomyocytes to angiotensin
II induces over-activation of monoamine oxidase type A:
implications in heart failure,” European Journal of Pharmacol-
ogy, vol. 718, no. 1-3, pp. 271–276, 2013.

[57] A. Sturza, S. N.Mirică, O. Duicu et al., “Monoamine oxidase—a
inhibition reverses endothelial dysfunction in hypertensive rat
aortic rings,” Revista medico-chirurgicala a Societatii de Medici
si Naturalisti din Iasi, vol. 117, no. 1, pp. 165–171, 2013.

[58] C. C. W. Poon, S. W. Seto, A. L. S. Au et al., “Mitochondrial
monoamine oxidase-A-mediated hydrogen peroxide genera-
tion enhances 5-hydroxytryptamine-induced contraction of
rat basilar artery,” British Journal of Pharmacology, vol. 161,
no. 5, pp. 1086–1098, 2010.

[59] K. Horváthová, I. Chalupa, L. Šebová, D. Tóthová, and
A. Vachálková, “Protective effect of quercetin and luteolin in
human melanoma HMB-2 cells,” Mutation Research,
vol. 565, no. 2, pp. 105–112, 2005.

7Oxidative Medicine and Cellular Longevity



[60] I. M. M. van Haelst, W. A. van Klei, H. J. Doodeman, C. J.
Kalkman, T. C. G. Egberts, and MAOI Study Group, “Antide-
pressive treatment with monoamine oxidase inhibitors and the
occurrence of intraoperative hemodynamic events: a retro-
spective observational cohort study,” The Journal of Clinical
Psychiatry, vol. 73, no. 8, pp. 1103–1109, 2012.

[61] A. Sturza, L. Noveanu, O. Duicu, and D. M. Muntean, “P172.
Monoamine oxidase inhibition corrects endothelial dysfunc-
tion in experimental diabetes,” Cardiovascular Research,
vol. 103, Supplement 1, pp. S30.3–S3S30, 2014.

[62] A. Sturza, A. Văduva, D. Uțu et al., “Vitamin D improves vas-
cular function and decreases monoamine oxidase A expression
in experimental diabetes,” Molecular and Cellular Biochemis-
try, vol. 453, no. 1-2, pp. 33–40, 2019.

[63] K.-D. Schlüter, H. S. Kutsche, C. Hirschhäuser,
R. Schreckenberg, and R. Schulz, “Review on chamber-specific
differences in right and left heart reactive oxygen species han-
dling,” Frontiers in Physiology, vol. 9, p. 1799, 2018.

[64] V. P. Singh, A. Bali, N. Singh, and A. S. Jaggi, “Advanced gly-
cation end products and diabetic complications,” The Korean
Journal of Physiology & Pharmacology, vol. 18, no. 1, pp. 1–
14, 2014.

[65] E. Toth, A. Racz, J. Toth et al., “Contribution of polyol path-
way to arteriolar dysfunction in hyperglycemia. Role of oxida-
tive stress, reduced NO, and enhanced PGH2/TXA2
mediation,” American Journal of Physiology. Heart and Circu-
latory Physiology, vol. 293, no. 5, pp. H3096–H3104, 2007.

[66] I. V. Kizub, K. I. Klymenko, and A. I. Soloviev, “Protein kinase
C in enhanced vascular tone in diabetes mellitus,” Interna-
tional Journal of Cardiology, vol. 174, no. 2, pp. 230–242, 2014.

[67] F. Giacco and M. Brownlee, “Oxidative stress and diabetic
complications,” Circulation Research, vol. 107, no. 9,
pp. 1058–1070, 2010.

[68] A. Hruby and F. B. Hu, “The epidemiology of obesity: a big
picture,” PharmacoEconomics, vol. 33, no. 7, pp. 673–689,
2015.

[69] A. Fernández-Sánchez, E. Madrigal-Santillán, M. Bautista
et al., “Inflammation, oxidative stress, and obesity,” Interna-
tional Journal of Molecular Sciences, vol. 12, no. 5, pp. 3117–
3132, 2011.

[70] F. McMurray, D. A. Patten, and M. E. Harper, “Reactive oxy-
gen species and oxidative stress in obesity-recent findings
and empirical approaches,” Obesity (Silver Spring), vol. 24,
no. 11, pp. 2301–2310, 2016.

[71] J. H. Tong, A. D'Iorio, and C. Kandaswami, “On the character-
istics of mitochondrial monoamine oxidase in pancreas and
adipose tissues from genetically obese mice,” Canadian Jour-
nal of Biochemistry, vol. 57, no. 3, pp. 197–200, 1979.

[72] E. Wanecq, S. Bour, P. Verwaerde, F. Smih, P. Valet, and
C. Carpéné, “Increased monoamine oxidase and
semicarbazide-sensitive amine oxidase activities in white
adipose tissue of obese dogs fed a high-fat diet,” Journal
of Physiology and Biochemistry, vol. 62, no. 2, pp. 113–
123, 2006.

[73] K. Carter, M. Nelson, J. Robidoux, L. Lerman, and
E. Anderson, “Kinetics of neurotransmitter metabolism by
monoamine oxidase in porcine heart differs by location and
is increased with obesity/metabolic syndrome,” The FASEB
Journal, vol. 31, Supplement 1, p. 883.16, 2017.

[74] C. T. Nagy, G. Koncsos, Z. V. Varga et al., “Selegiline reduces
adiposity induced by high-fat, high-sucrose diet in male rats,”

British Journal of Pharmacology, vol. 175, no. 18, pp. 3713–
3726, 2018.

[75] D. Uțu, S. Pantea, O. M. Duicu, D. M. Muntean, and A. Sturza,
“Contribution of monoamine oxidases to vascular oxidative
stress in patients with end-stage renal disease requiring hemo-
dialysis,” Canadian Journal of Physiology and Pharmacology,
vol. 95, no. 11, pp. 1383–1388, 2017.

[76] A. Higaki, A. Caillon, P. Paradis, and E. L. Schiffrin, “Innate
and innate-like immune system in hypertension and vascular
injury,” Current Hypertension Reports, vol. 21, no. 1, p. 4, 2019.

[77] J. R. Petrie, T. J. Guzik, and R. M. Touyz, “Diabetes, hyperten-
sion, and cardiovascular disease: clinical insights and vascular
mechanisms,” The Canadian Journal of Cardiology, vol. 34,
no. 5, pp. 575–584, 2018.

[78] S. Mihai, E. Codrici, I. D. Popescu et al., “Inflammation-related
mechanisms in chronic kidney disease prediction, progression,
and outcome,” Journal of Immunology Research, vol. 2018,
Article ID 2180373, 16 pages, 2018.

8 Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

