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Abstract. Oxidative stress and vascular inflammation are the two major pathomechanisms that
contribute to the progression of both cardiovascular and metabolic diseases. We have previ-
ously demonstrated that monoamine oxidases (MAOs), mitochondrial enzymes with two isoforms
(A and B), are contributors to the endothelial dysfunction associated with inflammation in mice.
The present study was purported to assess the effects of MAOs on endothelial dysfunction in rats
with lipopolysaccharide (LPS)-induced acute inflammation. To this aim, aortas harvested from rats
treated or not with a single dose of LPS were used for organ-bath studies of vascular reactivity and
hydrogen peroxide (H,0O,) production assessment in the presence vs. absence of MAO inhibitors.
Our results demonstrate that MAO-A and B isoforms are induced in the rat vascular system after
LPS administration. Both reversible and irreversible MAOs inhibition improved vascular function
and reduced oxidative stress. In conclusion, MAOs are contributors to the occurrence of endothelial
dysfunction in the rat model of LPS-induced acute inflammation. MAO inhibition may become
a viable therapeutic strategy for the treatment of cardiometabolic disease.
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Abbreviations: CLORG, clorgyline; eNOS, endothelial nitric oxide synthase; FAD, flavin-adenosine-
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Introduction

Vascular oxidative stress and chronic inflammation have
been recognized as the central pathomechanisms that
contribute to the progression of the main cardiometabolic
diseases of the century, namely arterial hypertension, obesity
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and diabetes mellitus. The early event of all these pathologies
is represented by the endothelial dysfunction characterized
by an impairment of the vascular redox state (Daiber and
Munzel 2015; Galley and Straub 2017; Mozos and Luca 2017;
Mozos and Stoian 2017).

Four classical sources of reactive oxygen species (ROS)
have been systematically incriminated as contributors to the
vascular oxidative stress: NADPH oxidases, mitochondrial
electron transport chain, uncoupled endothelial nitric ox-
ide synthase (eNOS), and xanthine oxidase (Brandes et al.
2010; Drose and Brandt 2012; Forstermann and Sessa 2012;
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Higgins et al. 2012; Muntean et al. 2016). In the past two dec-
ades, monoamine oxidases (MAOQOs) with 2 isoforms, MAO-A
and B, at the outer mitochondrial membrane, have emerged
as novel sources of oxidative stress in the cardiovascular sys-
tem in both animals and humans (reviewed in Kaludercic et
al. 2014a; Duicu et al. 2015; Maggiorani et al. 2017).

MAQOs are flavin-adenosine-dinucleotide (FAD) con-
taining dehydrogenases that catalyze the degradation of
neurotransmitters and biogenic amines with the constant
generation of hydrogen peroxide as one of the deleteri-
ous by-products. MAO-mediated oxidative neuronal and
non-neuronal injury in the brain is a widely acknowledged
pathomechanism in Parkinson’s and Alzheimer’s diseases,
depression and anxiety, and the therapeutic effects of a wide
range of both reversible and irreversible MAO inhibitors have
been extensively reported over the past 50 years (reviewed in
Bortolato et al. 2008; Edmondson and Binda 2018; Tripathi et
al. 2018). However, MAOs have a variable expression profile
and a widespread tissue distribution in several organs such
as: liver, intestine, lung, thyroid gland, kidney, heart, blood
vessels, platelets (Grimsby et al. 1990). Under physiological
conditions, adrenaline, noradrenaline and serotonin are the
preferred substrates for MAO-A, and phenylethylamine,
benzylamine for MAO-B, respectively, whereas dopamine,
tyramine and triptamine are degraded by both isoforms. With
respect to the pharmacological inhibition, MAO-A is selec-
tively inhibited by clorgyline (irreversibly) and moclobemide
(reversibly) , whereas MAO-B activity is blocked by selegiline
(irreversibly) and lazabemide (reversibly), irrespective of tis-
sue and substrate differences (Youdim et al. 2006).

We have previously demonstrated that lipopolysaccharide
(LPS) administration in mice elicited both MAO-A and
B up-regulation in aortic rings with a significant increase
in ROS production and subsequent endothelial dysfunction.
Ex vivo treatment with MAO inhibitors were able to reduce
the oxidative stress and improve the vascular reactivity,
respectively (Sturza et al. 2013a).

In order to recapitulate the effects observed in mice, the
aim of the present study was to assess the effects of both
irreversible and reversible MAO inhibition on vascular
function and ROS generation in the experimental model of
LPS-induced inflammation in rats.

Materials and Methods

Study design and animal procedures

Wistar rats where purchased from the Cantacuzino Institute
(Bucharest, Romania). The animals were housed under
standard conditions (i.e. constant temperature and humidity
0f22.5+2°Cand 55 + 5%, with 12 hours light-dark cycle). At
the age of 8 weeks, 12 hours before each experiment, a single

dose of LPS (8 mg/kg) was administered. All experimental
procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (published by
the US National Institute of Health), the Directive 2010/63/
EU and the Romanian Law nr. 43/May 2014 concerning
the protection of animals used for scientific purposes. The
experimental protocol was submitted for approval by the
Committee for Research Ethics of “Victor Babes” University
of Medicine and Pharmacy from Timisoara, Romania.

Rat aorta isolation and preparation of vascular rings

After deep general anesthesia was obtained, abdominal
laparotomy followed by exposure of the thoracic cavity and
sternotomy were performed. The inferior vena cava was
sectioned superior to the liver, after which the right ventri-
cle was punctured and infused with Hanks solution (HBSS,
AppliChem). The aorta was harvested and maintained in
Hanks solution on ice, carefully cleared from connective and
adipose tissue, and sectioned into rings between 2-4 mm.
The aortic rings where mounted in the four myograph cham-
bers, previously filled with Krebs-Henseleit buffer solution
(NaCl 149.2 mmol/l, KCI 2.7 mmol/l, NaHCO3 11.9 mmol/I,
CaCl, 1.8 mmol/l, MgCl, 0.5 mmol/l, NaH,PO,4 0.4 mmol/l,
glucose 5.5 mmol/l), heated at 37.1°C and oxygenated. Di-
clofenac (10 pmol/l) was added in Krebs solution in order to
suppress prostaglandins’ synthesis (cyclooxygenase inhibi-
tor) and their influence on vascular reactivity.

Organ bath studies

After equilibration of the rings (60 minutes), all the rings
were contracted twice with KCI solution (80 mmol/l) in order
to test the vascular smooth muscle viability. Precontraction
started with cumulative doses of Phenylephrine (Phe), from
1078 to 107> mmol/l, in order to achieve a contraction of
approximately 80% of the contraction to KCI 80 ml. Once
the rings have reached this level of contraction, acetylcho-
line (Ach) was added in cumulative doses, from 107° to
107> mmol/l, in order to obtain the endothelial-dependent
response. The experiments were performed in the presence
(30 min incubation) or absence of MAO inhibitors - clor-
gyline (CLORG, 10 umol/l, irreversible MAO-A inhibitor)
and selegiline (SELEG, 10 pmol/l, irreversible MAO-B
inhibitor). Since it has been reported that MAO-A is the pre-
dominant isoform in endothelial cells in the rat (Westlund et
al. 1993) we have also investigated the effect of moclobemide
(MCB, 10 pmol/l), a reversible MAO-A inhibitor.

Assessment of hydrogen peroxide generation

Hydrogen peroxide production was evaluated in rat aor-
tic rings, in both the presence and the absence of MAO
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inhibitors (clorgiline and selegiline), by using the Ferrous
iron xylenol orange oxidation method (FOX Assay, Per-
oxiDetect Kit, Sigma Aldrich) and the Amplex Red/horse
radish peroxide (HRP) oxidation (Invitrogen) as previously
described (Sturza et al. 2013).

Real time polymerase chain reaction (RT-PCR)

Total RNA was isolated (“Total RNA Mini SI Isolation
Spin-Kit) and used for reverse transcription (Superscript
III RT, Invitrogen). Quantitative RT-PCR was performed
in rat aortic rings treated with or without LPS. In order to
determine MAO expression, primers against MAO isoforms
were designed using sequence information from the NCBI
database (5’ 3’): rat MAO-A fw TCT CAG GAT TGG CTG
CTG CCA AAG; rat MAO-A rev CAG GTG GAA ATG CAC
CAC GGA ATG; rat MAO-B fw TGG GCCAAG AGA TTC
CCA GTG ATG; rat MAO-B rev AGA GCG TGG CAATCT
GCT TTG TAG. The housekeeping gene (EEF2, eukaryotic
elongation factor 2) and its primers were as follow (5> 3’):
EEF2 fw: GAC ATC ACC AAG GGT GTG CAG and EEF2
rv: GCG GTC AGC ACA CTG GCA TA.

Statistics

All values are presented as mean + SEM and were analyzed
using one-way ANOVA test. Data analysis of the dose-effect
response curves was performed using the ANOVA F-test
(comparisons of bottom and top values, EC50 and the
Hill slope). Values of p < 0.05 were considered statistically
significant.

Results

LPS increased expression of both MAO isoforms in rat
aortic rings

In order to elucidate if MAO could be a mediator of en-
dothelial dysfunction elicited of systemic inflammation we
investigate the effect of LPS in vivo administration on MAO
gene expression in rat aorta. Our results have showed the
presence of both MAO isoforms in isolated rat aortic rings,
with the predominance of the MAO-B isoform (Fig. 1A).
Both isoforms are upregulated after the in vivo treatment
with a single dose of LPS (Fig. 1B).

Incubation with MAO inhibitors improved vascular func-
tion in LPS-treated rats

Since LPS was able to increase MAQ aortic expression we
thought to investigate whether MAO inhibition is able to
modify the vascular reactivity. We harvested aortas from

LPS-treated rats and incubated them with MAO inhibitors
(CLORG, SELEG, MCB, 10 pmol/l) for 30 minutes. As
shown by the organ bath studies, a significant increase in
contractility to Phe, as well as a strong attenuation of the
endothelium-dependent relaxation to Ach were achieved af-
ter LPS treatment. Incubation with MAQ inhibitors partially
restored both the vascular contractility and the relaxation
response (Fig. 2, 3, 4).

Incubation with MAO inhibitors reduced oxidative stress in
LPS-treated aortic rings

We further assessed the magnitude of oxidative stress in
the setting of LPS-induced experimental inflammation.
After LPS treatment, the basal level of ROS was significantly
increased, as proven by both FOX and Amplex Red assays
(Fig. 4). Also, incubation (30 minutes) of rat aortic rings
with MAO inhibitors (CLORG, SELEG, MCB, 10 pmol/l)
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Figure 1. MAO mRNA expression in rat aortic rings. A. RT-PCR
(mRNA expression: 2-24¢Y) for MAO-A and MAO-B relative to
the housekeeping gene EEF2a in rat aortic rings. B. RT-PCR (fold
increase) for MAO-A and MAO-B relative to the housekeeping
gene EEF2a in rat aortic rings after treatment with LPS. n = 6,
* p <0.05 CTL vs. LPS. MAO, monoamine oxidase; CTL, control;
LPS, lipopolysaccharide.
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Figure 2. Effects of the irreversible MAO A inhibitor clorgyline
(CLORG), on vascular reactivity in rat aortic rings after LPS
treatment. A. Phenylephrine-induced contractions in aortic rings
segments isolated from rats treated with lipopolysaccharide (LPS)
or not (CTL) in the presence vs. absence CLORG (10 umol/l). B.
Acetylcholine-induced relaxation in aortic rings segments isolated
from rats treated with lipopolysaccharide (LPS) or not (CTL) in
the presence vs. absence of CLORG (10 pmol/l). n = 6, * p < 0.05
LPS vs. CTL, # p < 0.05 vs. without CLRG.

significantly decreased H,O, generation in the diseased
vascular samples (Fig. 4).

Discussion

The purpose of this study was to assess the contribution of
MAO to the development of endothelial dysfunction elic-
ited by the in vivo administration of a single dose of LPS in
rats. The major findings of this paper are as follows: i) both
MAO isoforms are expressed in rat aortic rings with the
predominance of the MAO-B isoform, at variance from the
data found in mice where MAO-A was the predominant
vascular isoform (Sturza et al. 2013a), ii) the upregulation
of both MAO isoforms occurs after the LPS treatment, and

iii) MAO inhibition is associated with the improvement of
vascular function and mitigation of oxidative stress; these
results are in line with the ones previously reported in the
mice model of endothelial dysfunction (Sturza et al. 2013a).

Although inflammation is a condition clearly associated
with oxidative stress and endothelial dysfunction, informa-
tion about MAO in the setting of inflammation is scarce.
Accordingly, in an experimental model of rat periodontitis
elicited by the administration of LPS to the right and left
gingival sulcus, at 5.72-fold increase in the MAO-B gene
expression was found in treated vs. the non-treated group.
After treatment with phenelzine (a non-selective, irreversible
MAO inhibitor), H,O, generation was significantly reduced
(Ekuni et al. 2009).

Another experimental setting associated with inflamma-
tion is the ischemia/reperfusion (I/R) injury of the heart.
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Figure 3. Effects of the irreversible MAO A inhibitor moclobemide
(MCB) on vascular reactivity in rat aortic rings after lipopolysac-
charide (LPS) treatment. A. Phenylephrine induced contractions
in aortic rings segments isolated from rats treated with lipopoly-
saccharide (LPS) or not (CTL) in the presence vs. absence of MCB
(10 umol/l). B. Acetylcholine induced relaxation in aortic rings
segments isolated from rats treated with LPS or not (CTL) in the
presence vs. absence of MCB (10 umol/l). n =6, * p < 0.05 LPS vs.
CTL, # p < 0.05 vs. without MCB.
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Vuohelainen et al. (2015) performed a study in Fischer rats
where they induced reversible I/R in the setting of the cardiac
arrest elicited by heterotopic transplantation. Half of the rats
additionally received a permanent ligation of the left anterior
descending coronary artery to induce myocardial infarction
(MI). Subcutaneous MCB 10 mg/kg/day was then given to
rats with or without MI. In hearts exposed to IR injury and
MI, MCB attenuated adventitial inflammation and progres-
sion of the intimal thickness of intra-myocardial arteries
(Vuohelainen et al. 2015). Of note, MCB is the only revers-
ible, devoid of the feared ‘cheese effect’ MAO-A inhibitor
that is currently in the clinical use (Finberg and Rabey 2016).

MAOs have been extensively studied in the past century
for their involvement in pathogenesis of neurodegenerative
and psychiatric diseases (Yamada and Yasuhara 2004). In
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Figure 4. Effects of the irreversible MAO B inhibitor selegiline
(SELEG) on vascular reactivity in rat aortic rings after lipopolysac-
charide (LPS) treatment. A. Phenylephrine induced contractions
in aortic rings segments isolated from rats treated with LPS or
not (CTL) in the presence vs. absence of SELEG (10 pmol/l). B.
Acetylcholine induced relaxation in aortic rings segments isolated
from rats treated with LPS or not (CTL) in the presence vs. absence
of SELEG (10 pmol/l). n =6, * p < 0.05 LPS vs. CTL, # p < 0.05 vs.
without SELEG.
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Figure 5. Effect of MAO inhibitors clorgyline, selegiline and
moclobemide on aortic H,O, generation after LPS treatment
in rats. A. Aortic H,O, formation measured by FOX assay. B.
Aortic HyO, formation measured by Amplex Red assay; n = 6,
*p<0.05LPS vs. CTL, * p < 0.05 LPS+MAO inhibitors (CLORG
10 umol/l; SELEG 10 pmol/l; MCB 10 umol/l) vs. LPS. For ab-
breviations, see Fig. 4.

this regard, a wide range of MAO inhibitors (MAOISs) are
available and proven to have therapeutic value in several
pathologies, including affective disorders, neurodegenera-
tive diseases, stroke and senescence (Carradori and Petzer
2014). Currently, MAOISs are not the most widely prescribed
antidepressants, being surpassed by the selective serotonin
reuptake inhibitors or tricyclic antidepressants (which are
also used in the treatment of diabetic neuropathy) (Griebeler
etal. 2014). However, they remain an important therapeutic
line in neurodegenerative diseases being also investigated for
MAO-independent neuroprotective properties (Al-Nuaimi
et al. 2012; Song et al. 2013).
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In the past decades, MAOs have emerged as key contribu-
tors to the pathogenesis of cardiovascular pathologies. Ac-
cordingly, the group of Prof. Di Lisa unequivocally demon-
strated that upregulation/increased activity of MAO elicited
both mitochondrial injury (Kaludercic et al. 2014b), and
evolution of compensated cardiac hypertrophy to dilation
and heart failure in the rodent heart (Kaludercic et al. 2010).

We have also evidentiated the ability of MAO inhibitors
to decrease oxidative stress in various human and animal
pathologies, namely in mammary artery and atrial samples
isolated form diabetic and non-diabetic patients subjected
for coronary artery by-pass surgery (Duicu et al. 2016;
Lighezan et al. 2016), in patients with chronic kidney disease
requiring hemodialysis (Utu et al. 2017), in aortic rings iso-
lated from diabetic rats (Sturza et al. 2015), in dogs coronary
arteries after angiotensin II stimulation (Sturza et al. 2015). In
another study, ex vivo pretreatment with MAOIs attenuated
the endothelial dysfunction in aortas from spontaneously
hypertensive rats (Sturza et al. 2013). Similar results were
obtained in basilar arteries obtained from hypertensive rats
in which contractility was significantly reduced by MAOIs
(Poon et al. 2010). Interestingly, treatment with angioten-
sin IT converting enzyme inhibitors reduced MAO activity,
suggesting the fact that activation of the renin-angiotensin-
aldosterone system is responsible for the increase in MAO
activity (Raasch et al. 2002).

In the present model the amount of H,O, production in
aortic samples isolated from LPS-treated rats was 2 times
higher than in controls while the ex vivo treatment with MAOI
reduced by 50% the amount of H,O, in the diseased samples.
It is important to emphasize that MAO we have previously
demonstrated that MAOIs had no effect on xanthine oxidase
and NADPH oxidases-dependent H,0O, formation and do
not act as H,O, scavengers (Sturza et al. 2013). Another im-
portant observation is that MAOIs did not impact on H,0,
measurements and vascular reactivity of control samples.
These findings strongly suggest that the reduction in H,0,
generation after pre-treatment with MAOI is a consequence of
MAO inhibition and not of the pleiotropic effects of the drugs.

We also report the upregulation of MAO-B isoform in
LPS-treated animals, an observation that requires further
mechanistic dissection.

The limitations of the present study are that we performed
the functional analysis in isolated vessels and did not used
genetic manipulation.

In summary, we demonstrated that MAOs play a role
in the vascular impairment in the setting of systemic
inflammation induced by LPS in rat. MAO contribution
to the endothelial activation and dysfunction in cardio-
metabolic conditions associated with low-grade inflam-
mation as well as the assessment of the therapeutic role
of the clinically available (reversible) MAO inhibitors are
clearly warranted.

Conclusion

In the present study we identified MAOs as novel mediators
of endothelial dysfunction associated with the LPS-related
acute inflammation in the rat. MAO inhibition might be use-
ful to alleviate vascular dysfunction in conditions associated
with inflammation and oxidative stress.
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